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Abstract 
 

My research investigates seed dispersal, post-dispersal stages, and dispersal vector behaviour in native 

New Zealand forest canopy tree species that have large fruit by asking: (i) What are the local seed 

‘shadows’ (distributions) and seedling patterns in Prumnopytis ferruginea (miro, Podocarpaceae, 

dioecious) and Vitex lucens (puriri, Verbenaceae, hermaphroditic), for which Hemiphaga 

novaeseelandiae, the New Zealand Pigeon (kereru, Columbidae), is the keystone agent of dispersal? (ii) 

What are the effects of kereru densities on the quantity of dispersed miro and puriri seeds, and do kereru 

preferentially disperse large and/or viable seeds? (iii) Are other native large-fruited tree species, which 

depend on kereru, being actively dispersed or regenerating locally? (iv) Do recruitment patterns in miro 

and puriri demonstrate seedling ‘escape’, and if so, are there associated advantages? (v) How are the 

parameters of long distance seed dispersal kernels (probability density functions) in simulated miro and 

puriri forests affected by changes in kereru densities and spatial patterns of trees? 

Local seed distributions in miro and puriri were anisotropic and were described best by gamma and 

Weibull (i.e. leptokurtic) probability density functions. Seed shadows across both seasons had less steep 

slopes in Hunua miro compared with Waitakere miro, but increased production of actively dispersed 

depulped seeds did not increase dispersability. In both tree species, passive dispersal of seeds with 

mesocarp occurred mostly to the north and occasionally to the south, but active dispersal was less defined. 

Canopy openness, canopy size, and fruit production did not influence local mean dispersal distances in 

both tree species. Seedling distributions were inversely spatially concordant with seed patterns 

(demonstrating escape) only in miro in the first season. Seedlings were confined to north to north-easterly 

sectors for both tree species in both seasons, which mirrored the direction of passive seed rain. Seedling 

abundance for all miro trees decreased by c. 56% over 21 months, but there was lower seedling loss 

overall for puriri at c. 25%. Seedling survival and growth rates in either tree species were not significantly 

different whether under or away from the canopy.  

Kereru counts and densities were not significantly different between regions. There was a marginally 

significant correlation between kereru densities and the percentage of actively dispersed depulped seeds in 

seed shadows across both tree species in season one only. For puriri and miro trees overall, actively 

dispersed depulped seeds were significantly longer than seeds from passively dispersed intact fruit, 

demonstrating vector preference for larger fruit. Removal of miro fruit and seeds by mammals was higher 

overall at Waitakere compared with Hunua; Waitakere puriri had higher predation overall than 

Wenderholm puriri, and higher predation of actively dispersed depulped seeds vs. intact fruit. Actively 

dispersed depulped miro seeds had significantly lower endosperm integrity rates than seeds from passively 

dispersed intact miro fruit.  
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In the study regions, miro, puriri, Corynocarpus laevigatus (karaka), Beilschmiedia tarairi (taraire), 

and Beilschmiedia tawa (tawa) trees were regenerating locally since they all had seedlings of their own 

species growing under their own canopies. There was also satisfactory active dispersal since the observed 

deviations from expected values of the presence of seedlings of other large-fruited tree species were 

generally significant. There were preferential patterns of seed dispersal: taraire seedlings were found most 

often under puriri trees and tawa seedlings were found most often under female miro trees. However, there 

was an absence of tawa seedlings under karaka trees, karaka seedlings below female miro trees, and only a 

very few miro seedlings under taraire trees. Miro seedlings were consistently absent under puriri and 

karaka trees, and no taraire seeds were dispersed at female miro trees in Waitakere.  

At Pelorus Bridge, Marlborough, miro seeds were preferentially dispersed under a miro tree and to a 

lesser degree under a hinau tree, across five seasons. There was virtually no active dispersal of tawa or 

hinau seeds under their own canopies or under co-fruiting tree species during this time. A rimu tree 

received only a few miro or tawa seeds, and rimu seeds occurred only in small numbers under a female 

miro and tawa tree. Kahikatea and matai were the main actively dispersed species under trees. Damage of 

bird-dispersed depulped seeds by mammals was high for tawa and low in miro. 

 Experiments using an original spatially-explicit in silico simulation model showed that scale (mean 

dispersal distance), shape (kurtosis
-1

), and percentage of seeds dispersed beyond the nearest fruiting tree 

neighbour all decreased with increasing tree aggregation in simulated puriri and miro forests. There were 

no significant changes in the parameters when kereru density changed, except in some puriri forests at 

high kereru densities. Total mass of dispersed seeds increased with increasing kereru density, but the % of 

seeds dispersed beyond the nearest fruiting tree neighbour did not vary appreciably.  

My research suggests that low kereru densities may reduce the quantity of dispersed seeds and the 

rates of dispersal of larger seeds, especially if alternative dispersers are not available. Kereru are 

particularly important for dispersal in miro, since dioecious trees may be more susceptible to dispersal 

failure than co-sexual species.  
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Figure 4-34: Seeds with mesocarp for Arataki puriri at Waitakere (2008−2009); annotations are as per Figures 4.21 & 

4.29. 89 
Figure 4-35: Actively dispersed depulped seeds for Arataki puriri at Waitakere (2007−2008); annotations are as per 

Figures 4.21 & 4.29. 89 
Figure 4-36: Actively dispersed depulped seeds for Arataki puriri at Waitakere (2008−2009; note the increased quantity 

of active dispersal compared with the previous season above); annotations are as per Figures 4.21 & 4.29. 90 
Figure 4-37: Log10 seedling to seed ratio in the first season across all miro trees, with ‘least squares line of best fit’ (there 

are fewer than 6 points at several distances due to some annuli lacking seedlings). 92 
Figure 4-38: % Seedling survival for three Waitakere miro trees after 1.75 years (there are fewer than 3 points at some 

x values because either survival was identical or not all trees had seedlings at that distance). 94 
Figure 4-39: % Seedling survival for three Hunua miro trees after 1.75 years (note low number of seedlings between x = 

0 and 3 metres). 95 
Figure 4-40: % Seedling survival for all six miro trees after 1.75 years. 96 
Figure 4-41: % Seedling survival for three Waitakere puriri trees after 1.75 years i.e. almost 100% survival. 97 
Figure 4-42: % Seedling survival for three Wenderholm puriri trees after 1.75 years. 98 
Figure 4-43: % Seedling survival for all six puriri trees after 1.75 years. 99 
Figure 5-1: Scatter plot of seed length vs. maximum width with trend line for a random sample (n = 33) selected from all 

collected actively dispersed depulped puriri seeds (2008−2009). 111 
Figure 5-2: Scatter plot of seed length vs. maximum width with trend line for a random sample (n = 33) selected from all 

collected actively dispersed depulped miro seeds (2008−2009). 112 
Figure 5-3: Scatter plot of fruit mesocarp length vs. seed length in a random sample (n = 35) of intact puriri fruit, with 

the linear model of best fit (y = 0.90x + 3.80; 2010). 113 
Figure 5-4: Scatter plot of fruit mesocarp length vs. seed length in a random sample (n = 48) of intact miro fruit, with 

the linear model of best fit (y = 1.03x + 0.95; 2010). 114 
Figure 5-5: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with 

mesocarp (M) for the Arataki puriri tree (Waitakere; 2008−2009). For all graphs in this section, the range and 

spread of seed lengths are shown, but not every data point, due to multiple seeds with the same or similar measure.

 115 
Figure 5-6: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with 

mesocarp (M) for the Perimeter puriri tree (Wenderholm; 2008−2009); annotations are as per Figure 5.5. 116 
Figure 5-7: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with 

mesocarp (M) for the Pilot miro tree (Waitakere; 2008−2009); annotations are as per Figure 5.5. 117 
Figure 5-8: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with 

mesocarp (M) for the Hole miro tree (Hunua; 2008−2009); annotations are as per Figure 5.5. 118 
Figure 5-9: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with 

mesocarp (M) for the Steep miro tree (Hunua; 2008−2009); annotations are as per Figure 5.5. 119 
Figure 5-10: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with 

mesocarp (M) for the Middle miro tree (Hunua; 2008−2009); annotations are as per Figure 5.5. 120 
Figure 5-11: Maps of New Zealand showing the Marlborough region (left; blackened area) and Pelorus Bridge Scenic 

Reserve (right; from ‘Visitor Information’, © Department of Conservation, Nelson/ Marlborough Conservancy, 

October 2010). 126 
Figure 6-1: The influence of degree of puriri forest (left) and miro forest (right) aggregation (i.e. standard deviation; low 

values = high aggregation) on mean nearest tree neighbour distance (blue) and mean kereru flight distance (red) 

across 42 days at 3 trees ha
-1

 and
 
2 kereru ha

-1
 with least squares lines of best fit. 148 

Figure 6-2: Random tree distributions generated using a Thomas process (see Section 6.2.1). All have a total of 1200 

fruiting trees (black points), 120 tree clusters, and 100 roost trees (red points) across 400 ha (2000 m × 2000 m): 

(A) Standard deviation (SD) of displacement of trees in clusters = 10 m, mean nearest fruiting tree neighbour 

distance (NN) = 10.86 m, mean flight distance (FD) = 63.95 m; (B) SD = 20 m, NN = 15.25 m, FD = 72.03 m; (C) SD 

= 50 m, NN = 23.69 m, FD = 87.69 m; (D) SD = 100 m, NN = 27.37 m, FD = 93.61 m; (E) SD = 200 m, NN = 27.75 

m, FD = 96.94 m. Note that in A, the dense clusters of trees are also themselves randomly distributed. 149 
Figure 6-3: Examples of foraging ranges (blue lines) over 14 days of a single kereru in a simulated ‘observed pattern’ 

puriri landscape (left; SD of aggregation = 20 m; nearest neighbour = 15.86 m; mean flight distance = 71.68 m) 

and miro ‘observed pattern’ landscape (right; SD of aggregation = 100 m; nearest neighbour = 26.57 m; mean 

flight distance = 95.75 m) of 1200 fruiting trees (grey points) and 100 roost trees (red points) across 400 ha (i.e. 

2000 × 2000 m). 150 
Figure 6-4: Foraging ranges of a single kereru across n = 60 ‘observed pattern’ puriri landscapes (left; median = 28.32 

ha) and n = 60 ‘observed pattern’ miro landscapes (right; median = 64.25 ha) each over 14 days; note differences 

in x axes. 150 



 

 xiv 

Figure 6-5: The effect of shape (kurtosis
-1

) parameter on the 95
th

 percentile of mean dispersal distance (m) across all 

kereru densities using ‘observed pattern’ landscapes for miro (red) and puriri (blue). 151 
Figure 6-6: Example of an ‘observed pattern’ distance distribution of puriri seeds from a 14 day ‘run’ of the model at 2 

kereru ha
-1

 and SD of aggregation = 20 m with red Weibull line of best fit (scale = 148.2 m, shape = 0.962); total 

no. of seeds dispersed = 40560, with c. 93% dispersed beyond the nearest fruiting tree neighbour (i.e. 15.25 m, the 

‘bin’ size on the histogram). 152 
Figure 6-7: Changes in mean dispersal kernel scale (distance) parameters for puriri at varying tree aggregations (SD = 

10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each ‘cell’). 154 
Figure 6-8: Changes in mean dispersal kernel shape (kurtosis

-1
) parameters for puriri at varying tree aggregations (SD 

= 10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each ‘cell’). 154 
Figure 6-9: Relationship of dispersal kernel shape and scale parameters for puriri, with varying tree aggregation 

(sigma) from SD = 10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) at a constant 

‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 14 days. 155 
Figure 6-10: Weibull probability density functions fitted to puriri seed dispersal distributions with varying tree 

aggregation (sigma) from SD = 10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) at a 

constant ‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 14 days. 156 
Figure 6-11: Relationship of puriri dispersal kernel shape and scale parameters with varying kereru density, from 0.1 

(dark blue) to 10 ha
-1 

(red)
 
at a constant ‘observed pattern’ SD of tree aggregation = 20 m; n = 30 model runs × 14 

days. 157 
Figure 6-12: Weibull probability density functions fitted to puriri seed dispersal distributions with varying kereru 

density, from 0.1 (dark blue) to 10 ha
-1

 (red)
 
at a constant ‘observed pattern’ SD of tree aggregation = 20 m; n = 30 

model runs × 14 days. 158 
Figure 6-13: Example of an ‘observed pattern’ distance distribution of miro seeds from a 14 day ‘run’ of the model at 2 

kereru ha
-1

 and SD of aggregation = 100 m with red Weibull line of best fit (scale = 215.9 m, shape = 1.310); total 

no. of seeds dispersed = 41713, with c. 96% dispersed beyond the nearest fruiting tree neighbour (i.e. 27.37 m, the 

‘bin’ size). 159 
Figure 6-14: Changes in mean dispersal kernel scale (distance) parameters for miro at varying tree aggregations (SD = 

10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each ‘cell’). 160 
Figure 6-15: Changes in mean dispersal kernel shape (kurtosis

-1
) parameters for miro at varying tree aggregations (SD 

= 10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each ‘cell’). 161 
Figure 6-16: Relationship of dispersal kernel shape and scale parameters for miro, with varying tree aggregation 

(sigma) from SD = 10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) at a constant 

‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 14 days. 162 
Figure 6-17: Weibull probability density functions fitted to miro seed dispersal distributions with varying tree 

aggregation (sigma) from SD = 10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) at a 

constant ‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 14 days. 163 
Figure 6-18: Relationship of miro dispersal kernel shape and scale parameters with varying kereru density, from 0.1 

(dark blue) to 10 ha
-1 

(red)
 
at a constant ‘observed pattern’ SD of tree aggregation of 100 m; n = 30 model runs × 

14 days. 164 
Figure 6-19: Weibull probability density functions ‘fitted’ to miro seed dispersal distributions with varying kereru 

density, from 0.1 (dark blue) to 10 ha
-1 

(red)
 
at a constant ‘observed pattern’ SD of tree aggregation of 100 m; n = 

30 model runs × 14 days. 165 
Figure 6-20: The effect of variation of kereru density on dispersed seed mass across 14 days in a landscape of 1200 

puriri trees, 100 roost trees, and varying SD of aggregation. 166 
Figure 6-21: The effect of variation of kereru density on dispersed seed mass across 14 days in a landscape of 1200 miro 

trees, 100 roost trees, and varying SD of aggregation. 166 
Figure 6-22: Map of seed deposition from 0.4 kereru ha

-1
 across 1200 puriri trees (black points) at a standard deviation 

of aggregation = 10 m, after 196 days (i.e. a 7 month fruiting period) in a 4 km
2 
(2000 × 2000 m or 400 ha) 

landscape, with 100 roost trees (white points). The legend indicates, by colour, the total number of seeds deposited 

hectare
-1

 (note that legend scales differ considerably between maps). 167 
Figure 6-23: Map of seed deposition from 2 kereru ha

-1
 across 1200 puriri trees at SD = 10 m; symbols are as in Figure 

6.22. 168 
Figure 6-24: Map of seed deposition from 0.4 kereru ha

-1
 across 1200 puriri trees at SD = 100 m; symbols are as in 

Figure 6.22. 169 
Figure 6-25: Map of seed deposition from 2 kereru ha

-1
 across 1200 puriri trees at SD = 100 m; symbols are as in Figure 

6.22. 170 
Figure 6-26: Map of seed deposition from 0.4 kereru ha

-1
 across 1200 miro trees at SD = 10 m; symbols are as in Figure 

6.22. 171 



 

 xv 

Figure 6-27: Map of seed deposition from 2 kereru ha
-1

 across 1200 miro trees at SD = 10 m; symbols are as in Figure 

6.22. 172 
Figure 6-28: Map of seed deposition from 0.4 kereru ha

-1
 across 1200 miro trees at SD = 100 m; symbols are as in Figure 

6.22. 173 
Figure 6-29: Map of seed deposition from 2 kereru ha

-1
 across 1200 miro trees at SD = 100 m; symbols are as in Figure 

6.22. 174 
 



 

 xvi 

List of Plates 1  

 
Plate 1-1: Vitex lucens (puriri, centre, with the widest trunk; DBH = c. 60 cm) at Arataki, Waitakere Ranges (2006). 17 
Plate 1-2: Prumnopytis ferruginea (miro, centre; DBH = c. 25 cm) at Spragg Bush, Waitakere Ranges (2006). 18 
Plate 1-3: Ripening intact puriri fruit in Laingholm, Auckland (2006). 19 
Plate 1-4: Actively dispersed puriri seeds without mesocarp (left) and ripe intact puriri fruit with mesocarp (upper 

right; c. 14 mm long; 2007). 20 
Plate 1-5: Ripe intact miro fruit in Hunua (2007). 20 
Plate 1-6: Ripe intact miro fruit with mesocarp (left, c. 14 mm long) and actively dispersed miro seeds without mesocarp 

(right) in a seed trap from the main trials (note the drainage holes; 2008). 21 
Plate 1-7: Puriri seedling at Arataki (c. 300 mm high; 2006). 22 
Plate 1-8: Miro seedling in Waitakere (c. 100 mm high; 2006). 22 
Plate 1-9: Hemiphaga novaeseelandiae (kereru) on Macropiper excelsum (kawakawa); source: 

http://www.google.co.nz/images (2007). 23 
Plate 2-1: Aerial photograph of Wenderholm Regional Park showing Perimeter and Puhoi Tracks (TerraMetrics, 

DigitalGlobe, MapDataSciences PtyLtd, PSMA, © 2010). 30 
Plate 2-2: Wenderholm Peninsula with cliff-top coastal forest (beach to left; 2008). 31 
Plate 2-3: The three puriri study trees at Wenderholm (2007). 31 
Plate 2-4: Aerial photograph of Auckland City Walk at Cascade/kauri, showing Anderson Track (TerraMetrics, 

DigitalGlobe, MapDataSciences PtyLtd, PSMA, © 2010). 34 
Plate 2-5: Aerial photograph showing Arataki Visitor Centre and Nature Trails (TerraMetrics, DigitalGlobe, 

MapDataSciences PtyLtd, PSMA, © 2010). 35 
Plate 2-6: Aerial photograph showing Fairy Falls Track and Spragg Bush (TerraMetrics, DigitalGlobe, 

MapDataSciences PtyLtd, PSMA, © 2010). 36 
Plate 2-7: Location of Arataki puriri tree (centre; 2008). 38 
Plate 2-8: Location of Cascade puriri tree (2008). 38 
Plate 2-9: Location of female miro trees at Spragg Bush (2009). 39 
Plate 2-10: Location of Fairy female miro tree (dark upper centre canopy) near Fairy Falls Track (2010). 39 
Plate 2-11: The three puriri study trees at Waitakere (2007). 40 
Plate 2-12: The three female miro study trees at Waitakere (centre of each Plate; 2007). 40 
Plate 2-13: Aerial photograph of Cosseys Dam and Cosseys Wairoa Track (TerraMetrics, DigitalGlobe, 

MapDataSciences PtyLtd, PSMA, © 2010). 43 
Plate 2-14: Cosseys Dam, Hunua Ranges, with entrance to Wairoa Cosseys Track (right; 2007). 44 
Plate 2-15: The three female miro study trees at Hunua (centre of each Plate; 2007). 44 
Plate 3-1: Plastic seed traps, with drainage holes, in transect rows at the Pilot puriri tree, held in place with steel pegs 

(2007; the green canvas traps suspended on posts in the background, with grey collection cups, were used for the 

pilot trial). 48 
Plate 4-1: Six green under-developed aborted or prematurely-abscissed miro ovules at right (c. 10 mm in length) with 

soft seeds. The two aborted ovules at left are very under-developed or decomposing (May 2009). 62 
Plate 4-2: An example of true-color ‘fisheye’ 180° canopy photography (Arataki puriri 2008). 100 
Plate 5-1: Lowland podocarp forest at Pelorus Bridge, Marlborough (auntyre1 at ‘flickr ® from Yahoo!’ © 2009). 126 
Plate 5-2: Ripe tawa fruit (left; c. 30 mm long) and kahikatea arils (yellow or orange fruit) with black seeds (c. 4 mm 

diameter; Nga Manu Nature Reserve © 2007−2011). 127 
Plate 6-1: Hemiphaga novaeseelandiae (kereru) consuming ripe Beilschmiedia tarairi (taraire) fruit (Nga Manu Nature 

Reserve © 2007−2011). 139 

 

                                                 
1 © Copyright is owned by A. Pegman for all photographs in this thesis except Plates 1.9, 2.1, 2.4, 2.5, 2.6, 2.13, 5.1, 5.2, and 6.1.    



 

 xvii 

List of Tables 

 
Table 4-1: Function parameters, log-likelihood values, ΔAIC, and Akaike weights (wr) for the puriri pilot trial (λ & μ = 

means, SD = standard deviation, rate = scale
-1

); * Section 1.2.1 lists studies that use these probability density 

functions to describe seed dispersal. ................................................................................................................................ 58 
Table 4-2: Function parameters, log-likelihood values, ΔAIC, and Akaike weights for the miro pilot trial. ..................... 58 
Table 4-3: Mean direction and strength of seedlings from the assumed parent tree (2007−2008). ..................................... 91 
Table 4-4: Mean direction and strength of seedlings from the assumed parent tree (2008−2009). ..................................... 91 
Table 4-5: GLMM regression of the arc sine square root of the ratio of seedling to seed numbers per annulus across all 

miro trees. .......................................................................................................................................................................... 92 
Table 4-6: GLMM regression of the arc sine square root of the ratio of seedling to seed numbers per annulus across all 

puriri trees (DF differed between seasons due to changes in seedling presence in annuli)......................................... 92 
Table 4-7: Mean growth rates in mm yr

-1
 ± one SE (n) for surviving seedlings for all puriri or miro trees across regions, 

either under or beyond the canopy. ............................................................................................................................... 100 
Table 4-8: Mean tree trunk diameter at breast height (DBH; cm), canopy radius (m), and total seed production per year 

(actively dispersed depulped + with mesocarp) ± SE, for miro and puriri across both seasons (WM = Waitakere 

miro; HM = Hunua miro; WP = Waitakere puriri; WeP = Wenderholm puriri; D = actively dispersed depulped 

seeds; M = seeds with mesocarp). .................................................................................................................................. 101 
Table 5-1: Mean kereru counts during fruiting (n = 3 mean counts per region per season; Appendix 8.10; We = 

Wenderholm, W = Waitakere, H = Hunua, P = puriri, M = miro). ............................................................................ 109 
Table 5-2: Mean kereru densities ± SE in each region during fruiting (n = 3 mean density per region per season; 

Appendix 8.10). ................................................................................................................................................................ 110 
Table 5-3: ANOVA examining differences of length (mm) between actively dispersed depulped puriri seeds and seeds 

from passively dispersed intact fruit (after the mesocarp was removed by hand) for individual puriri trees, and 

across all puriri trees (2008−2009). ................................................................................................................................ 114 
Table 5-4: ANOVA examining differences of length (mm) between actively dispersed depulped miro seeds and seeds 

from passively dispersed intact fruit (after the mesocarp was removed by hand) for individual miro trees, and 

across all miro trees (2008−2009). .................................................................................................................................. 116 
Table 5-5: % of healthy endosperm (n seeds or fruit) in intact fruit with mesocarp in situ and actively dispersed 

depulped (ADD) seeds which either sank or floated (2008−2009). .............................................................................. 121 
Table 5-6: % of sound (i.e. sank) actively dispersed depulped seeds and seeds from intact fruit with mesocarp in situ ± 

SE (n seeds or fruit that sank) in regions. ...................................................................................................................... 122 
Table 5-7: % removal of actively dispersed depulped seeds and intact fruit with mesocarp (n = 40 of each seed type per 

tree) offered in traps under trees for one month in regions at peak fruiting (2008−2009) . ..................................... 123 
Table 5-8: Number (& Observed minus Expected values i.e. O − E) of native ‘fleshy’ large-fruited tree species that had 

the specified seedlings under their canopies, in Waitakere, Wenderholm, and Hunua (2007−2009; female miro 

trees were less frequent than other tree species). ......................................................................................................... 123 
Table 5-9: Mean number ± SE (n = 3) of depulped seeds of other native ‘fleshy’ large-fruited tree species actively 

deposited in sampling areas at puriri and female miro ‘attractors’ in 2007−2008 and 2008−2009; numbers are 

corrected for sampling area size. ................................................................................................................................... 124 
Table 5-10: Total number of seeds that passed through a bird (i.e. actively dispersed depulped seeds) in traps under 

single examples of co-fruiting trees across five seasons at Pelorus Bridge (1986−1990; Rimu seed numbers are 

extrapolated from 5 to 10 traps; O − E = Observed minus Expected Values). .......................................................... 127 
Table 5-11: Total numbers of seeds that passed through a bird (including mammal-damaged) and intact fruit in traps 

under the corresponding tree species (O − E values), resulting % of seeds that passed through a bird, and % of 

mammal-damaged actively dispersed depulped seeds (& no.), across 5 seasons at Pelorus Bridge. ....................... 128 
Table 6-1: Influence of changes in random selection of a new tree by kereru, fruit regrowth rate, and roost tree 

attractiveness on the parameters of seed dispersal kernels, using baseline values of 2 kereru ha
-1

, tree aggregation 

SD = 50, and 120 tree clusters (n = 30 runs ×14 days; nearest neighbour = 22.76 m). .............................................. 144 
Table 6-2: Ratios (Sy, x) of the relative change in the mean dispersal kernel scale parameter (assuming a Weibull 

distribution) for the relative change in the value of specified model input parameter (in absolute numerical order 

in the second column). ..................................................................................................................................................... 145 
Table 6-3: Ratios (Sy, x) of the relative change in the mean dispersal kernel shape parameter (assuming a Weibull 

distribution) for the relative change in the value of specified model input parameter (in absolute numerical order 

in the second column). ..................................................................................................................................................... 146 
Table 6-4: Summary of baseline parameters used in the simulation model (note: α = scale, a = factor, β = shape, and b = 

exponent). ......................................................................................................................................................................... 147 



 

 xviii 

Table 6-5: Factorial design for the simulation experiment, showing levels of tree spatial aggregation (standard 

deviations 10 to 200 m) and kereru densities (subscripts 0.1 to 10 ha
-1

). .................................................................... 147 
Table 6-6: ANOVA examining the effect of changes in kereru density (from 4 to 10 ha

-1
)

 
on mean puriri scale parameter 

(mean seed dispersal distance). ....................................................................................................................................... 153 
Table 6-7: ANOVA examining the effect of changes in kereru density (from 4 to 10 ha

-1
)

 
on mean puriri shape 

parameter (kurtosis
-1

). ..................................................................................................................................................... 153 



Chapter 1 

 1 

1 Literature reviews, thesis objectives, contribution, and nomenclature 

 

This chapter comprises the introduction to the research topic and is arranged as follows:  

 

i. A review of seed dispersal and seedling distributions, including definitions of seed dispersal, why 

seed dispersal occurs, and ecological dynamics vs. seed dispersal (Section 1.1).    

ii. A review of theoretical models of seed dispersal and seedling recruitment (Section 1.2). 

iii. A review of the natural history of the chosen study tree species, Vitex lucens (puriri) and 

Prumnopytis ferruginea (miro; Section 1.3). 

iv. A review of the influence of the main dispersal vector (Hemiphaga novaeseelandiae, or kereru) 

on seed dispersal, including dispersal effectiveness and efficiency (Section 1.4).  

v. Objectives of the thesis (Section 1.5). 

vi. Contribution of my research to the field of research (Section 1.6). 

vii. Details of nomenclature (Section 1.7).  

 
1.1 Review of seed dispersal and seedling distributions 

1.1.1 What is seed dispersal? 

Seeds (and pollen) are the only movable stages in a plant’s life-cycle and are necessary for replacement of 

individuals that die in a population (Hulme 1998; Cain et al. 2000; Godoy & Jordano 2001; Born et al. 

2008; Chanthorn & Brockelman 2008). Seed dispersal is the unidirectional passive and/or assisted 

movement of intact plant offspring (propagules, such as seeds or fruit) away from the natal site, or 

parental plant, to a site suitable for growth, and is a strategy for species survival (Herrera & Jordano 1981; 

Levin et al. 1984; Coates-Estrada & Estrada 1988; Nathan 2003; Pielaat et al. 2005; Bass et al. 2006). 

Dispersal consists of movement of propagules to a surface, then possible horizontal movements to a new 

location, or vertical movements, such as incorporation into substrate (Chambers & MacMahon 1994; 

Schupp & Fuentes 1995). Only a few of the dispersed offspring become reproductive individuals (Brokaw 

1986).  

Dispersal links generations of established plants in time and space, and connects the rate of growth of 

a population with its rate of spread (Houle 1997; Bass et al. 2006). It thus affects the rates of transfer of 

genes through a population or into a new population (Comins 1980; Howe & Smallwood 1982; Willson 

1993; Nathan & Muller-Landau 2000; Levin et al. 2003). Dispersal is a stochastic process, because 

variation in aspects of the dispersal process leads to variation in dispersal distances among sites over time 

(Bullock et al. 2006).  
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1.1.2 Why are seeds dispersed? 

1.1.2.1 Escape hypothesis  

The principle advantages of seed dispersal, particularly long distance dispersal (Section 1.1.4.6), are: (i) 

avoidance of natural enemies and pathogens, (ii) avoidance of sibling or parental interactions (e.g. 

allelopathy or seedling density effects), and (iii) increasing the probability of finding a physically suitable 

establishment site for survival e.g. vacant light-gaps in an ecological succession (Augspurger & Kelly 

1984; Howe et al. 1985; Howe 1993; Willson 1993; Barot et al. 1999b; Alcantara et al. 2000; Howe & 

Miriti 2004).  

It is believed that there is disproportionate ‘success’ for seeds and seedlings that escape the vicinity of 

the parent compared with those that fall nearby the parent (Howe & Smallwood 1982; Howe 1993; Levin 

et al. 2003). Pathogens, post-dispersal seed predators, parasites, and herbivores often concentrate their 

activities around parent trees, and more distant seeds and seedlings may thus survive better than those 

close to the maternal source, which may also endure intraspecific seedling competition or density 

dependent mortality (Houle 1997; Barot et al. 1999; Howe & Smallwood 1982; Augspurger & Kelly 

1984; Wang & Smith 2002). Increased survival at greater distances from the parent is referred to as the 

‘escape hypothesis’ (Howe & Smallwood 1982). The escape hypothesis can be falsified by showing that 

mortality is random with respect to density of siblings, or distance from the parent (Howe & Smallwood 

1982). 

Three theoretical recruitment patterns have increasing survival with distance and can account for the 

escape hypothesis: (i) the ‘Hubbell’ pattern, with comparable magnitudes of dispersal and predation, (ii) 

‘exact compensation’, and (iii) ‘Janzen-Connell’ (see Figure 2 in Nathan & Casagrandi 2004). The 

Janzen-Connell pattern shows relatively low recruit density near adults despite high density of dispersed 

seeds, due to the strong effect of immobile host-specific seed predators: recruit density increases to a peak 

at a certain distance, and then decreases further away because of the low seed densities at long distances 

from the source (Janzen 1970). Nathan & Casagrandi (2004) also presented two recruitment patterns that 

do not result in increased survival further from the parent i.e. ‘invariant survival’ and the ‘McCanny’ 

model, which has more generalised mobile seed predators.  

Initial density dependent mortality from herbivores or seed predators is consistent with the escape 

hypothesis and has been observed in many studies (e.g. Augspurger & Kelly 1984; Clark & Clark 1984; 

Howe & Schupp 1985; McCannny & Cavers 1987; Schupp 1988; Harms et al. 2000; Wehncke et al. 

2009) but not in others, where clumping of saplings around adults was found, promoted by short-range 

dispersal (e.g. Silander 1978; Hubbell 1979; Casper 1987; Terborgh et al. 1993; Dalling et al. 2002). 
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Nevertheless, recruitment may still be higher closer to the parent plant because of greater seed abundance 

there, despite low seed or seedling survival (Hubbell 1979). 

The efficiency of seed and seedling predators is predicted to decrease with increasing latitude, 

because the physical environment becomes more severe and unpredictable and affects the supply of 

resources: as a result, escape effects are expected in tropical areas but not in temperate systems (Janzen 

1970; Wotton 2007). There is a paucity of studies in non-tropical areas, but escape effects have been 

reported for some temperate systems (Platt 1976; Packer & Clay 2000; Wotton & Kelly 2011). A meta-

analysis by Hyatt et al. (2003) found no general support for the distance-dependent prediction of the 

hypothesis in short-term studies, but did find that distance from parent slightly reduces survivorship in the 

temperate zone, and slightly increases it in the tropics, and showed stronger evidence in support of the 

hypothesis for seedlings than for seeds.  

My research investigates whether seedling escape occurs in two New Zealand canopy tree species 

(Vitex lucens and Prumnopytis ferruginea) by investigating the relationship between seed and seedling 

patterns, and whether seedling growth or survival varies in different parts of the local seed shadow. See 

also Section 1.2.3 for further details of seedling recruitment models.  

 
1.1.2.2 Species diversity  

The escape hypothesis was initially proposed to account for the hyper or uniform dispersion of adult trees 

at low densities, thought to promote high species diversity, or co-existence, by leaving openings for other 

species and by decreasing conspecific seedling density (Wallace 1878; Janzen 1970; Hubbell 1980; Wills 

et al. 1997; Barot et al. 1999; Webb & Peart et al. 2001; Kwit et al. 2004; Howe & Miriti 2005). This 

generalisation does not always hold: for example, all species were either clumped or randomly dispersed 

in a tropical dry forest, studied by Hubbell (1979). However, some spatial models have shown lower 

species clumping and higher species richness once density dependence or the principle of ‘escape’ is 

introduced (Holmes & Wilson 1998; Bleher et al. 2002; Chave et al. 2002; Seidler & Plotkin 2006).   

Maintenance of species diversity may also be affected by limited seed dispersal, because: (i) 

‘superior’ competitors often fail to arrive at distant sites that are favourable for their recruitment, or (ii) 

‘inferior’ competitors are better able to colonise vacant space by virtue of higher dispersal rates, enabling 

them to ‘win by default’ and thus avoid local extinction i.e. a ‘colonisation-competition trade-off’ (Hurtt 

& Pacala 1995; Holmes & Wilson 1998; Webb & Peart 2001; Snyder & Chesson 2003; DiVittorio et al. 

2007). However, some authors, such as Leishman (2001) who studied a calcareous grassland community, 

found no supporting evidence that small seeds are superior colonists due to their greater number.  
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1.1.2.3 Effects of gut passage of seeds on germination  

The passage of seeds through the gut during dispersal by vertebrate frugivores may enhance germination 

of seeds by: (i) removing pulp, which may contain germination inhibitors, (ii) scarification of the seed 

coat, which increases water and gas permeability, and (iii) enhancement of germination and seedling 

growth from faecal material surrounding the seed (Barnea et al. 1991; Ladley & Kelly 1996; Meyer & 

Witmer 1998; Calvino-Cancela 2004; Robertson et al. 2006). However, these positive effects are not 

universal, and great variability has been observed in seed response to passage through the digestive tract: 

the ‘scarification effect’ may be less than the ‘de-inhibition effect’ (where seeds are hand-cleaned to 

remove pulp) because frugivorous birds seldom damage seeds during gut passage (Herrera & Jordano 

1981; Barnea et al. 1991; Schupp 1993; Traveset 1998; Robertson et al. 2006). One aim of my research 

was to determine whether actively dispersed seeds have different rates of viability and germination 

success compared with intact fruit that fall passively from the tree.    

Many seeds do not have to be swallowed to germinate. For example, there was no significant 

difference in overall germination rate between miro seeds which had or had not passed through the gut of 

kereru (Clout & Tilley 1992). However, intact seeds of Ocotea endresiana (Lauraceae), a bird-dispersed 

neotropical montane tree in Costa Rica, did not germinate at all, but seeds regurgitated by birds and seeds 

removed from fruits by hand had 98% germination rates (Wenny 2000).  

Gut passage time (GPT) of seeds determines, in part, where seeds will be deposited by birds. Factors 

affecting GPT in birds include the anatomical and chemical environment of the digestive tract, nutritional 

levels, quality of the diet, and the amount of food consumed (Traveset 1998). GPT decreases with an 

increasing number of fruits ingested (Levey 1991) and can vary throughout the day and with type of fruit 

ingested. For example, large heavy seeds are defecated more quickly than small light seeds, and seeds of 

fruits with a firm texture are retained longer than those of ‘watery’ fruits (Wotton et al. 2008).  

 
1.1.3 Ecological factors and seed dispersal 

1.1.3.1 Colonisation, recruitment, & ovule abortion  

‘[Seed] dispersal is the premier spatial demographic process’ (Nathan & Muller-Landau 2000; page 278) 

bridging adult and seedling stages, affecting colonisation and recruitment (germination and survival), and 

has a role in determining patterns of tree diversity, local species composition, maintenance, and 

distribution of species (Willson 1993; Herrera et al. 1994; Schupp & Fuentes 1995; Rey & Alcantara 

2000; Wang & Smith 2002; Levin et al. 2003; Howe & Miriti 2005).    
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1.1.3.1.1 Colonisation 

Dispersal in space and time allows a parent to produce offspring capable of taking advantage of, or 

colonizing, uncompetitive sites as they open up (Howe & Smallwood 1982). These sites vary continuously 

with respect to their suitability for seed survival, germination, and seedling growth (Schupp 1993). Factors 

that affect colonisation include dispersal mode, post-dispersal seed predation, germination requirements, 

and structure of vegetation in the colonisation area (Clark & Clark 1981; Wang & Smith 2002; Levin et 

al. 2003; Caccia et al. 2006). After colonisation, the spatial distribution of the colonisers may persist for 

long periods of time, with consequences for the establishment of subsequent colonists (Yarranton & 

Morrison 1974). As mentioned in Section 1.1.2.2, trade-offs between the ability to colonise new sites (i.e. 

dispersal) and the ability to compete for sites upon arrival have been hypothesised to contribute to stable 

species coexistence (Tilman 1994; Levin et al. 2003; Levine & Murrell 2003; Robledo-Arnuncio & 

Garcia 2007).  

 
1.1.3.1.2 Recruitment  

Plant recruitment (i.e. survival of juveniles of large tree species beyond c. 30 cm height; Simard 1998) 

determines the distribution, dynamics, and genetic structure of plant populations and communities (Garcia 

et al. 2005). Potential rates of recruitment of seeds are determined by seed dispersal and seed numbers, yet 

seed arrival is no guarantee of germination and subsequent seedling survival: these depend upon the 

microsites to which the seeds are dispersed and the ability of seeds and/or seedlings to compete and 

survive on arrival (Augspurger 1983; Coates-Estrada & Estrada 1988; Russell & Schupp 1998; Rey & 

Alcantara 2000; Levin et al. 2003; Barbera et al. 2006).  

Recruited seedlings are a composite of many years seed rain, whereas newly emerged seedlings are 

closely tied to the seed rain of a given year (Sagnard et al. 2007). Temporal variation in seed dispersal will 

be of little consequence if there is a persistent soil seed bank, but is crucial if seed banks have decayed, as 

may occur in fragmented forests (McClanahan & Wolfe 1993; Orrock et al. 2006). In New Zealand, soil 

seed-banks vary in seed density and species composition: there is often little similarity in species 

composition between the soil seed bank, which is typically dominated by species which characterize 

disturbed areas, and the extant forest vegetation (Sem & Enright 1995, 1996). 

 
1.1.3.1.3 Ovule abortion 

A variable proportion of available ovules develops into viable seeds (Stephenson 1981; Sutherland 1986; 

Charlesworth 1989), and in some species less than one percent of all flowers produce fruit (Howe 1977). 

The primary causes of abortion are thought to be resource (e.g. water) or pollen limitation, and abortion 

may improve or regulate the quality and quantity of seed production through selective abscission (Bawa & 
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Webb 1984; Herrera 1990; Johnston 1991; Obeso 1993; Verdu & Garcia-Fayos 1997). The percentages 

and distributions (Appendix 8.2) of ovule abortion in puriri and miro were determined in my research.   

 
1.1.3.2 The influence of seed dispersal on population structure 

Dispersal is one of the key processes determining the spatial structure of plant populations by linking the 

end of the reproductive cycle with offspring establishment and abundance (Schupp & Fuentes 1995; Barot 

et al. 1999; Nathan & Muller-Landau 2000; Wang & Smith 2002; Levine & Murrell 2003; Westcott et al. 

2005; DiVittorio et al. 2007). Dispersal of offspring away from the natal site is one way that genes move 

through or within a population or into new populations, and thus dispersal influences genetic structure, 

although the correlations are not very ‘tight’ (Hamrick et al. 1993; Willson 1993; Williams & Guries 

1994; Alvarez-Buylla 1996; Levin et al. 2003). However, gene movement is often limited within a 

population, such that many populations consist of neighbours of related individuals (Levin 1981).  

 
1.1.3.3 The influence of seed dispersal on community structure 

Measures of community structure include relative abundance, distribution, dispersion, and coexistence of 

species in natural systems (Levine & Murrell 2003). Although theoretical models suggest that seed 

dispersal affects species co-existence through local dispersal and the ‘colonisation-competition trade-off’, 

empirical support is scant (Askew et al. 1997; Leishman 2001; Levine & Murrell 2003; Gross 2006). This 

lack of support contrasts with the population level, where dispersal has been shown in some systems to 

strongly influence fitness, colonisation, spread, relative abundance, and persistence of species (Harper 

1977; Howe & Smallwood 1982; Levine & Murrell 2003). However, Webb & Peart (2001) found a 

crucial role for seed dispersal in maintaining rain forest diversity; Howe & Miriti (2004) and Levine & 

Murrell (2003) maintain that the pattern of dispersed seeds is a community structural template; and 

Ribbens et al. (1994) state that recruitment can substantially affect community composition and dynamics. 

Seidler & Plotkin (2006) and Gross (2006) showed that dispersal characteristics have long-lasting effects 

on community structure.  

 
1.1.3.4 The influence of animal communities on seed dispersal  

Since many plants are dependent on animals for seed transport, plants are susceptible to dispersal failure 

when their seed vectors become rare or extinct. In some cases only a few dispersers account for most of 

the frugivory and disperse the majority of seeds (Herrera 1984; Willson 1993; Sekercioglu et al. 2004). 

Disperser numbers (especially large fruit-eating animals) decline with vegetation fragmentation and 

increasing predation, and this can effectively isolate trees and disrupt dispersal processes (Primack & 

Miao 1992; Bond 1995; Kenward et al. 2002; Howe & Miriti 2005; Moran et al. 2006). Seed dispersal 
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processes may also be disrupted by a decline in vector numbers even before vectors become rare 

(McConkey & Drake 2006). However, when a plant has many dispersal agents, the loss of one species of 

vector may have only minor consequences for seed dispersal (Herrera 1984; Farwig et al. 2006). 

 
1.1.3.5 The influence of habitat fragmentation on seed dispersal 

Habitat fragmentation threatens biodiversity by disrupting dispersal: there are increased distances to seed 

sources, affecting colonisation; fewer seeds are taken per tree; more seedlings accumulate under parents; 

seedling mortality increases at margins of vegetation due to desiccation and predation; and fewer 

seedlings or juveniles occur away from parents (Howe & Miriti 2005; Levey et al. 2002). Under these 

conditions, long distance inter-patch dispersal is of crucial importance to counteract local extinctions, 

especially where there are low plant densities and clumped spatial distributions (Primack & Miao 1992; 

Hewitt & Kellman 2002).  

However, habitat patches connected by corridors retain more native plant species than isolated 

patches, by facilitating gene flow and the movement of organisms (Damschen et al. 2006). One 

‘advantage’ of fragmentation is that trees on forest edges may have greater fruit removal rates due to 

greater visibility (Bach & Kelly 2004). 

  
1.1.4 Seed and seedling distributions  

1.1.4.1 Seed shadows (spatial patterns of seed rain)  

The local spatial distribution of dispersed seeds relative to a single isolated maternal source (or sometimes 

conspecific neighbours) is called the ‘seed shadow’ (Figure 1.1; Willson 1993; Nathan & Muller-Landau 

2000; Levin et al. 2003; Westcott et al. 2005). 
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Figure 1-1: An example of the local total (bird dispersed + passively dispersed fruit) seed shadow of Vitex 

lucens (puriri) at Arataki, Waitakere Ranges, Auckland, New Zealand, independent of dispersal direction 

(Pegman 2007−2008: pilot trial). 
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Seeds may travel passively through gravity, usually beneath the canopy or only a short distance from the 

parent, to an array of different microsites, while the rest are actively scattered by vectors to compete for 

sites either under or away from the parent (Cohen & Motro 1989; Augspurger & Kitajima 1992; 

Chambers & MacMahon 1996; Levin et al. 2003; Clark et al. 2006). If seeds survive under the parent tree, 

then this is the most extreme example of successful short-distance dispersal (Chapman & Chapman 1996). 

Some authors refer to seeds that fall under a parent as ‘non-dispersed’ and to those removed by dispersal 

vectors as being ‘dispersed’ (Alcantara et al. 2000). For ‘fleshy-fruited’ plants, seed shadows are the sum 

of the patterns of deposition of seeds with mesocarp (intact fruit) plus active deposition of ‘depulped’ 

seeds (without mesocarp), resulting from the foraging behaviour of animals that feed upon the fruit 

(Schupp 1993; Pairon et al. 2006).  

Seed shadows are important because population spatial spread, distributions, and dynamics are linked 

to their shape and scale, and can be used to infer fecundity from post-dispersal seed densities (Harper 

1977; Skarpaas et al. 2004; Westcott et al. 2005; Schurr et al. 2008). Seed shadows determine the 

potential area of plant recruitment, and serve as a template for subsequent post-dispersal population 

processes, such as predation, germination, growth, competition, population dynamics, and community 

structure (Augspurger & Kitajima 1992; Schupp & Fuentes 1995; Levin et al. 2003; Howe & Miriti 2004; 

Clark et al. 2006). Yet, little is known about the shape or scale of seed shadows for most species (Thomas 

et al. 1988; Nathan & Muller-Landau 2000; Skarpaas et al. 2005).  

In comparison, the dispersal ‘kernel’ is the probability density function of the location, distribution, or 

settlement of seeds deposited with respect to their source in one unit of time and integrates to one across 

the range of possible dispersal distances (Hovestadt et al. 2000; Levin et al. 2003; Chesson & Lee 2005; 

Pielaat et al. 2005).  

Seed shadows exist in two dimensions, may be asymmetric in the horizontal plane, and are described 

by seed numbers or density, directionality, and genetic makeup of the seeds (Augspurger & Kitajima 

1992). These factors are important since mortality agents may selectively attack certain genotypes, 

density-dependent mortality may occur, or distance may influence the distribution of suitable 

microhabitats for germination. 

Deviations from the ‘usual’ seed shadow may be caused by habitat patchiness, behaviour patterns of 

the seed vectors (e.g. deposition under perch or ‘attractor’ trees which results in ‘contagious’, or clumped, 

seed distributions), maternal traits, or predation (Janzen et al. 1976; Fleming & Heithaus 1981; Ribbens et 

al. 1994; Chambers & MacMahon 1996; Verdu & Garcia-Fayos 1998; Schupp et al. 2002; Ward & Paton 

2007). It is also possible to experimentally manipulate seed dispersal distributions relative to the ‘usual’ 
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seed distributions and to quantify the consequences on seedling recruitment (Augspurger & Kitajima 

1992; Schupp & Fuentes 1995). 

The peak of the seed shadow constitutes the location where most of the seeds are deposited. 

Consumers or intense competition can level the peak and extend the tail (the distant portion of the seed 

shadow) by dispersing and depositing seeds at long distances from the parent plant. The location of the 

peak, the slopes, and shape of the tail of the seed shadow can alter for particular tree species and 

individual trees, and method of analysis, such as using seed density rather than numbers (Platt & Weis 

1985; Willson 1993; Bleher et al. 2001; Levin et al. 2003).  

Canopy structure (geometry), fecundity (inferred from post dispersal seed production), and vegetation 

cover can also influence the shape and size of seed shadows, and seed shadows can exhibit considerable 

inter-annual variation (Johnson 1988; Willson & Crome 1989; Jordano & Schupp 2000; Muller-Landau et 

al. 2002; Levin et al. 2003). Asymmetric canopy shape, resulting from environmental conditions, may 

produce anisotropic seed shadows where seeds are dropped preferentially in one direction, or distance, 

rather than evenly in all directions (Bullock et al. 2006). Vegetation structure can influence the perching 

behaviour of frugivorous birds and so may influence deposition patterns of seeds and result in multiple 

peaks of seed deposition (Ferguson & Drake 1999). Tall plants with wider branching patterns may have a 

smaller proportion of seeds closer to the trunk or stem, resulting in more distant peaks of seed numbers 

(Cousens & Rawlinson 2001). Canopy shape and openness were examined, in my research, to determine 

whether they influenced seed dispersal. 

 
1.1.4.2 Measuring seed shadows 

An unavoidable limitation in determining seed shadows is the difficulty in unambiguously tracking the 

origin of frugivore-dispersed seeds in natural communities (Godoy & Jordano 2001). Nevertheless, seed 

shadows can be measured by: (i) tracking or following the fate of marked seeds from their sources, via so-

called Lagrangian methods (e.g. using fluorescence, chemical radio-isotopes, or physical markers to match 

seeds and seedlings with parent plants), (ii) using molecular chloroplast, endocarp, or pericarp rDNA 

(which is of maternal origin) micro-satellite genetic markers to establish the maternal parent sources of 

seeds or seedlings retrieved from their post-dispersal locations, or (iii) documenting variation in seed 

deposition or density with distance from sources using traps, or counting seeds in census plots at a number 

of pre-determined distances away from the source, so-called Eulerian methods or ‘inverse modeling’ 

(Willson 1993; Klein & Laredo 1999; Nathan & Muller-Landau 2000; Levey & Sargent 2000; Skarpaas et 

al. 2004; Bullock et al. 2006; Pairon et al. 2006; Jones & Muller-Landau 2008). Seed shadows can also be 
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indirectly (but not necessarily reliably) inferred by observing fruit-eating birds, or by analysis of the 

spatial pattern and genotype of seedlings (Debussche & Isenmann 1994; Klein & Oddou-Muratorio 2011).      

In inverse modeling (employed in my study), the deposition of seeds in traps can be determined 

independent of the vector, although the true source may not always be known, and is therefore sensitive to 

individual fecundity values. There may also be problems delineating the area to be sampled or searched, 

and the method does not usually measure long distance dispersal directly (Dalling et al. 2002; Skarpaas et 

al. 2004; Robledo-Arnuncio & Garcia 2007). Common arrangements of seed traps include concentric 

annuli, directional transects, or sectors; and sampling replication is essential to understand variation in 

seed shadows (Hoppes 1998; Bullock et al. 2006). Features of fruit within the seed shadows that can be 

measured include: fresh mass, viability, maximum length and width of undamaged fruit, and whether the 

seeds are broken or gnawed (Alcantara et al. 2000; Wilmshurst & Higham 2004). 

Protocols, or pilot studies, can be used to optimise the design of plant dispersal studies to target the 

type of data required and the ultimate question being asked, while considering options available for 

measurement of data (Bullock et al. 2006; Skarpaas et al. 2005). For example, local dispersal may be 

understood over a distance of a few metres, but dispersal over hundreds of metres may be necessary for 

meta-population studies. Problems, such as anisotropic dispersal or clumping, can be dealt with by 

trapping seeds in different directions and separating the data by direction. 

 
1.1.4.3 Measuring seedling distributions  

Spatial distributions of seedlings are usually neither uniform nor random, but are typically aggregated in 

patches, or form gradients, and can be measured by: (i) counting all newly emerged seedlings at random 

points or quadrats (Legendre & Fortin 1989; Garcia et al. 2005; Lortie et al. 2005), (ii) counting seedlings 

along randomly placed transects of a fixed width in the area of interest, or (iii) measuring seedling-to-

nearest adult distances (Kitajima & Augspurger 1989; Dalling et al. 1998; Bleher & Bohning-Gaese 2006; 

Sagnard et al. 2007). For example, Radford et al. (2002) measured the distance to the nearest seedling 

from random points and then counted the numbers immediately adjacent. This method is advantageous for 

situations where seedling numbers are low and there is a decreased probability of encountering seedlings. 

It may also be possible to count all seedlings (the method employed in this thesis), if the extent allows, 

and to determine survival and growth rates in different sections of the local seed and seedling shadows, 

such as under or away from the tree canopy. 

 
1.1.4.4 Spatial concordance of seed shadows vs. seedling recruitment  

A central challenging question in plant demography is whether seedling recruitment can be predicted from 

the seed rain, or whether post-dispersal processes erase seed deposition patterns, leading to independence 
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or even a negative (inverse) relationship, as predicted by the ‘escape hypothesis’ (Augspurger 1984; 

Herrera et al. 1994; Burns 2004; Garcia et al. 2005; Sagnard et al. 2007). Seed dispersal determines the 

initial spatial arrangement and physical environment of seeds from which the next cohort of seedlings is 

selected (Wenny 2000). Yet, it is often challenging to link spatial patterns of seed dispersal with seedling 

and adult distributions at different scales (microsite, microhabitat, and site), mainly because there are 

many intermediary steps and processes (‘filters’) between seed production and the recruitment of adult 

trees (Schupp & Fuentes 1995; Houle 1997; Wang & Smith 2002; Levin et al. 2003; Levine & Murrell 

2003; Garcia et al. 2005; Sagnard et al. 2007). For example, seeds may be redistributed by water, which 

can override patterns of primary seed fall (Hampe 2004), and predation may have significant effects on 

recruitment (Chambers & MacMahon 1996). Seeds may not be distributed to all ‘safe sites’ and not all 

sites are suitable for germination and/or survival (Howe & Miriti 2005; McAlpine & Jesson 2008). Also, 

seedling recruitment is temporally separated from propagule dispersal by at least a few weeks or months 

for most tree species, allowing further uncoupling and spatial discordance of the two processes (Houle 

1997; Rey & Alcantara 2000; Hampe 2004; Lazaro et al. 2006).  

Several studies have invoked a correspondence or partial relationship of seed shadows with seedling 

phases (Augspurger 1983; Garcia et al. 2005; Lazaro et al. 2006; Sagnard et al. 2007; McAlpine & Jesson 

2008), but in others there is not even an initial correspondence (Houle 1992; Schupp & Fuentes 1995; 

Houle 1997; Traveset et al. 2003). For example, Rey & Alcantara (2000) found that frugivore-generated 

dispersal patterns differed from the final pattern of recruitment because water stress caused high mortality 

at the seedling stage. The distribution of adults may most closely resemble that of seed dispersal if the 

probability of recruitment is independent of where a seed arrives i.e. abiotic and biotic influences on 

establishment, growth, and survival are equal along distance axes, resulting in equal survival rates in 

microsites and maximum recruitment levels (Johnson 1988; Schupp & Fuentes 1995; Levin et al. 2003; 

Sagnard et al. 2007).  

 
1.1.4.5 Analyzing the spatial concordance of seed shadows vs. seedling recruitment 

Surveying for seedlings gives information about ‘realised dispersal’, but is not a direct translation of 

propagule distribution (Ribbens et al. 1994; Bullock et al. 2006). Field studies may be used to compare 

patterns across stages, using spatial correlograms, partial Mantel tests, and other spatial statistics, to 

evaluate the concordance between spatial patterns among arriving-seeds and established seedlings 

(Legendre & Fortin 1998; Schupp & Fuentes 1995), or by seed sowing experiments by comparing 

seedling plots that have seed saturation with un-augmented plots, or by changing habitat characteristics 

and spatial arrangements of sites with respect to parent trees (Wenny 2000). Manipulative experiments 
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can be used to assess the types of sites to which seeds are dispersed, and how the habitat characteristics 

and spatial arrangements of those sites relative to the parent trees influence post-dispersal processes. 

Information of seed dispersal and recruitment can also be combined in models and the relative importance 

of each factor assessed using simulations in which single factors are varied.     

Seed shadow distributions can be correlated with seedling patterns and survival using generalized 

linear models (used in this thesis), or maximum likelihood methods, to test for concordance (Sagnard et 

al. 2007). Seed and seedling distributions do not necessarily decrease or increase linearly from parent 

trees: nonetheless, negative correlations usually indicate that seeds were deposited close to the tree but 

that seedlings were distant from the tree, and positive correlations indicate that seeds and seedlings 

occurred proportionally together. The mean distances of seedlings from assumed parents may also be 

compared with mean seed dispersal distances.  

 
1.1.4.6 Long distance seed dispersal distributions  

Long distance dispersal (LDD) is the active transportation of seeds further than they are dispersed by the 

primary mechanism, usually greater than 100 m (Chambers & MacMahon 1996; Russo et al. 2006; 

Nathan et al. 2008). For example, birds are capable of transporting seeds several kilometres from their 

source (Riffell & Gutzwiller 1996; Clark & Fastie 1998; Hewitt & Kellman 2002), and during annual 

floods, frugivorous fishes can enter Amazonian floodplains, consume fallen fruits and move viable seeds 

long distances (Anderson et al. 2011). Passive LDD can also occur, such as transportation of seeds via 

water-ways. LDD events represent the behaviour of the extended part of the tail of the seed shadow, are 

infrequent in space and time, and can be difficult to quantify, even with the determination of maximum 

vector movement patterns (Ouborg et al. 1999; Wang & Smith 2002; Nathan 2005; Pielaat et al. 2005; 

Skarpaas et al. 2005). LDD can also be defined as events that occur in the upper one percent of seed 

dispersal distances, calculated from the empirically estimated kernel or probability density function, with 

the resulting individuals expected to be widely spaced (Horvitz & LeCorff 1993; Cain et al. 2000; Higgins 

et al. 2003; Nathan et al. 2003). Such rare events have a disproportionate importance to population spread, 

genetic connectivity, and survival of species, because most seeds move only a short distance from their 

source (Cain et al. 2000; Nathan 2005; Will & Tackenberg 2008; Soons & Bullock 2008).  

Howe & Smallwood (1982; page 204) stated that ‘interest in LDD has diminished and it is not the 

selective ‘reason’ for seed or fruit vagility (dispersability)’. But many authors now categorically state that 

LDD is crucial to determining population factors such as range expansion, regional survival, colonisation, 

metapopulation structure, genetic structure, and gene flow rates: features which cannot be determined 

from the study of short-distance dispersal alone (Augspurger & Kitajima 1992; Portnoy & Willson 1993; 
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Ouborg et al. 1999; Levin et al. 2003; Pielaat et al. 2005; Caswell et al. 2006). Short distance events are 

more likely to influence resource-use, recruitment, small-scale dynamics, and species co-existence 

(Nathan et al. 2003). LDD events strongly determine the nature of the dispersal kernel (Skarpaas et al. 

2005) and have a major influence on plant species persistence in habitat fragments and the colonisation of 

new habitats (Hewitt & Kellman 2002; Wang & Smith 2002; Weir & Corlett 2007).  

 
1.1.4.7 Measurement of long distance seed dispersal 

How far an animal-dispersed seed travels depends on how far its disperser moves away from the source 

while retaining it. The daily temporal non-random distribution of disperser behaviour, such as foraging for 

fruits (frugivory), influences dispersal outcomes, in particular the shape (kurtosis
-1

) and scale (distance) of 

dispersal curves (Howe 1989; Schupp et al. 2002; Westcott et al. 2005; Morales & Carlo 2006). However, 

tracking seeds over longer distances is difficult compared with the relatively easier tasks of trapping seeds 

and documenting their arrival over a small local area. One approach is to infer maximum seed dispersal 

distances by combining information on patterns of frugivore displacement curves, and speed, with gut 

passage times (GPT) of seeds to determine dispersal distances of consumed fruit (Wang & Smith 2002; 

Westcott et al. 2005; Bullock et al. 2006; Weir & Corlett 2007).  

Birds may be tracked visually using observation points (Alcantara et al. 2000), or followed until they 

drop, regurgitate, or defecate seeds (Wenny 2000), or by applying markers to animals which allows 

location of animals at a distance (Kenward et al. 2002). These methods allow an estimation of the entire 

seed shadow produced by a combination of plant and animal species, and are particularly useful where 

one or a few frugivore species are responsible for a large proportion of seed movements. 

Other methods of measuring long distance dispersal include: (i) genetic methods of comparing 

genotypes of seedlings with potential parents using chloroplast DNA molecular markers, (ii) tracking 

using chemical isotopes incorporated into seeds, and consequently the vectors that eat them, (iii) radio 

telemetric or global positioning system (GPS) methods, and (iv) increasing trap areas at longer distances 

(Chavez-Ramirez & Slack 1994; Ouborg et al. 1999; Cain et al. 2000; Nathan 2003; Hobson 2005; 

Trakhtenbrot et al. 2005; Xiao et al. 2006; Weir & Corlett 2007). Methods that focus on individual 

movements and that couple modeling and empirical tools are among the most promising ways to estimate 

long distance dispersal, and are employed in my study (Chapter 6).  
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1.2 Review of theoretical models of seed dispersal and seedling recruitment 

1.2.1 Phenomenological seed dispersal models 

Distance from seed source and seed/seedling density are usually inversely related (Augspurger & Kelly 

1984), so seed dispersal is often characterised, or described, simply by the fitting of distribution curves to 

the total seed shadow data i.e. the shadow in its final form after the effects of seed displacement by all 

dispersal agents that move seeds away from the parent plant, or subsequent locations. These are called 

phenomenological or ‘inverse’ models. Such analyses have shown that distributions of dispersal distances 

are typically strongly leptokurtic, with a peak near the parent and a long extended ‘fat’ tail, and with seed 

numbers decreasing monotonically from the peak and more rapidly from the crown edge (Assuncao & 

Jacobi 1996; Stoyan & Wagner 2001; Levin et al. 2003; Pielaat et al. 2005; Pairon et al. 2006).  

Phenomenological models often ignore dispersal mechanisms and directions of dispersal and assume 

isotropic and homogeneous seed shadows (Coussens & Rawlinson 2001; Skarpaas et al. 2004). Empirical 

data can easily be incorporated into models using either mean dispersal distance, or the entire distribution 

of dispersal distances. There is a lack of studies combining empirical measurements and mathematical 

modeling of dispersal for plants (Skarpaas et al. 2004). 

Phenomenological models fit data on two-dimensional seed densities as a function of distance from 

their source, or frequency distribution of dispersal distances, often using log-normal, negative exponential 

(NE), inverse power (IP), or a combination of different kernels to take into account different dispersal 

mechanisms (Howe & Smallwood 1982; Augspurger 1983; Willson 1993; Schupp & Fuentes 1995; 

Chambers & MacMahon 1996; Levin et al. 2003; Skarpaas et al. 2004; Nathan et al. 2006; Sagnard et al. 

2007). Other models include a mixed NE/IP model, Ribbens, Weibull, Cauchy, gamma and geometric 

functions, and the ‘2Dt’ (2 Dimensional Student t) stratified model that fits data both near (passive 

dispersal) and far (vector-mediated) from the source, since the mean and the tail of the distribution can 

vary independently (Bullock & Clark 2000; Clark et al. 2001; Dalling et al. 2002; Higgins et al. 2002; 

Greene et al. 2004; Jongejans et al. 2008). These models can be used to append a long adjustable tail 

without changing the general shape of the kernel fitted to locally dispersed seeds. The shape, or degree of 

leptokurtosis, can be varied parametrically from near zero (the Gaussian, or normal distribution) to infinity 

(Chesson & Lee 2005), with the mean and variance of the distribution defining the spatial scale of 

dispersal (Chesson & Lee 2005). Inverse models often may use maximum likelihood methods to find 

parameter values for the function which best fits the relational data (Higgins & Richardson 1999; Stoyan 

& Wagner 2001; Trakhtenbrot et al. 2005; Bullock et al. 2006). They are simple to apply, but cannot 

provide generalisations beyond studied systems, and may mask long distance events.  
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Theoretical studies have shown that the shape of the tail of the distribution (either ‘fat’ or ‘thin’) and 

seed fecundity determine the rate and pattern of spread and colonisation of new areas (Bruna 2003; 

Hovestadt et al. 2000; Cousens & Rawlinson 2001). The production of many seeds increases the 

probability that at least a few seeds go ‘far’, and this effect is enhanced for a function with a fat tail (e.g. 

the inverse power is ‘fatter’ than the negative exponential), which allows for rare long distance dispersal 

events well in advance of the population frontier, despite short average dispersal distances (Clark & Fastie 

1998; Clark et al. 1999; Nathan 2001; Stoyan & Wagner 2001). Modeling using leptokurtic distributions 

has been shown to greatly increase the theoretical rate of spread of an organism and helps to explain 

Reid’s paradox of rapid migration i.e. the faster than expected rates of spread found in ecosystems 

according to traditional random diffusion or Gaussian dispersal mechanisms (Clark et al. 1998), which 

predict that reproduction and local dispersal determine migration rates, but underestimate long distance 

dispersal events (Shaw 1995; Clark & Fastie 1998; Higgins & Richardson 1999; Neubert & Caswell 2000; 

Kinezaki et al. 2003; Chesson & Lee 2005; Will & Tackenberg 2008).  

Leptokurtic functions of seed number or density can be converted to straight lines on a semi-

logarithmic scale: the slope of the transformed equations can give a relative indication of the length of the 

seed shadow, with flatter slopes corresponding to longer seed shadows (Laman 1996). Such 

transformation reflects the general expectation that seed-distribution patterns commonly follow a negative 

exponential form; nevertheless, their use provides relative comparisons of dispersability (Willson 1993). 

Steep slopes (e.g. -2 on a semi-loge scale) are proposed to result in colonisation by ‘fronts of invasion’ and 

slower rates of exploitation of available sites, but for less steep slopes, colonisation occurs by long 

distance dispersal events (Harper 1977; Johnson & Webb 1989; Willson 1993; Higgins et al. 2002; Levin 

et al. 2003; Pielaat et al. 2005; Pairon et al. 2006).  

 
1.2.2 Mechanistic seed dispersal models 

Mechanistic models of seed dispersal predict seed dispersion patterns (including parameter values) 

directly from the different characteristics of the natural history of plant dispersal and behaviour of their 

dispersal agents (Stoyan & Wagner 2001; Higgins et al. 2002; Levin et al. 2003; Skarpaas et al. 2004; 

Soons & Ozinga 2005; Westcott et al. 2005; Pairon et al. 2006). Mechanistic models are more 

complicated than phenomenological models because they require high-quality data for extra parameter 

estimation, and detailed behavioural information (in the case of vertebrate frugivore dispersal) such as 

habitat preferences, feeding behaviour, movement, and time until seed deposition. Mechanistic models, 

however, allow seed densities to be accurately predicted rather than merely ‘fitted’, and clarify the 
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circumstances that lead to long distance dispersal (Levin et al. 2003; Skarpaas et al. 2004; Pielaat et al. 

2005; Trakhtenbrot et al. 2005; Will & Tackenberg 2008).  

Although mechanistic models have usually been applied to wind-dispersed seeds, knowledge of 

animal behaviour and plant characteristics allow mechanistic models to also be applied to bird-dispersed 

systems (Morales & Carlo 2006). For example, ‘path models’ may be constructed from the results of seed 

shadow and seed rain analyses (‘sources’) to explore the relative contribution of spatial, microhabitat, and 

individual tree features to the seed fall pattern (Schupp & Fuentes 1995; Alcantara et al. 2000; Schurr et 

al. 2008), or simulated animals can move randomly in space and deposit seeds at a constant rate during 

movement (Westcott et al. 2005; Morales & Carlo 2006). An original model of this latter type is presented 

in Chapter 6.    

 
1.2.3 Seedling recruitment models 

Models relating seed and seedling recruitment to the distance from seed sources have been used to show 

that the relationship between seed rain and recruitment depends both on the degree of spatial 

heterogeneity of post-dispersal losses compared with that of seed rain, and on the correlation between 

survival expectancies throughout the different recruitment stages (Garcia et al. 2005). Models of these 

processes are mainly conceptual, incorporating transition probabilities for: (i) each stage-class, (ii) each 

recruitment process, (iii) factors which influence these processes, and (iv) micro-habitat conditions. Such 

models use box and arrow flow diagrams (Clark et al. 1996; Rey & Alcantara 2000; Traveset et al. 2003; 

Lazaro et al. 2006) or transition matrix model analyses (West 1995). The latter models comprise tables of 

fecundity values, initial stage distributions, and probability values of surviving individuals remaining in 

the same class, moving up to the next class, or moving back a class.  

Inverse phenomenological models of seed rain can be correlated with the density of seedlings, and 

microsite conditions, using generalized linear models to test for concordance between seed rain and 

seedling spatial distributions (Sagnard et al. 2007; Section 1.1.4.4). Simulation models have also been 

developed which recreate and predict recruitment responses (Ordonez et al. 2006; Ahn et al. 2007).   

 
1.2.4 Assessment of seed dispersal models 

All seed dispersal models must be assessed for reliability of their assumptions and predictions. Model 

assessment should include evaluation of structural assumptions, parameter estimates, and primary and 

secondary predictions (Gilbert & Troitzsch 1999; Jackson et al. 2000; Peck 2000; Levin et al. 2003). 

Predictions and patterns produced by modifications of the model need to be compared with ‘observed 

patterns’, especially if evaluated independently of data, as is the case in mechanistic models (see Figure 1 

on page 212 in Wiegand et al. 2003). Phenomenological models use empirical data, but their predictions 
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can be tested against a random subset of the data not used in their calibration. Models may then be used to 

link dispersal and rates of advance of species, for example the classical diffusion models developed by 

Fisher (1937) and outlined by Levin et al. (2003).  

 
1.3 Review of the natural history of Vitex lucens and Prumnopytis ferruginea (study trees)  

1.3.1 Physical descriptions  

Vitex lucens (puriri, Verbenaceae; Plate 1.1) are large angiosperm trees up to 20 m tall, with trunks up to 

1.5 m wide. Hermaphroditic flowers are produced all year, with bright red drupes being present almost 

throughout the entire year. Puriri occurs mainly in temperate coastal regions of New Zealand (Salmon 

1980). 

Prumnopytis ferruginea (miro, Podocarpaceae; Plate 1.2) are tall dioecious gymnosperm trees up to 

25 m tall, with trunks up to 1 m wide. Female trees produce large red drupes from summer to late autumn, 

and male trees have cones. Miro occurs in shady locations throughout New Zealand, from lowland forest 

to 1000 m altitude (Salmon 1980).  

 

 

Plate 1-1: Vitex lucens (puriri, centre, with the widest trunk; DBH = c. 60 cm) at Arataki, Waitakere 

Ranges (2006). 
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Plate 1-2: Prumnopytis ferruginea (miro, centre; DBH = c. 25 cm) at Spragg Bush, Waitakere Ranges 

(2006). 

 

1.3.2 Fruiting phenology  

The fruit of puriri (Plates 1.3 & 1.4) and miro (Plates 1.5 & 1.6) are relatively large and have nutritious, 

edible, and ‘fleshy’ mesocarp surrounding hard ‘woody’ seeds, indicating that they are probably 

consumed by flying fruit-eating animals (Coates-Estrada & Estrada 1988; Burrows 1994; Hughes et al. 

1994; Schaefer et al. 2002; Tiffney 2004). Because of the large size and smooth nature of the fruit of these 

tree species, they cannot disperse ballistically (except by falling), by wind, or by adhering to animal 

exteriors, and thus require larger vertebrates to swallow them whole for biotic dispersal (Wheelwright 

1985). Such large-fruited plants attract fewer species of birds than small-fruited plants, since birds are 

‘gape limited’ (Wheelwright 1985). Miro and puriri fruit are consumed mainly by the New Zealand 

Pigeon, Hemiphaga novaeseelandiae (kereru), which may result in occasional (since kereru are sedentary) 

long distance dispersal events after the passage of the seed through the gut i.e. endozoochory, the most 

widespread method of plant dispersal (Herrera 1984 & 1988; Charles-Dominique 1993). In contrast, local 

passive seed dispersal in miro and puriri results simply from intact fruit falling onto the ground from the 

tree canopy (Bas et al. 2006). Ground foraging animals may then disperse the seeds further, resulting in 

changes to the initial seed shadow.  

Miro and puriri produce mature fruit from mid-summer to early winter (Clout & Tilley 1992; Emeny 

et al. 2009; Pers. observ.), which is typical of most temperate bird-dispersed trees (Howe & Smallwood 

1982; French 1992; Eriksson & Ehrlen 1998; Alcantara et al. 2000). Timing of fruit deposition is 
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correlated with ripening in both tree species. Fruit production and the proportion of actively dispersed 

seeds may differ between individual trees as a result of fecundity, tree size, age, or whether the crown is 

exposed, resulting in higher fruit production (Howe & Smallwood 1982; Clark et al. 1999; Jordano & 

Schupp 2000; Stoyan & Wagner 2001; Levin et al. 2003; Muller-Landau 2008). Both tree species have 

pre-dispersal loss of ovules due to abortion (Section 1.1.3.1.3; Pers. observ.), which also affects seed 

production and distribution of seeds (Ehrlen 1996; Zagt 1997). There are also year-to-year variations in 

fruit production which depend partly on climatic conditions (Nathan & Muller-Landau 2000). 

Some simulations have shown reduced seed dispersal effectiveness in dioecious compared with 

monoecious or hermaphroditic species (Heilbuth et al. 2001): so it is likely that miro, which has a smaller 

proportion of reproductive individuals due to dioecy and produces ripe fruit over a shorter period than 

puriri (Pers. observ.), is less effectively disseminated than puriri, which ripens fruit over a longer period 

which thus promotes feeding competition (Howe & Steven 1979; Emeny et al. 2009). Female miro may 

be able to compensate with greater fruit production, since they do not have to invest in male structures 

(Heilbuth et al. 2001), and dioecy may also make fruits more attractive to frugivores by ‘concentrating’ 

them on half the plants (Bawa 1980). A more detailed description of the taxonomy, distribution, and 

phenology of miro and puriri can be found in Dijkgraaf (2002).  

 

 

Plate 1-3: Ripening intact puriri fruit in Laingholm, Auckland (2006). 
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Plate 1-4: Actively dispersed puriri seeds without mesocarp (left) and ripe intact puriri fruit with 

mesocarp (upper right; c. 14 mm long; 2007). 

 

 

Plate 1-5: Ripe intact miro fruit in Hunua (2007). 
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Plate 1-6: Ripe intact miro fruit with mesocarp (left, c. 14 mm long) and actively dispersed miro seeds 

without mesocarp (right) in a seed trap from the main trials (note the drainage holes; 2008). 

 

1.3.3 Microsite preferences  

Microsite conditions include any and all environmental factors that influence germination of seeds or 

growth of seedlings, and may differ for these two life stages (Chambers 1995). Conifers, such as miro, are 

typically more efficient under nutrient poor conditions and drought stress, than competing broadleaf 

angiosperms such as puriri, and are typical of higher altitudes and latitudes (Bond 1989). Conifers can 

show rapid growth under fertile moist conditions, but they regenerate best when large-scale disturbance of 

forest canopies and soil instability provide open light conditions and fresh mineral soils (Kershaw & 

McGlone 1995). Miro prefers elevated microsites, often beneath mature canopies, and seedlings are 

shade-tolerant (Ogden & Stewart 1995). 

Miro and puriri both have large fruit that may characterize seeds that germinate and survive in lower 

light intensities (Plates 1.7 & 1.8), since they possess large reserves which generate a large leaf surface 

area before becoming self-sufficient (Leishman & Westoby 1994; Hovestadt et al. 2000; Parciak 2002; 

Tiffney 2004). However, Lusk et al. (2009) found that miro, Dacrydium cupressinum (rimu), and 

Beilschmiedia tawa (tawa) were randomly distributed in relation to light availability, even though there 

were large relative magnitudes of difference in seed sizes. See Chapter 2 for further data relating to the 

ecosystems in which miro and puriri trees occur.    
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Plate 1-7: Puriri seedling at Arataki (c. 300 mm high; 2006). 

 

 

Plate 1-8: Miro seedling in Waitakere (c. 100 mm high; 2006). 

 

1.4 Review of the main dispersal vector (Hemiphaga novaeseelandiae)  

1.4.1 Dispersal effectiveness and efficiency  

Hemiphaga novaeseelandiae (kereru) are large (c. 650 g adult) frugivorous pigeons (Plate 1.9) which are 

endemic to New Zealand. They live in lowland forests and are highly mobile, inferred from yearly 

changes of the numbers of pigeons counted in forests and radio-telemetry data, yet individuals can also be 

sedentary (Clout et al. 1991; Wotton 2007). Kereru are the only widespread birds capable of swallowing 

native fruits greater than 15 mm and up to 25 mm in diameter (Clout & Tilley 1992; Emeny et al. 2009; 

Kelly et al. 2010). By selecting miro and puriri fruit, and through their foraging patterns, kereru help 
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determine where these seeds are delivered, and the spatial distribution of plant recruitment (Alcantara et 

al. 2000). 

 

Plate 1-9: Hemiphaga novaeseelandiae (kereru) on Macropiper excelsum (kawakawa); source: 

http://www.google.co.nz/images (2007). 

 

Kereru are effective dispersers when they disperse large quantities of seeds unharmed to sites with high 

prospects for establishment (Jordano & Schupp 2000). Quantity of dispersed seeds is the proportion of 

annual viable seed production that is dispersed by kereru and is determined by the number of visits to the 

tree, the number of fruits consumed per visit, and whether birds linger in a tree before, after, or between 

feeding bouts. The effectiveness of seed dispersal also relies upon plant traits such as fecundity, 

phenology, fruit morphology, fruit spatial display, and pulp and seed traits, such as nutrient and toxic 

quality (Coates-Estrada & Estrada 1988).  

Quality, or efficiency of dispersal, is determined by bird gape and seed size, whether seeds are 

damaged during eating, treatment of seeds in the gut, seed passage or regurgitation rates, and flight and 

seed deposition patterns, such as whether seeds are deposited in clumps or singly, and whether seeds are 

deposited in ‘safe’ sites (Howe & Primack 1975; Herrera & Jordano 1981; Pratt & Styles 1983; Levey 

1986; Wheelwright 1991; Schupp 1993; Wheelwright & Orians 2006).  

The more time that kereru spend in a tree, the more seeds they deposit beneath it. Ingested seeds may 

be deposited rapidly by regurgitation, and defecated seeds may be passed in minutes (especially in small 

birds) either singly or in clumps (Schupp 1993; Jordano & Schupp 2000). However, regurgitation of seeds 

is almost unknown in kereru (Wotton et al. 2007). If bird visits are short, they are more likely to carry 

seeds away from the parent plant and the seed distribution will be less ‘concentrated’ (Wheelwright 1991; 

Githiru et al. 2002). Seeds consumed immediately prior to a period of movement will be dispersed further 

than if consumed immediately prior to a stationary period. An assessment of mean and maximum 

distances travelled by kereru from point sources, combined with the time it takes for seeds to travel 
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through the birds’ gastrointestinal tracts, allows an estimation of the probability of seed deposition at sites 

distant from the trees (Murray 1988; Weir & Corlett 2007).  

 
1.4.2 Fruit quality preference  

Non-random removal of fruits by animal frugivores can affect plant fitness if it changes the probability of 

recruitment (Wheelwright 1993). For example, large-seeded species may have higher survivorship during 

establishment than small-seeded species (Moles & Westoby 2004).  

Factors that influence fruit choice by frugivores include fruit production, fruit color, and fruit size. 

Physical limits to fruit ingestion (gape limitation) may influence fruit size selection by frugivores. For 

species with single-seeded fruits, it is expected that birds are likely to consume larger-than-average fruits 

when: (i) fruits are small relative to the size of the bird and gape size is not a limiting factor, (ii) all fruits 

are equally accessible, or large fruits are more accessible, and (iii) the reward for larger fruits outweighs 

the cost to frugivores in searching for them. In contrast, birds are likely to consume smaller-than-average 

fruits when: (i) fruits are large in comparison to the size of the bird, so gape-size limits consumption of 

larger fruits, or (ii) small fruits are more accessible or palatable than large fruits (Wotton 2007).  

One aim of my research was to investigate whether there was a consistent pattern in puriri and miro 

fruit size selection by kereru, and if there were any advantages either for kereru or for subsequent active 

seed dispersal. This was done by measuring seed and fruit size, and by assessing whether selected seeds 

had the greatest soundness and potential germination, using a flotation test, examination of seed 

endosperm, and germination of seeds planted in replicated pots (Masaki 1994; Kadis & Georghiou 2010). 

 

1.5 Objectives of the thesis 

Only a few studies have fully addressed the whole range of processes by which a tree species is dispersed 

(Bullock et al. 2006). My research uses an integrative approach to investigate seed dispersal, post-

dispersal stages, and dispersal vector behaviour in two native New Zealand forest canopy trees that have 

large fruit and similar methods of dispersal by asking the following questions:  

 

1. Is local seed dispersal in isolated female Prumnopytis ferruginea (miro, Podocarpaceae, dioecious) 

and Vitex lucens (puriri, Verbenaceae, hermaphroditic) trees best described by long-tailed 

leptokurtic distance distributions (or ‘seed shadows’), that may facilitate range shift following 

climate change, rather than the assumed ‘slower’ normal or exponential models? This aim is novel 

and interesting because there are few seed shadow studies in temperate trees worldwide, and this is 

the first study in large-fruited New Zealand trees. Do factors such as seed production, ovule 

abortion, tree architecture, or predation of seeds influence the seed dispersal distributions? 
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2. Do low densities of the primary vector, Hemiphaga novaeseelandiae (kereru, Columbidae), disrupt 

dispersal mutualisms in miro and puriri e.g. by modifying the proportion and quantity of seeds 

dispersed? Do kereru preferentially consume larger sized fruit, and if so, are their seeds more 

viable? This aim is novel and interesting because there is a general need to know how well bird-

plant interactions are functioning in the face of bird ‘declines’ worldwide, and especially whether 

the loss of single vector species affects seed dispersal processes. 

  

3. Do the distributions of five native ‘fleshy’ large-fruited seeds and seedlings, dispersed essentially 

only by kereru, confirm effective active dispersal? I examined these processes in miro, puriri, 

Corynocarpus laevigatus (karaka, Corynocarpaceae), Beilschmiedia tarairi (taraire, Lauraceae), 

and Beilschmiedia tawa (tawa, Lauraceae). This aim is novel and interesting because it is not 

widely known whether tree species still regenerate locally from entire fruit if dispersal mutualisms 

and active dispersal are disrupted. 

 

4. Seedlings may survive best, and contribute to diversity, if they escape from the vicinity of parents. 

So, is the ‘escape hypothesis’ demonstrated in miro and puriri trees i.e. is there a negative spatial 

concordance between the local seed shadows and seedling distributions, and if so, are there 

associated advantages such as increased seedling survival and growth rates in the distal seed 

shadow? This aim is novel and interesting because there is a paucity of such studies in temperate 

regions, such as northern New Zealand.  

 

5. How are the parameters of long distance seed dispersal (LDD) kernels (i.e. probability density 

functions) in miro and puriri trees affected by changes in kereru densities and spatial distributions 

of trees? This question is interesting because LDD determines invasions, range shift following 

climate change, and persistence of species in forest fragments. However, LDD is difficult to 

measure in practice, so I developed a novel spatially-explicit stochastic event-driven in silico 

simulation model representing kereru feeding on miro and puriri fruit and dispersing seeds in 

simulated tree populations. 

 

1.6 Contribution of my research to broader theoretical questions of seed dispersal ecology   

My research explores the influences of seed dispersal on forest community structure and dynamics under 

different conditions using two significant New Zealand forest canopy tree species, chosen because of their 

similar-sized fruit and identical method of dispersal by kereru, and because one is a dioecious conifer 

(Prumnopytis ferruginea, miro) and the other a hermaphroditic angiosperm (Vitex lucens, puriri). 
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There is a general need worldwide to construct more realistic phenomenological models of seed 

dispersal patterns for incorporation into models of forest dynamics, and to understand variation in 

dispersal over longer distances, at larger spatial scales, and at temporal scales longer than one season, 

since dispersal studies are rarely replicated (Kitajima & Augspurger 1989; Laman 1996; Nathan & 

Muller-Landau 2000; Levin et. al. 2003; Clark et al. 2006). These factors are important since inter-annual 

variations can supersede robust patterns found in shorter term single tree studies (Wang & Smith 2002), 

and data is lacking on dispersal quantities and effectiveness in large-fruited trees on the New Zealand 

‘main-land’ (Kelly et al. 2010, page 81). My ‘seed shadow’ study was the first to be undertaken in large-

fruited native forest canopy trees in New Zealand, and comprises one of few studies worldwide to be 

replicated both spatially and temporally, especially in temperate regions. 

 There is also currently great interest in long distance seed dispersal (LDD) and the potential value of 

quantitative models (either phenomenological or mechanistic) for describing and predicting this process. 

LDD is an important topic in dispersal ecology because it: (i) mediates exotic plant invasions, (ii) 

influences range shift following climate change, and (iii) allows persistence of species in vegetation 

fragments, which often have low vector densities and altered seed shadows (Willson & Traveset 2000; 

Nathan et al. 2008). However, few models seek to link tree distributions and long distance frugivore 

movement behaviour. In view of this, I developed an original simulation model to investigate how vector 

densities and spatial aggregation of trees affect seed distributions beyond nearest tree neighbours in miro 

and puriri forests. The model was parameterized, in part, by using functions derived from empirical seed 

shadows in miro and puriri trees, calculated over two seasons.  

Global decline in frugivores may disrupt seed dispersal mutualisms and inhibit plant recruitment 

(Wotton & Kelly 2011). However, there is a paucity of knowledge of links between seed dispersal and its 

demographic consequences worldwide, and very little is known about: (i) how seed dispersal is affected 

by the addition or loss of disperser(s), (ii) the consequences of changes in disperser abundance for the 

maintenance of plant populations, and (iii) whether there will be dispersal failure without the primary 

vector (Gross-Camp et al. 2009; Willson & Traveset 2000). Dispersal failure could occur in New Zealand, 

where a suite of large-fruited tree species (e.g. P. ferruginea, V. lucens, Corynocarpus laevigatus, 

Beilschmiedia tarairi, and Beilschmiedia tawa) are dispersed essentially only by kereru due to their ability 

to swallow and void large fruit, and which are believed to be in national decline (McEwen 1978; Clout et 

al. 1991; WWF 1993; McConkey et al. 2004). My research helps to clarify the implications of low or 

declining numbers of dispersers on long term forest dynamics and spatial patterning by examining the 

relationship between kereru densities and the quantity and quality of dispersed seeds in miro and puriri 

trees.  
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I also include information on seedling escape, survival, and growth of miro and puriri seedlings as a 

function of dispersed microsite. There is a paucity of studies of recruitment models in non-tropical areas, 

and seedling survival and growth data as a function of dispersed microsite has not been available for 

large-fruited trees in New Zealand (Kelly et al. 2010).  

 

1.7 Details of nomenclature 

Plant names are from Allan (1982) and bird names are from Moon (1996).  
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2  Methods part 1: study region locations and site descriptions 

 

This chapter presents details of the locations of the Prumnopytis ferruginea (miro) and Vitex lucens 

(puriri) study trees, climate, geological, and botanical survey data, and descriptions of the individual trees. 

Three similarly-sized fruiting trees of each species were located, interspersed at sites in two of three 

regions each i.e. three puriri trees at Wenderholm Regional Park, three puriri trees and three female miro 

trees at the Waitakere Ranges, and three female miro trees at the Hunua Ranges. Since one of my 

objectives was to investigate the influence of kereru densities on seed dispersal (Section 1.5, objective no. 

2), the regions were chosen because they were believed to have differing kereru numbers: predator control 

was more intensive at Wenderholm and Hunua than at Waitakere (see Sections 5.4 & 5.8.3) and increases 

in seed predator numbers often cause a decline of active dispersal vectors (Moran et al. 2006).       

 
2.1 Region 1: Wenderholm Regional Park (puriri only) 

2.1.1 Location maps  

Wenderholm Regional Park (154 ha) is located between the Waiwera and Puhoi estuaries, 48 km north 

east of Auckland, New Zealand (36 32 S, 174 43 E; Figures 2.1 to 2.3; Plates 2.1 & 2.2). 

 

Figure 2-1: Inset map of New Zealand (pink) showing Auckland region (green); and Wenderholm 

Regional Park within open black box on orange map of Auckland region. 

 

● Auckland City 
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Figure 2-2: Topographical map (1: 50000; NZTopo50-AZ31) showing location of Wenderholm Regional 

Park (within open red box) at 36 32 S & 174 43 E. 

 

 

Figure 2-3: Topographical map showing contents of the open red box (in Figure 2.2) and location of the 

puriri study trees at Wenderholm Regional Park; 1 = puriri nearest the Puhoi Track (PP1), 2 = puriri 

furthest from the Puhoi Track (PP2), 3 = puriri at the Perimeter Track (PP).  

3 

1 

2 
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Plate 2-1: Aerial photograph of Wenderholm Regional Park showing Perimeter and Puhoi Tracks 

(TerraMetrics, DigitalGlobe, MapDataSciences PtyLtd, PSMA, © 2010). 

 
2.1.2 Sites description 

Wenderholm Regional Park contains a 55 ha remnant of native lowland podocarp-broadleaf forest ranging 

in altitude from sea level to 100 m a. s. l. Mean annual rainfall is 1240 mm, and prevailing winds are 

westerly. Waitemata sandstones and mudstones form the cliffs, and lahars produced the coarser Parnell 

Grit found in the head-lands (Ballance 1976).  

The forest is dominated by puriri (Plate 2.3), Beilschmiedia tarairi (taraire), Corynocarpus laevigatus 

(karaka), with Knightia excelsa (rewarewa), Dysoxylum spectabile (kohekohe), Sophora tetraptera 

(kowhai), and areas of regenerating Kunzea ericoides (kanuka). Wenderholm normally supports a resident 

population of c. 50-100 New Zealand Pigeons (Hemiphaga novaeseelandiae, kereru), but others visit to 

feed on seasonal fruit (Clout et al. 1995). Trichosurus vulpecula (Possum) control began at Wenderholm 

in 1982 and numbers have been consistently low since 1994; rodent control began in 1995 and occurs 

annually (Dijkgraaf 2002). 

 

Puhoi Track 

Perimeter Track 

http://en.wikipedia.org/wiki/Lahars
http://en.wikipedia.org/w/index.php?title=Parnell_Grit&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Parnell_Grit&action=edit&redlink=1
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Plate 2-2: Wenderholm Peninsula with cliff-top coastal forest (beach to left; 2008). 

 

  

 

 

 

 

 

 

 

 

 

 

Plate 2-3: The three puriri study trees at Wenderholm (2007). 

 

Left to right: Perimeter puriri (diameter at breast height, DBH = 70 cm, site location = E2663954 

N6516839, mean canopy width = 4.98 ± 0.45 m; see Appendix 8.16 for accuracy and elevation); Puhoi 1 

puriri (DBH = 70 cm, site location = E2663442 N6516738, mean canopy width = 5.65 ± 0.47 m); Puhoi 2 

puriri (DBH = 45 cm, site location = E2663295 N6516793, mean canopy width = 4.96 ± 0.51 m). 
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2.2 Region 2: Waitakere Ranges (miro & puriri) 

2.2.1 Location maps  

The Waitakere Ranges Regional Park is a ‘chain’ of hills c. 25 km west of Auckland, New Zealand 

(174.8° E, 36.9° S; Figures 2.4 to 2.8; Plates 2.4 to 2.10). 

 

 

Figure 2-4: Inset map of New Zealand (pink) showing Auckland region (green); and relevant part of the 

Waitakere Ranges within open black box on orange map of Auckland region. 

 

 

● Auckland City 
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Figure 2-5: Topographical maps (1: 50000; NZTopo50-BA31, NZTopo50-BB31) showing the location of 

miro and puriri study trees (within open black boxes A, B, and C) in the Waitakere Ranges. 

 

 

 

 

A 

C 

B 
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Figure 2-6: Topographical map showing contents of open black box A (in Figure 2.5) and the location of 

the Cascade puriri study tree (CP) on the Anderson Track at Cascade/kauri. 

 

 

Plate 2-4: Aerial photograph of Auckland City Walk at Cascade/kauri, showing Anderson Track 

(TerraMetrics, DigitalGlobe, MapDataSciences PtyLtd, PSMA, © 2010). 

CP 

A 

Anderson Track 

Golf course 
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Figure 2-7: Topographical map showing contents of open black box B (in Figure 2.5) and the location of 

puriri study trees at Arataki Nature Trails, near Arataki Visitor Centre; 1 = Pilot puriri (PilP), 2 = Arataki 

puriri (AP). 

 

 

 

Plate 2-5: Aerial photograph showing Arataki Visitor Centre and Nature Trails (TerraMetrics, 

DigitalGlobe, MapDataSciences PtyLtd, PSMA, © 2010). 

 

 

 

  

1 

2 

B 

Arataki visitor centre 

Arataki nature trails 



Chapter 2 

 36 

 

Figure 2-8: Map showing contents of black box C (in Figure 2.5) and location of miro trees at Spragg 

Bush and Fairy Falls Track; 1 = Spragg miro (SM), 2 = Pilot miro (PM), 3 = Fairy miro (FM).  

 

Plate 2-6: Aerial photograph showing Fairy Falls Track and Spragg Bush (TerraMetrics, DigitalGlobe, 

MapDataSciences PtyLtd, PSMA, © 2010).  

3 

2 

1 

C 

Spragg Bush  
car park 

Fairy Falls car park 
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2.2.2 Sites description 

The Waitakere Ranges Regional Park is c. 160 km
2
 in area, with altitude ranging from sea level to 474 m 

a. s. l. The area has a warm and humid subtropical climate with a mean annual rainfall ranging from 1400 

mm near the Tasman coast up to 2030 mm at higher altitudes (Auckland Regional Council 2002). Strong 

winds are relatively uncommon: the strongest are from the north-east, but west and south-west directions 

predominate (Esler & Astridge 1974). The geology mainly consists of marine-bedded andesitic volcanic 

materials: breccio-conglomerate (Piha Formation), well-bedded grit and sandstone (Nihotupu Formation), 

and lava flows (Lone Kauri Formation; Hayward 1976). The landscape is mantled by deep soils but 

bedrock ‘crops’ out on steep slopes, in cliffs, and volcanic dikes, and soils are classified as haplic acrisols.  

Much of the area is covered with dense sub-tropical rainforest or regenerating native vegetation, with 

a species assemblage typical of northern New Zealand mixed conifer-broadleaf forest. The flora is diverse, 

containing 540 indigenous plants and several rare and endangered species. Other types of vegetation 

include coastal-edge, bluff, and wetland. In the central part of the ranges, in rugged terrain, extensive 

patches of mature forest remain, in which Agathis australis (kauri) and the occasional podocarp species 

emerge over a very low mid-tier of Gahnia species, Astelia trinervia (‘kauri grass’), Freycinetia 

baueriana (kiekie), and Leucopogon fasciculatus (mingimingi; Denyer et al. 1993). Other common 

species are Dacrydium cupressinum (rimu), miro (Plate 2.12), Dacrydium dacrydioides (kahikatea), 

kowhai, Beilschmedia tawa (tawa), Leptospermum scoparium (manuka), Pseudopanax crassifolius 

(Lancewood), rewarewa, Hedycarya arborea (Pigeonwood), Melicytus ramiflorus (mahoe), Cyathea 

dealbata (ponga), and Metrosideros robusta (northern rata), with puriri (Plate 2.11) only occasionally 

observed. 
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Plate 2-7: Location of Arataki puriri tree (centre; 2008). 

 

 

Plate 2-8: Location of Cascade puriri tree (2008). 
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Plate 2-9: Location of female miro trees at Spragg Bush (2009). 

 

 

Plate 2-10: Location of Fairy female miro tree (dark upper centre canopy) near Fairy Falls Track (2010). 
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Plate 2-11: The three puriri study trees at Waitakere (2007). 

 

Left to right: Pilot puriri (DBH = 60 cm, site location = E2653231 N6471866, mean canopy width = 3.56 

± 0.55 m), Arataki puriri (DBH = 58 cm, site location = E2653228 N6272055, mean canopy width = 6.63 

± 0.52 m), Cascade puriri (DBH = 81 cm, site location = E2646522 N6478178, mean canopy width = 6.78 

± 0.34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 2-12: The three female miro study trees at Waitakere (centre of each Plate; 2007). 

 

Left to right: Pilot miro (DBH = 25 cm, site location = E2647938 N6475881, mean canopy width = 2.93 

± 0.3 m), Spragg miro (DBH = 40 cm, site location = E2647902 N6475845, mean canopy width = 2.87 ± 

0.14 m), Fairy miro (DBH = 57 cm, site location = E2647829 N6475033, mean canopy width = 4.07 ± 

0.16 m). 
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2.3 Region 3: Hunua Ranges (miro only) 

2.3.1 Location maps  

The Hunua Ranges is a prominent group of hills lying south east of Auckland between latitude 37° 10' & 

37° 55' and longitude 175° 05 & 175° 20 (Figures 2.9 to 2.11; Plates 2.13 & 2.14). 

 

 

Figure 2-9: Inset map of New Zealand (pink) showing Auckland region (green); and relevant part of the 

Hunua Ranges within open black box on orange map of Auckland region. 

● Auckland City 
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Figure 2-10: Topographical map (1: 50000; NZTopo50-BB331) showing location of miro trees on 

Wairoa Cosseys Track at Cosseys Dam (open red box) at Hunua Ranges, between latitude 37° 10 & 37° 

55 and longitude 175° 05 & 175° 20. 

 

 

Figure 2-11: Topographical map showing contents of the open red box (in Figure 2.10) and location of 

the three miro study trees on Wairoa Cosseys Track at Hunua Ranges Regional Park; 1 = miro on Steep 

bank (SMH), 2 = Middle miro (MM), 3 = miro with Hole in sampling area (MH). 

1 

2 

3 
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Plate 2-13: Aerial photograph of Cosseys Dam and Cosseys Wairoa Track (TerraMetrics, DigitalGlobe, 

MapDataSciences PtyLtd, PSMA, © 2010). 

 
2.3.2 Sites description 

The Hunua Ranges are bounded on the east by the Firth of Thames, the north by the Tamaki Strait, the 

west by the Wairoa River, and the south by the lower reaches of the Mangatangi River. Within these 

boundaries is an upland area (153 m a. s. l.) of 250 km
2
. Of this, 164 km

2 
is Auckland Regional Authority 

Water Supply Reserve, 10 km
2 

is State Forest and Scenic Reserve, and the remainder privately owned. 

Annual rainfall is 1240-2300 mm, and prevailing winds are westerly to south-westerly. The Hunua Ranges 

are a series of tilted fault-bounded argillite blocks capped by remnants of rocks consisting of sandstones, 

siltstones, limestones, and coal measures. The lower lying areas in the west and south are filled with thick 

alluvial sediments, and basaltic volcanics erupted at points along the numerous fault planes (Edbrooke et 

al. 2003). 

Tawa-Podocarp forest is found over a wide range of sites and occupies the largest area, comprising 

75% of the total forest. The principal species is tawa with scattered emergent rimu, Northern rata, 

kahikatea, Podocarpus totara (totara), Coprosma arborea (mamangi), and miro (Plate 2.15). Other 

Cosseys Wairoa 
Track  
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species associated with tawa-dominated forest are rewarewa, Eleocarpus dentatus (hinau), Laurelia 

novae-zelandiae (pukatea), and occasionally taraire. Prumnopitys taxifolia (matai) and Libocedrus 

plumosa (kawaka) are present, but rare. 

 

 

Plate 2-14: Cosseys Dam, Hunua Ranges, with entrance to Wairoa Cosseys Track (right; 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 2-15: The three female miro study trees at Hunua (centre of each Plate; 2007). 

 

Left to right: Middle miro (DBH = 33 cm, site location = E2697715 N6457403, mean canopy width = 

2.89 ± 0.21 m), Steep miro (DBH = 25 cm, site location = E2697811 N6457665, mean canopy width = 

2.46 ± 0.18 m), Hole miro (DBH = 27 cm, site location = E2697741 N6457365, mean canopy width = 

2.46 ± 0.14 m). 
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3 Methods part 2: empirical field-work and materials 
 
3.1 Introduction  

Local seed shadows, seedling distributions, and disperser densities were quantified at isolated individual 

female Prumnopytis ferruginea (miro) and Vitex lucens (puriri) trees. To avoid overlapping seed shadows, 

the surrounding forest was examined to ensure no other trees of that species were fruiting within at least 

six tree-canopy-radius distances (c. 18−30 m). In the main trials, seed deposition and seedling numbers vs. 

distance and direction from the parent tree (i.e. the ‘seed or seedling shadow’) were measured across two 

seasons using three similarly-sized fruiting trees of each species interspersed at sites in two of the three 

regions each (see Chapter 2) for adequate seasonal and spatial replication. I was unable, after extensive 

searching, to find female miro trees at Wenderholm or suitable puriri trees at Hunua.   

Abundance of the primary seed disperser, the native pigeon Hemiphaga novaeseelandiae (kereru), 

was estimated using ‘distance’ sampling counts. The dispersal patterns of five native ‘fleshy’ large-fruited 

tree species, dispersed essentially only by kereru, were investigated by observing whether their seedlings 

were present under their own or each others’ canopies, and whether their seeds were deposited in traps 

under the miro and puriri study trees. Estimates were made of seed and fruit size, seedling survival and 

growth rates, seed predation, seed soundness, and canopy structure, for demographic analysis.   

 
3.2 Pilot trials  

Pilot trials were conducted from December 2006 to June 2007 during fruiting to generate the basic seed 

and seedling distance distributions. Pilot trials were required in order to simulate sampling as the basis of 

a refined seed dispersal study, to identify the appropriate scale of the study, and to reveal patterns useful 

for focusing the sampling effort (Bullock et. al. 2006; Skarpaas et al. 2005). Pilot trial seed trapping was 

repeated in 2007−2008 and 2008−2009 for seasonal replication.  

 
3.2.1 Seed trapping  

In the pilot trials, seed traps were arrayed in single-file on transects in the four cardinal directions around 

one of each of the two tree species prior to fruit maturation, at two different sites in the Waitakere region 

(Arataki for puriri and Spragg Bush for miro; Plates 2.5 & 2.6). The traps were placed at 1 m intervals, up 

to a distance of c. two tree-canopy-radius distances, according to the patterns used by Alcantara et al. 

(2000) and Smith (1975). There were 48 traps in total for puriri to 12 m, and 24 traps for miro to 6 m. 

Traps comprised canvas funnels with an area of 0.25 m
2
, with porous plastic cups to collect the seeds, as 

constructed and used by Dijkgraaf 2002 (Plate 3.1). Medium-sized isolated fruiting trees on flat land with 

minimal undergrowth were deemed most practical for the scale of the study. Trapped fruit and seeds were 
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counted monthly (Kollmann & Pirl 1995) until no more were being dispersed, or until the following year’s 

ovules were starting to be aborted. Plots of total calculated numbers of propagules (seeds with mesocarp + 

actively dispersed depulped seeds) in concentric annuli at 1 m intervals from the tree trunk described the 

estimated total local seed shadows (Willson 1993). In this thesis, ‘actively dispersed depulped’ refers to 

seeds where the mesocarp (pulp) has been removed after passage through the gut of a bird; ‘seeds with 

mesocarp’ refers to passively dispersed intact fruit with pulp (Pairon et al. 2006). Strictly defined, actively 

dispersed depulped seeds also lack exocarp, the outer ‘skin’ which covers the mesocarp.  

Total seed numbers in 1 m width annuli (i.e. the seed shadow; x = 0 m at the edge of the tree trunk), 

independent of direction, were obtained by multiplying the number of seeds per total trap area at each 

distance in one season by the area of the sampling annulus at that interval (i.e. ‘correction-for-area’; 

McCanny & Cavers 1987; Willson 1993): these values were used to determine seed or fruit productions 

(i.e. total numbers in shadows in one season; Schurr et al. 2008), local mean dispersal distances of intact 

fruit, % of actively dispersed depulped seeds in seed shadows, and seed/seedling associations. Records 

were kept of aborted ovules (i.e. green under-developed or unripe fruit with soft seeds), presence of 

flowers (puriri), predator feces, and evidence of seed damage by mammals. 

 
3.2.2 Seedling distributions  

Puriri and miro seedling distributions in the pilot trial were determined by counting seedlings (i.e. juvenile 

plants ≤ 30 cm height: Simard 1998; Asquith et al. 1999) within 1 m
2
 quadrats placed randomly at 35 

locations within the circumference of the seed trap sampling area for each tree.  

 
3.3 Main trials  

3.3.1 Seed trapping  

Local seed shadows in the main trials were determined across two seasons in three regions: these data 

were used to determine the mechanisms of seed dispersal and were incorporated into a theoretical model. 

Study sites comprised three puriri trees at Wenderholm, three puriri trees at Waitakere, three female miro 

trees at Hunua, and three female miro trees at Waitakere (see Chapter 2), ensuring each tree was 

‘isolated’. Seed traps were systematically placed along the four cardinal directions (as in Alcantara et al. 

2000) at 1 m intervals from the tree trunks, prior to fruit maturation, extending to c. two tree-canopy-

radius distances (i.e. 6 m for miro and 9−10 m for puriri; Figure 3.1 & Plate 3.1). These distances were 

considered to be adequate since no fruit was collected in traps beyond 4 m in the miro pilot trial or beyond 

8 m for puriri (seed trapping adequately captured the tail and mean dispersal distances of intact fruit with 

mesocarp, but only measured the local portion of the distributions of actively dispersed depulped seeds). 

Increasing numbers of traps were placed at increasing distances from the tree, according to the methods of 
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Hoppes (1988). The use of distant traps, to measure long distance dispersal, was not practical since traps 

would have received seeds from multiple sources; rather, this question was addressed using a computer 

simulation model in Chapter 6.  

The use of multiple transects was intended to avoid sampling bias caused by non-random (e.g. 

isotropic or contagious) deposition of seeds, and sampling was improved by attempting to maintain the 

proportion of the circumference (or annulus) sampled at increasing distances (Willson 1993; Skarpaas et 

al. 2004; Appendix 8.3). Limitations on how many traps could be placed, monitored, and processed 

efficiently, precluded a design that exactly matched sampling rate with annulus area at each distance. 

 

 

Figure 3-1: The layout of seed traps around an individual puriri tree (T): each ‘+’ represents one seed 

trap; the distance between rows is 1 m, and between seed traps in a row is c. 0.25 m. The distribution 

of traps for miro was identical, except that it ended at row 6 in each direction.  

 

 

  T 
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Plate 3-1: Plastic seed traps, with drainage holes, in transect rows at the Pilot puriri tree, held in place 

with steel pegs (2007; the green canvas traps suspended on posts in the background, with grey collection 

cups, were used for the pilot trial). 

 

The seed trapping protocol for each miro tree was: 

 

1. 37 traps placed on each of 4 transects i.e. 37 × 4 = 148 traps per tree. 

2. Configuration = 2, 3, 5, 7, 9, & 11 traps on 4 transects at each 1 m interval from the tree. 

3. Area of each trap = 490 cm
2
 

4. Total trap area = 148 × 490 cm
2 

= 7.25 m
2
 

5. Total sampling area (to 6 m) = π × 6
2
 = 113.08 m

2
 

6. Proportion of total area sampled = 
08.113

25.7
 × 100 = 6.4% 

 

The seed trapping protocol for each puriri tree was: 

 

1. 82 traps placed on each of 4 transects i.e. 82 × 4 = 328 traps per tree. 

2. Configuration = 2, 3, 5, 7, 9, 11, 13, 15, & 17 traps on 4 transects at each 1 m interval from the 

tree. 

3. Area of each trap = 490 cm
2
 

4. Total trap area = 328 × 490 cm
2 

= 160720 cm
2 

= 16.07 m
2
 

5. Total sampling area (to 9 m) = π × 9
2
 = 254.42 m

2
 

6. Proportion of total area sampled = 
42.254

07.16
 × 100 = 6.3%  

 

The proportions of areas sampled were similar to those in Clark et al. (2006), whose traps represented 5% 

of the canopy area of the plant, and with Parciak (2002) whose area was 2−7%. Seed traps were spread c. 

0.25 m apart in each row to ensure they were within each sampling annulus. In cases where there were 

conspecific seedlings or immoveable barriers (e.g. large plants or logs), traps were placed at the nearest 

possible location in the row within the annulus. The trap pattern decreased the risk that the probability of 
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collecting a seed in a trap was dependent on distance from the seed source. Also, the effect of a single 

unusual dispersal event at a trap far from the seed source was less likely to confuse the picture of the true 

local seed shadow because that trap could be compared with others at the same distance (Hoppes 1988).  

Each seed trap consisted of a 10 litre plastic bucket (trapping area = 490 cm
2
; height = 25 cm), with 6 

holes, each 7 mm diameter, for drainage of water, with each trap being secured to the ground with 25 cm 

long stainless steel pegs (Plate 3.1), according to the methods of Kollmann & Pirl (1995) and McAlpine & 

Jesson (2008). Pre-trial tests showed that fruit and seeds did not bounce out of the traps after falling into 

them. Propagules were collected monthly during the fruiting and dispersal season (December to June) 

across two seasons (2007−2008 & 2008−2009), separated into seeds with or without mesocarp, and 

counted (Gribko & Jones 1995; McAlpine & Jesson 2008). Ripe fruit included fruit with shriveled (miro) 

or darkened (puriri) exocarp. Seed collection stopped when no fruit or seeds were encountered in traps, 

and before the next season’s aborted ovules were abscissed 
2
. Depulped seeds showing signs of predation 

(open husks, teeth marks) were counted as part of the actively dispersed seed pool (Garcia et al. 2005).  

It was anticipated, from the results of the pilot study (Section 4.1), that the extent of seed trap 

placement would be adequate to collect nearly all intact fruit that fell passively along the transects 
3
. To 

verify this, systematic visual inspections for intact fruit were made beyond the seed trap sampling areas at 

peak fruiting in 2008−2009.  

Other features measured included the presence in the traps of seeds of other native ‘fleshy’ large-

fruited tree species (Section 3.3.3), whether these had mesocarp, and the presence of predator fecal 

clumps. In the second season, seeds were retained for size comparisons to determine kereru feeding-

preference, and tested for soundness (Sections 3.3.5 & 3.3.6).  

  
3.3.2 Seedling distributions, seedling survival, and growth rates 

Seedling distributions were measured at each parent tree by systematically searching using a grid pattern, 

tagging, and recording the location of all seedlings (i.e. juveniles ≤ 30 cm height) relative to the assumed 

maternal tree, to within two to three tree-canopy-radius distances, distinguishing between seedlings 

emerging simultaneously from the same point. This procedure was repeated in season two due to seedling 

loss, and emergence of new seedlings. Seedling distributions were measured so that they could be 

compared with seed-fall patterns. The fate of each seedling (from the first season) was followed to 

ascertain survival rates, identifying where possible the cause of mortality (e.g. clipping by herbivores, 

                                                 
2 Some of these aborted ovules were large and could have been confused with the current season’s fruit once they had deteriorated after remaining a 

few days in the traps, especially for puriri. 

3 As mentioned already on page 46 it was logically assumed that active deposition of depulped seeds by kereru would occur well beyond the sampling 

areas. 
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trampling, uprooting, or desiccation). Heights of seedlings were measured in mm (to apical bud for puriri, 

or extended height for miro, since their seedlings ‘drooped’) using a tape-measure at 0 and at 1.75 years to 

determine growth rates: 1.75 years represented the time from ‘set-up’ of the seed traps to the finish of seed 

and fruit collection in the second season. I investigated the effect of distance from the tree on survival and 

growth of seedlings.   

 
3.3.3 Seedlings and seeds of other native ‘fleshy’ large-fruited species  

I recorded the presence and abundance of seedlings of miro, puriri, Corynocarpus laevigatus (karaka), 

Beilschmiedia tarairi (taraire), and Beilschmiedia tawa (tawa) under the canopies of c. 30 adult examples 

of each of these five tree species within the three study regions across both seasons. This provided a 

measure of dispersal processes of seeds dispersed primarily by kereru i.e. whether there was seedling 

‘escape’ and/or local regeneration. I also recorded the number of depulped seeds of the above species 

deposited in the seed traps under the miro and puriri study trees, to determine whether these species were 

‘attractors’ of seed dispersal.  

 
3.3.4 Kereru count methods 

This section comprises the theoretical information about how kereru densities were calculated in my 

research using ‘distance’ sampling, with line transect counts, following Buckland et al. (2001). It was the 

method of choice for my study because it is ideal for estimating bird densities if they are low. Line 

transects were chosen in preference to point counts since line transects also have a higher probability of 

detecting birds (Buckland et. al. 2001; Casey & Mcardle 1999). I investigated the effect of kereru 

densities on the quantity of seed dispersal. Other densities of kereru in similar landscapes can be found in 

Section 6.2.2.1.  

 
3.3.4.1 Theory of distance sampling 

Many studies of biological populations require estimates of population density (D, or number per unit 

area) or population size (N), which can vary over time. Density and population size are related as: 

  

Equation 3.1: Size of population, N = D × A, where A is the size of the study area. 

  

My research used ‘distance’ sampling, where the observer travels along a line (transect), or number of 

lines, in an area, total distance L, recording objects (Buckland et al. 2001). However, instead of counting 

all objects, the observer records the perpendicular distance from the line to each object detected 
4
. Figure 

                                                 
4 Sometimes it is not possible to measure the perpendicular distance from L to the object, so a radial distance and angle are obtained, and simple 

trigonometry is used to determine the perpendicular distance. 
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3.2 shows seven detected objects (one is on the line), and their perpendicular distances from the transect 

(length L).  

 

Figure 3-2: Line-transect distance sampling using a single randomly placed line (L). 

 

All objects on or near the line will be detected, but the method allows a proportion of objects within a 

distance (μ) of the line to be undetected, as long as they are not on the line (Cassy & McArdle 1999). Only 

a small percentage of the objects of interest are detected with certainty, but analysis of the associated 

distances enables reliable estimates of the true density to be made. A wider strip is used than for strip-

transect sampling and the method is more efficient for sparsely distributed objects because the sample size 

is larger for the same amount of effort (Buckland et al. 2001).  

The design consists of a number of randomly placed lines, letting n be the number of sampled 

distances or birds detected. The line can be thought of as a strip with half-width µ, which is the distance 

from the line for which as many objects are detected beyond µ as are missed within µ of the line. The 

shape of the detection function, g(x), is used to estimate μ, and is the probability of detecting an object 

given that it is at perpendicular distance x from the random line, that it best fits the data, and shows a 

monotonically non-increasing function of distance away from the transect. g(x) decreases with increasing 

distance, but 0 ≤ g(x) ≤ 1, and it is assumed that g(0) = 1 i.e. objects on the line are detected with certainty. 

So, density can be estimated as: 

Equation 3.2: kereru density, 
L

n
D

2
   

 

It is expected to detect a proportion (P) of the objects in the strip of total length L and width 2w (w = 

maximum distance from the line that birds were recorded), so density D is also estimated as: 

Equation 3.3: kereru density, 
wLP

n
D

2
   

 

 

L 
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3.3.4.2 Assumptions of distance sampling 

The objects must be distributed in the area to be sampled according to a stochastic process, and the lines 

must be placed randomly. However, it is not necessary for the objects to be randomly (i.e. Poisson) 

distributed, but they are assumed to be uniform (Cassey & McArdle 1999). Objects on the line must 

always be detected, they are detected at their initial location prior to any movement in response to the 

observer, and distances are measured accurately.  

 
3.3.4.3 Specific details of kereru counting 

I estimated the abundance of kereru at sites in the three regions across two seasons. Even though the 

habitats were closed with high canopies, there was no difficulty in detecting the selected objects (i.e. 

kereru) when present, as they are large, sedentary, not easily disturbed, and relatively noisy.  

Counts were conducted at each seed-collection period at each tree during the fruiting periods, usually 

in the middle of the day. Diurnal vertebrates have peaks of foraging soon after light, at some point in the 

middle of the day, and again during the mid to late afternoon (Westcott et al. 2005). The same 100 m 

transect, centered on each tree from west to east, was carefully traversed at slow walking pace at each seed 

collection period in each region across two seasons, and the presence of each kereru was recorded as a 

perpendicular distance from each transect. When kereru were present but unable to be seen, the distance 

from the transect to the flight noise, to the movement noise in vegetation, or to the vocalizations, was 

calculated. The computer program ‘Distance version 5.0 (1998−2007)’ was used to estimate the density of 

kereru across each season from the perpendicular count data, according to Cassey & Mcardle (1999). It 

was noted if other birds, such as tui (Prosthemadera novaeseelandiae) or Blackbird (Turdus merula), 

consumed fruit. 

 
3.3.5 Fruit size preference of kereru  

All passively dispersed fruits were retained from seed traps in season two, the mesocarp removed, and 

mean seed length and maximum width measured using 150 mm electronic calipers (serial no. 0027225, 

Mitutoyo Corporation). These measurements were compared with those of actively dispersed depulped 

seeds, also collected from the traps, to ascertain if preference is given by kereru to larger seeds or fruit 

during feeding, which may result in improved seedling establishment and growth, especially if the seeds 

are dispersed away from the maternal tree to superior microsites (Venable & Brown 1988; Leishman et al. 

2000). 

Correlations between seed length and width were determined to assess if seed size could be defined 

by length alone. Also, for dispersed seeds I knew only the seed size, not the fruit size before ingestion. 

Therefore, I analyzed the relationship between seed length and fruit mesocarp length for passively 
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dispersed fruit, using linear regression, to establish whether seed size could be used to predict fruit size. 

Length was used in preference to width since seed length could be reliably ascertained, but assessment of 

maximum seed width in both species (but especially for puriri) was subject to experimental error (see 

Plate 1.4). Even though this was not a ‘bird gape-width vs. minimum fruit dimension’ study, it was noted 

that puriri fruit mesocarp width was usually greater than its length, making mesocarp length the gape-

limiting measurement in this species.   

 
3.3.6 Seed soundness  

The’ flotation method’ was used to differentiate between healthy, insect-infested, or otherwise damaged 

seeds (Gribko & Jones 1995; Klingeman & Carrington 2005). Seeds and fruit that sank to the bottom in 

water were deemed to have sound seed endosperm, whereas those that floated were assumed to be insect-

infested, aborted, malformed, or diseased. Although the true viability of the embryo cannot be assessed by 

the float method, it may be used to differentiate between sound seeds and those that have a reduced 

probability of germination. Actively dispersed depulped seeds and intact fruit with mesocarp in situ 

collected from seed traps in the second season were tested for soundness to assess whether the fruit that 

kereru preferentially ate contained a higher proportion of sound seeds. Viability can be quickly lost if 

seeds dry out (e.g. tawa is sensitive), but is unlikely in miro or puriri due to their thick protective 

endocarps (Knowles & Beveridge 1982; Burrows 1999; Southward & fountain 2002; Pers. observ.). 

The flotation test is easy to apply and shows that seeds which sink can have orders of magnitude 

differences in germination rates. For example, Dreyer et al. (1987) found that 48% of Celastrus scandens 

seeds which sank germinated, whereas only 5% of floating seeds germinated; and 88% of C. orbiculatus 

seeds which sank germinated, whereas only 41% of floating seeds germinated.    

The ‘cut test’ was used on unimbibed seeds to determine if the flotation method was accurate, by 

using a Fuller blade (model no. 305−9010) to cut the endocarp and expose seed tissue. The endosperm 

was examined using an 8 × Waltex magnifier (model no. 7504). Seeds were considered to be non-viable if 

the endosperm was absent, ‘mushy’, dehydrated, ‘powdery’ or friable, grossly discolored (i.e. not white), 

malformed, had large cavities, or if there was obvious insect or mammal damage. Comparison was made 

between the endosperm of actively dispersed depulped seeds which either floated or sank. Also, some 

puriri seeds with mesocarp floated, but sank after the mesocarp was removed: thus it was important to 

examine the endosperm of these seeds to determine if the flotation test was valid for intact fruit with 

mesocarp in situ.  
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The ‘cut test’ and microscopic examination of embryos is simple to perform and has been shown in 

some trials to be as reliable as tetrazolium staining techniques, which determine enzyme activity in seed 

endosperm (Ooi et al. 2005).  

Other methods of assessing seed viability, or ‘germinability’, include germination procedures (e.g. 

visible radicle protrusion in Petri dishes or pots) and water imbibition tests (Egley & Chandler 1983; 

Dreyer et al. 1987; Masaki et al. 1994; Stanley & Lill 2002; Robertson et al. 2006; Kadis & Georghiou 

2010). Whole seeds which were firm when squeezed were recorded as viable in a study of tawa by West 

(1995).   

 
3.3.7 Seed predation 

Seed predation by introduced mammals was studied by recording the % removal of seeds (actively 

dispersed depulped and seeds with mesocarp) of the target tree species offered simultaneously to predators 

in the field, and counted at the next seed collection date (Debussche & Isenmann 1994; Garcia et al. 2005; 

McAlpine & Jesson 2008). It was important to have an indication of possible seed and fruit removal rates 

from traps since predation can affect the shape of the seed shadows and the relative contribution of seed 

types to the seed bank. Forty seeds of each type were left in an additional seed trap adjacent to the trunk of 

the parent trees of each species at the peak of fruiting, and the removal rate after one month was recorded: 

if no seeds disappeared, predation was recorded as zero (Debussche & Isenmann 1994; Pizo 1997). Traps 

were placed adjacent to tree trunks because mobile predators, such as rats, usually forage beneath trees 

and low shrubs and avoid open spaces (Hulme 1997). 

 
3.3.8 Canopy openness (transmitted gap light) 

‘Gap light’ measurements were done between seasons to determine if the degree of canopy openness 

might be a factor affecting seed dispersal processes. True-color ‘fisheye’ 180° photographs of the 

canopies of each tree were obtained using digital photography (Canon EOS 450D with a 4.5 mm Sigma 

Fisheye lens) during ‘high overcast’ or ‘full blue’ sky at midday, in two areas where the canopy was 

visible, and at least one metre horizontally from the trunk, with the top of the camera facing north. Three 

‘stop’ times were used at each exposure to ensure the correct pixel content, with the middle exposure 

found to be optimal. Gap Light Analyser version 2 (1999) imaging software (Simon Fraser University, 

Burnaby, British Columbia, Canada & Institute of Ecosystem Studies, Millbrook, New York) was used to 

obtain gap light transmission indices. Hemispheric methods may deviate from measured light intensity at 

low light levels, or < 20% of full sunlight (Roxburgh & Kelly 1995). 
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3.3.9 Tree crown shape, tree diameter at breast height, and GPS locations of trees  

Tree crown shape was determined between seasons by measuring canopy extent at 30 degree intervals 

using a clinometer (360° cosine desimals [sic], Suunto) to calculate the distance from the tree to the edge 

of the canopy (Valverde & Silvertown 1995; Dalling et al. 1998) to determine if canopy size influenced 

seed dispersal. Diameter at breast height (DBH) was determined using a tape-measure to measure tree 

diameter (in cm) at 1.4 m height. This was important since the total number of seeds has been 

characterised by an alometric relationship which depends on a tree size parameter (rather than age) such as 

DBH, or sometimes basal area i.e. the cross-sectional area of trees per unit ground area (West 1995; 

Davies & Ashton 1999; Stoyan & Wagner 2001; Greene et al. 2004; Pairon et al. 2006). Global 

positioning system (GPS) location, elevation, and accuracy were determined at each tree using an eTrex 

Legend C hand-held device (Garmin Ltd, 2004, no. 190−00365−01 Rev. A).  

 
3.4 Statistical methods & mathematics  

3.4.1 Details of nomenclature 

All standard statistical tests follow Zar (1984) and Venables & Ripley (2002). Details of specific statistical 

analyses are described below and in Chapters 4 & 5.  

Mean values in this thesis have an associated standard error (± one SE) except where data were 

obviously non-normal in distribution. All proportion and % data has sine
-1

y  transformation to improve 

normality, skewed data has ln transformation, and α = 0.05.  

   
3.4.2 Maximum log-likelihood (MLL) 

For a fixed set of data and underlying probability model, MLL ‘picks’ the values of the model parameters 

that make the data ‘more likely’ than any other values of the parameters would make them (Equation 3.4). 

 

Equation 3.4: MLL = loge L (θ | data) 

  

where loge L (θ | data) is the value of maximized log-likelihood over unknown parameters (θ), given the 

data and the model.  

 
3.4.3 Akaike information criterion (AIC) 

AIC represents a measure of the ‘goodness of fit’ of an estimated statistical model (Equation 3.5). 

 

Equation 3.5: AIC = −2loge L (θ | data) + 2K = −2MLL + 2K 

 

where K is the number of estimable parameters in the approximating model (Burnham & Anderson 2001; 

Anderson & Burnham 2002; Hobbs & Hillborn 2006).  

http://en.wikipedia.org/wiki/Statistical_model
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AIC provides a measure of model fit, accounting for the sample size and the number of parameters 

estimated in the model, with smaller values of AIC indicating a better-fitting model. Delta (Δ) AIC is the 

difference in AIC between a model and the best-fitting ‘final’ model, which has ΔAIC of 0. Models with 

ΔAIC ≤ 2 have substantial support, those with 4 ≤ ΔAIC ≤ 7 have weaker support, and those with ΔAIC > 

10 have virtually no support (Burnham & Anderson 2001). Where multiple models have ΔAIC ≤ 2, the 

model with the lowest AIC value is the ‘final’ model.  

 
3.4.4 Akaike weights (wr) 

Akaike weights are ratios that allow assessment of the relative strength of evidence in data for alternative 

models, and form a basis for multi-model inference (Equation 3.6). The best models will have wr closer to 

one than the poor models have.  

Equation 3.6: wr = e
−2Δr

/


R

i

e
1

−2Δi
 

 

where Δr = AICr − minimum AIC for a set of r = 1 to R candidate models, and wr = c. 0 when ΔAICr > 10. 

Ratios of wr provide estimates of the relative support in data for two models. 

 

3.4.5 Mathematics of the phenomenological seed dispersal model  

Seed shadows can be calculated using the following points: 

1. P(x, y) dxdy = probability that a seed released at point (0, 0) lands in a square of size dxdy centred 

at the deposition site (x, y).  

2. Polar coordinates = r & θ, where θ is the radial angle and r is the radial distance between the 

release point and the deposition site: radial distance of seed deposition, r = √(x
2
 + y

2
).  

3. If dispersal is isotropic (i.e. directions ‘selected’ at random), and does not respond to habitat 

requirements, the probability of landing in an annulus of width dr at a distance r from the point 

source is 2πrP(r) dr (Stoyan & Wagner 201; Skarpaas et al. 2004).  

4. Then, P(x) dx is the probability that a seed starting at point (0, 0) lands in the segment length dx 

centred at x. So, seed shadow, N(x) = Q × f(x) seeds m
-2

, where f(x) = dispersal kernel and Q = total 

number of seeds dispersed (Levin et al. 2003). Greene et al. (2004) included density dependent 

mortality, after abscission, but before germination, in Cartesian space as an extra multiplier on the 

right hand side of this equation.  
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4 Local seed shadows and regeneration dynamics: results, analyses, and discussion 

 

This chapter presents the results, analyses, and discussion of the pilot and replicated main seed dispersal 

and seedling trials in Vitex lucens (puriri) and Prumnopytis ferruginea (miro). Seedling data (mean 

direction, seed vs. seedling spatial distributions, seedling survival, and seedling growth rates) are 

presented per annum where possible so that comparisons can be made between seasons, due to mortality 

of seedlings and germination of new seedlings between seasons. There are also descriptions of canopy 

openness, tree trunk and canopy diameter, seed production (a measure of fecundity), and ovule abortion, 

all of which may influence seed dispersal processes.  

 

4.1 Pilot seed and seedling trials 

Pilot trials (2006−2007) were implemented to characterize the distance and direction of local seed 

shadows, and therefore the sampling scale and effort required for the main trials.  

 
4.1.1 Phenomenological seed dispersal models of ‘best fitting’ functions using maximum log likelihood 

Analysis of the seed data for Vitex lucens (puriri) and Prumnopytis ferruginea (miro) in the pilot trial 

revealed total (i.e. passively dispersed seeds with mesocarp + actively dispersed depulped seeds, both of 

which contribute to seedling cohorts) local seed shadows that were anisotropic (Figure 4.1; Appendices 

8.4 & 8.7) and similar to those described in Nathan & Muller-Landau (2000) 
5
.  

The total seed shadows were compared with leptokurtic distributions to obtain the most appropriate 

probability density function on the basis of fit and parsimony. ‘R−2.11’ (R Development Core Team 

2010) was used to obtain parameter estimates for each distribution and then to check for the best fitting 

function using non-linear minimization of the log-likelihood (-lnL), assuming an isotropic Poisson 

independent error distribution for seed counts, with each seed trap receiving the mean density (Ribbens et 

al. 1994; Assuncao & Jacobi 1996; Stoyan & Wagner 2001; Dalling et al. 2002; Venables & Ripley 2002; 

Skarpaas et al. 2004; Sagnard et al. 2007; Hartig et al. 2011; Paluch 2011; Appendix 8.5). Calculating 

functions or curves of ‘best fit’ is important since it reveals whether the distribution potentially has a long 

tail, which increases the probability of long distance dispersal events. For example, log-normal curves 

have long tails but exponential distributions are much shorter (Greene et al. 2004).    

The Weibull distribution had the lowest AIC (Section 3.4.3) for the total seed distribution, for both 

tree species (Tables 4.1 & 4.2; Figure 4.1). Puriri seeds with mesocarp were distributed mainly to the 

                                                 
5 For all seed shadows in this thesis, the ‘numbers of seeds’ (y) represents the calculated total (or ln mean total) number of seeds in one season in a 

concentric annulus of 1 m width centered on the specified distance (x) from the tree (or tree replicates’) trunk edge independent of seed-fall 
direction (according to Willson 1993; Section 3.3.1).  
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north and west up to 8 m (dispersal directions determine, in part, which microsites receive seeds; Levin et 

al. 2003); actively dispersed depulped puriri seeds were locally distributed to the north up to 10 m (the 

traps extended to 12 m). Miro seeds with mesocarp were distributed mainly to the east, and actively 

dispersed depulped miro seeds were locally distributed mainly to the north and west, both to 4 m. 

Therefore, in the main trial, seeds were collected in 4 four cardinal directions to 10 m for puriri and 6 m 

for miro.  

   

Table 4-1: Function parameters, log-likelihood values, ΔAIC, and Akaike weights (wr) for the puriri pilot 

trial (λ & μ = means, SD = standard deviation, rate = scale
-1

); * Section 1.2.1 lists studies that use these 

probability density functions to describe seed dispersal. 

Function Parameters Log likelihood ΔAIC  wr 

Weibull* shape = 2.48, scale = 5.23 -5667.51 0 c. 1 

Poisson* λ = 4.64 -5696.89 56 0 

negative binomial size = 247.59, μ = 4.64 -5700.53 66 0 

normal* mean = 4.64, SD = 2.00  -5726.35 118 0 

gamma* shape = 4.60, rate = 0.99 -5730.70 126 0 

log-normal* mean log = 1.42, SD log = 0.51 -5885.70 436 0 

Cauchy* location = 4.84, scale = 1.27 -6235.94 1137 0 

exponential* rate = 0.22 -6870.28 2404 0 

geometric* probability = 0.18 -6918.66 2500 0 

 

Table 4-2: Function parameters, log-likelihood values, ΔAIC, and Akaike weights for the miro pilot trial. 

Function Parameters Log likelihood ΔAIC wr 

Weibull shape = 3.16, scale = 3.25  -1314.82 0 c. 1 

normal mean = 2.90, SD = 1.07 -1325.59 22 0 

gamma shape = 5.70, rate = 1.94 -1422.41 215 0 

log-normal mean log = 0.98, SD log = 0.47  -1455.28 277 0 

Poisson λ = 2.90 -1485.25 339 0 

negative binomial size = 263.65, μ = 2.90  -1488.24 347 0 

Cauchy location = 3.16, scale = 0.76 -1561.61 494 0 

exponential rate = 0.34  -1847.02 1062 0 

geometric probability = 0.25 -1951.05 1270 0 
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Figure 4-1: Distance distributions and rescaled Weibull probability density lines of best fit for total miro 

seed production (left; canopy edge at 2.93 m; scale = 3.25 m, shape = 3.16) and total puriri (right; canopy 

edge at 3.56 m; scale = 5.23 m, shape = 2.47) in the pilot trial (2006−2007); note differences in y axes.  

 

4.1.2 Replicates of the pilot seed dispersal trial  

The repeats of the pilot trials were implemented to investigate whether fruit and seeds consistently fell 

within 4 m of the tree trunk for miro and 8 m for puriri (which was confirmed), and if seed-fall direction 

and ‘best-fitting’ seed shadows varied between seasons: 

  

1. In the first repeat (2007−2008), the function that had the lowest AIC for the total seed distribution 

was the Weibull for puriri and log-normal for miro (ΔAIC was > 10 for the next-best candidate for 

both species; Appendix 8.1). Puriri seeds with mesocarp were dispersed mainly to the north and 

east; actively dispersed depulped puriri seeds were dispersed mainly to the north. Miro seeds with 

mesocarp were dispersed predominantly to the north; actively dispersed depulped miro seeds were 

dispersed mainly to the south and east. 

 

2. In the second repeat (2008−2009), the function that had the lowest AIC for the total seed 

distribution was the Weibull for puriri and the log-normal for miro (ΔAIC = 4 for the normal 

distribution for puriri, then > 10 for the third best candidate; but ΔAIC was > 10 for the second 

best candidate for miro; Appendix 8.1). Puriri seeds with mesocarp were dispersed mainly to the 

north and west, but there were no actively dispersed depulped puriri seeds. Miro seeds with 

mesocarp were dispersed predominantly to the north; actively dispersed depulped miro seeds were 

dispersed mainly to the west.  
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3. Pooled across all three seasons, the function that had the lowest AIC for the total seed distribution 

for the pilot puriri trial was the Weibull (AIC = 9914, wr = c. 1), followed by the normal 

(AICwr = c. 0), then Poisson (AICwr = c. 0; Figure 4.2; Appendix 8.1) 
6
. Pooled 

across all three seasons, the function that had the lowest AIC for the total seed distribution for the 

miro pilot trial was the geometric, a special case of the negative binomial distribution (AIC = 

2212, wr = c. 1), followed by Weibull (AICwr = c. 10
-7

), then log-normal (AICwr = 

c. 10
-9

; Figure 4.3; Appendix 8.1).  

  

 
Figure 4-2: Local seed dispersal across three seasons (2006−2009) of the pilot trial for total puriri seed 

production, with rescaled Weibull function (black line: scale = 4.76 m, shape = 2.63); each point = total 

number of seeds in the concentric annulus at the specified distance in one season; some points overlap at y 

= 0).  

 

                                                 
6 Recognising that repeated measures on the same tree do not represent independent replicates, but are used simply to describe data rather than test a 

hypothesis. 
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Figure 4-3: Local seed dispersal across three seasons (2006−2009) of the pilot trials for total miro seed 

production with rescaled geometric function (black line: probability = 0.29; there are overlapping points at 

x = 5 and 6 m).  

 

4.1.3 Aborted ovules  

In 2006−2007, aborted ovules represented c. 78% (9825 of 12535) of the total potential seed production 

(i.e. aborted ovules + actively dispersed depulped seeds + seeds with mesocarp) for the pilot puriri tree 

(Appendix 8.2), with abortion occurring throughout the fruiting period. For the pilot miro tree, c. 25% 

(302 of 1204) of the total potential seed production was aborted (Appendix 8.2) and ovules fell early and 

late in the fruiting period (Plate 4.1). 
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Plate 4-1: Six green under-developed aborted or prematurely-abscissed miro ovules at right (c. 10 mm in 

length) with soft seeds. The two aborted ovules at left are very under-developed or decomposing (May 

2009). 

 

4.2 Main trials: outcome of seed production in two seasons (2007−2009) 

The objectives of this section were to determine if seed dispersal in puriri and miro trees was best 

described by long-tailed leptokurtic distance functions (which result in long distant dispersal), if seedling 

escape was occurring (with any associated advantages), and whether factors such as seed production and 

tree architecture influenced seed dispersal distributions (see Objectives 1 and 4 in Section 1.5). 

 
4.2.1 Seed rain beyond the sampling areas 

To verify that passive seed rain was adequately sampled during the main trials, a systematic search was 

made for seeds with mesocarp outside of sampling areas at all sites during peak fruiting in 2008−2009. 

Very few intact fruit were found beyond the sampling areas, except for two seeds with mesocarp located 

at 7 m on the east transect at Middle miro; one seed with mesocarp located at 7 m on the north transect at 

Steep miro; and two seeds with mesocarp located at 10 m, and one at 11 m, on the west transect at 

Perimeter puriri. For all miro across both seasons, only 4 ± 1 (max. = 8; n = 12) intact fruit were collected 

in the traps that were most distant from the study trees, and 4 ± 1 (max. = 11; n = 12) for puriri.  

 
4.2.2 Miro seed shadows and percentage of actively dispersed seeds 

There were three levels of seed shadow analysis: 

 

1. For individual miro trees in either season, in both regions, the local seed shadows peaked at c. x = 

2 to 3 m, and generally followed gamma or Weibull functions (but log-normal was common in the 
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first season; Appendices 8.4 & 8.5). No individual seed shadow was best described by the Cauchy, 

exponential, geometric, negative binomial, or Poisson functions, in either season. 

  

2. Pooled across both seasons, the distribution of Waitakere miro seeds with mesocarp (Figure 4.4) 

was best described by the gamma function (AIC = 3828, shape = 4.04, rate = 1.65), followed by 

log-normal (ΔAIC = 20, mean = 0.76, SD = 0.52), then Weibull (ΔAIC = 34, shape = 2.18, scale = 

2.77) 
7
; actively dispersed depulped seeds were best described by the log-normal function (AIC = 

2492, mean = 0.66, SD = 0.61), followed by gamma (ΔAIC = 60, shape = 2.81, rate = 1.20), then 

Weibull (ΔAIC = 112, shape = 1.71, scale = 2.65). Pooled across both seasons, the distribution of 

Hunua miro seeds with mesocarp (Figure 4.5) was best described by the Weibull function (AIC = 

12034, shape = 2.23, scale = 3.31), followed by gamma (ΔAIC = 48, shape = 3.91, rate = 1.34), 

then log-normal (ΔAIC = 229, mean = 0.94, SD = 0.54); actively dispersed depulped seeds were 

best described by the Weibull function (AIC = 18994, shape = 2.09, scale = 3.68), followed by 

gamma (ΔAIC = 120, shape = 3.30, rate = 1.02), then Poisson (ΔAIC = 298, mean = 3.25).  

 

3. For all miro trees pooled across regions and seasons (Figure 4.6), the distribution of seeds with 

mesocarp was best described by the gamma function (AIC = 8004, wr = 0.98, shape = 3.86, rate = 

1.38), followed by Weibull (ΔAIC = 2, wr = 0.02, shape = 2.18, scale = 3.17), then log-normal 

(ΔAIC = 96, wr = c. 0, mean = 0.89, SD = 0.54); actively dispersed depulped seeds were best 

described by the Weibull function (AIC = 10892, shape = 1.99, scale = 3.54), followed by gamma 

(ΔAIC = 54, shape = 3.12, rate = 1.00), then Poisson (ΔAIC = 210, mean = 3.13). 

                                                 
7 Again, recognising that repeated measures on the same tree do not represent independent replicates but are used to simply describe data rather than 

test a hypothesis. 
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Figure 4-4: Local seed dispersal in three Waitakere miro trees across both seasons, with mean canopy edge at 3.29 ± 0.39 m (n = 3; x = 0 is tree 

trunk edge); blue points = seeds with mesocarp, mean empirical dispersal distance = 2.48 ± 0.12 m (n = 6); red points = actively dispersed 

depulped seeds; each point represents the calculated total number of seeds in one seed shadow replicate annulus (see footnote 5, page 57 of the 

thesis). Points may overlap at some distances.  
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Figure 4-5: Local seed dispersal in three Hunua miro trees across both seasons, with mean canopy edge at 2.60 ± 0.48 m (n = 3); mean 

empirical dispersal distance of seeds with mesocarp = 2.63 ± 0.34 m (n = 6). Note that there are more red points comprising maximum seed 

numbers at distance intervals than in Figure 4.4. 
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Figure 4-6: Local seed dispersal across both seasons for all miro trees combined, with mean canopy edge 

at 2.95 ± 0.24 m (n = 6); mean empirical dispersal distance of seeds with mesocarp = 2.60 ± 0.15 m (n = 

12).  

 

The vertical position of the actively dispersed depulped seed shadow differed between regions across both 

seasons: in Waitakere miro (WM) it was lower than the shadow of seeds with mesocarp, but in Hunua 

miro (HM) it was higher.  

This difference is reflected in Figure 4.7, which shows that the mean percentage of actively dispersed 

depulped seeds in local seed shadows was higher in Hunua than Waitakere in two seasons using a GLMM, 

or generalized linear mixed model, with a random effect for ‘site’ and fixed for ‘tree’ (SS = 0.183, MS = 

0.061, F3, 8 = 4.416, Fcrit = 4.066, p = 0.041; Season 1: HM = 58.33 ± 7.22% of 7169 seeds, WM = 30.67 

± 4.67% of 2362 seeds, p = 0.022; Season 2: HM = 60.33 ± 8.76% of 9960 seeds, WM = 44.67 ± 4.67% 

of 1715 seeds, p = 0.022, using arc sine square root transformation). GLMM provides a framework for 
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analysing data with a possible non-normal error distribution and/or hierarchical random effects 

(McCulloch & Neuhaus 2005).  

The percentages of actively dispersed depulped miro seeds, using arc sine square root transformation, 

were not influenced by total seed productivity for all miro trees in either season (p ≥ 0.05, Fcrit = 7.710, 

DF = 1 & 4). Seed predation can disrupt dispersal processes (Moran et al. 2006) but was uncommon in 

traps, patchy, and varied among sites (Section 5.4; Appendix 8.13), so the data were not adjusted.  
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Figure 4-7: Percentages of actively dispersed depulped seeds in local seed shadows in Hunua miro (HM) 

vs. Waitakere miro (WM) in both seasons (1 or 2); each point represents one tree replicate.  

   

4.2.3 Puriri seed shadows and percentage of actively dispersed seeds  

There were three levels of seed shadow analysis: 

 

1. For individual puriri trees in either season, in both regions, the local seed shadows peaked at x = c. 

3 to 6 m, and followed mainly Weibull functions (especially in the 2
nd

 season, but there were a 

number of other non-exponential distributions in the 1
st
 season; Appendices 8.4 & 8.5). No 

individual seed shadow was best fitted by the Cauchy, exponential, or geometric function, in either 

season. 
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2. Pooled across both seasons, the distribution of Waitakere puriri seeds with mesocarp (Figure 4.8) 

was best described by the gamma function (AIC = 6992, shape = 3.43, rate = 0.73), followed by 

negative binomial (ΔAIC = 44, size = 67.22, mean = 4.68), then log-normal (ΔAIC = 140, mean = 

1.39, SD = 0.61); actively dispersed depulped seeds were best described by the Weibull function 

(AIC = 2896, shape = 1.75, scale = 4.94), followed by gamma (ΔAIC = 18, shape = 2.40, rate = 

0.55), then negative binomial (ΔAIC = 42, size = 7.33, mean = 4.39). Pooled across both seasons, 

the distribution of Wenderholm puriri seeds with mesocarp (Figure 4.9) was best described by the 

Weibull function (AIC = 3112, wr = c. 1, shape = 2.31, scale = 5.88), followed by normal (ΔAIC = 

10, wr = c. 0, mean = 5.22, SD = 2.40), then negative binomial (ΔAIC = 24, size = 41.22, mean = 

5.22); actively dispersed depulped seeds were best described by the Weibull function (AIC = 6808, 

shape = 2.69, scale = 6.08), followed by normal (ΔAIC = 20, mean = 5.40, SD = 2.20), then 

Poisson (ΔAIC = 52, mean = 5.40).  

  

3. For all puriri trees pooled across regions and seasons (Figure 4.10), the distribution of seeds with 

mesocarp was best described by the Weibull function (AIC = 5374, shape = 2.23, scale = 4.46), 

followed by negative binomial (ΔAIC = 42, size = 44.75, mean = 4.84), then normal (ΔAIC = 48, 

mean = 4.84, SD = 2.30); actively dispersed depulped seeds were best described by the Weibull 

function (AIC = 4930, shape = 2.31, scale = 5.77), followed by normal (ΔAIC = 28, mean = 5.11, 

SD = 2.37), then negative binomial (ΔAIC = 40, size = 45.85, mean = 5.11).  
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Figure 4-8: Local seed dispersal in three Waitakere puriri trees across both seasons with mean canopy edge at 5.66 ± 1.05 m (n = 3); mean 

empirical dispersal distance of seeds with mesocarp = 4.40 ± 0.42 m (n = 6).  
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Figure 4-9: Local seed dispersal in three Wenderholm puriri trees across both seasons, with mean canopy edge at 5.20 ± 0.23 m (n = 3); mean 

empirical dispersal distance of seeds with mesocarp = 5.20 ± 0.58 m (n = 6). Note that considerably more actively dispersed depulped seeds 

(red) comprise maximum seed numbers at distance intervals than in Figure 4.8, with a ‘contagious’ peak at 8 m in the second season. 
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Figure 4-10: Local seed dispersal across both seasons for all puriri trees combined, with mean canopy 

edge at 5.43 ± 0.49 m (n = 6); mean empirical dispersal distance of seeds with mesocarp = 4.74 ± 0.37 m 

(n = 12).  

 

The vertical position of the actively dispersed depulped seed shadow differed between regions across both 

seasons: in Waitakere puriri (WP) it was lower than the shadow of seeds with mesocarp, but in 

Wenderholm puriri (WeP) it was higher (there was also an extra peak of actively dispersed depulped seeds 

in Wenderholm puriri at c. 8 m in season two; Figure 4.9).  

However, the mean percentage of actively dispersed depulped seeds in local seed shadows were not 

significantly different in Waitakere vs. Wenderholm puriri on GLMM with a random effect for ‘site’ and 

fixed for ‘tree’ (SS = 0.560, MS = 0.187, F3, 8 = 3.834, Fcrit = 4.066, p = 0.057; Season 1: WP = 18.67 ± 

6.88% of 3165 seeds, WeP = 57.33 ± 15.30% of 1918 seeds, p = 0.441; Season 2: WP = 31.00 ± 13.05% 

of 1741 seeds, WeP = 67.00 ± 8.51% of 2608 seeds, p = 0.387, using arc sine square root transformation; 

Figure 4.11). 
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The percentages of actively dispersed depulped miro seeds, using arc sine square root transformation, 

were not influenced by total seed productivity for all miro trees in either season (p ≥ 0.05, Fcrit = 7.710, 

DF = 1 & 4).  
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Figure 4-11: Percentages of actively dispersed depulped seeds in local seed shadows across both seasons 

in Waitakere puriri (WP) vs. Wenderholm puriri (WeP). 

 

4.2.4 Fruit production vs. empirical mean dispersal distance 

The production of seeds with mesocarp (intact fruit) did not influence their respective local empirical 

mean dispersal distances for either tree species across regions in either season on repeated measure, but 

for miro in season 1 there was a marginally significant effect (R = 0.766, adjusted R
2
 = 0.484, F1, 4 = 

5.681, Fcrit = 7.71, p = 0.076). The mean dispersal distance of actively dispersed seeds was beyond the 

sampling area and calculation of this parameter is addressed using a simulation model in Chapter 6. 

  
4.2.5 Transformation of seed shadows 

Loge (or ln) of seed numbers vs. untransformed distance plots are important because the slope parameters, 

which are usually negative, can be used to define the ‘dispersability’ of species and their colonisation 

potential, independent of seed abundance (Willson 1993; Section 1.2.1) i.e. smaller absolute numerical 

slope values result in a lower % decrease in seeds per metre from the tree.  
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4.2.5.1 Miro semi loge seed shadows 

In this section, blue or red indicates region, not seed shadow type (as in the previous section). Even 

though most miro semi-loge transformations showed ‘humped’ distributions (as expected using seed 

numbers rather than density), they generally also adequately represented linear models, since the 

Spearman’s Rank correlations of loge seed numbers vs. distance were all significant at p < 0.05 (t10 =  

-1.811, tcrit = - 0.497) except for actively dispersed depulped Hunua miro seeds (r or t = -0.396; Figures 

4.12 to 4.14). Semi-loge seed shadows across both seasons had less steep slopes in Hunua miro compared 

with Waitakere miro, especially the actively dispersed depulped seed shadow 
8
.  

Within the data limits, the slopes of the semi-loge miro seed shadows with mesocarp and actively 

dispersed depulped seeds across regions, using individual slopes from all miro trees as replicates, were not 

correlated with their annual production in either season (p ≥ 0.05, tcrit = -0.729; DF = 1 & 4). 

0 1 2 3 4 5 6 7

Distance from tree (m)

2

3

4

5

6

7

8

L
o
g
 (

m
e
a
n
 s

e
e
d
 n

u
m

b
e
rs

)

 
Figure 4-12: Loge mean number of miro seeds with mesocarp vs. distance in both seasons at Hunua (blue) 

and Waitakere (red) with lines of best fit using least squares and medium ‘flex’ (linear models were also 

quantitatively adequate); each point is the mean of n = 3 seed shadow replicates in one season; left blue 

and right red points show > 1 replicate with identical y values.  

                                                 
8 Although this cannot be extrapolated beyond the constraints of the data (fitted line domains are limited to data range for all graphs in this thesis). 
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Figure 4-13: Loge mean number of actively dispersed depulped miro seeds vs. distance in both seasons at Hunua (blue; y = 7.06 - 0.11x = c. 

1.6% decrease in seeds per m from the tree; R = 0.53, adjusted R
2
 = 0.281, F1, 10 = 3.905, Fcrit = 4.96, p = 0.076) and Waitakere (red; y = 6.11 - 

0.44x = c. 7.7% decrease; R = 0.922, adjusted R
2
 = 0.850, F1, 10 = 56.745, Fcrit = 4.96, p << 0.001) with linear lines of best fit.  
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Figure 4-14: Loge mean number of total (actively dispersed depulped seeds + seeds with mesocarp) miro 

seeds vs. distance in both seasons at Hunua (blue) and Waitakere (red) with least squares lines of best fit 

(linear models were also quantitatively adequate).  

 

4.2.5.2 Puriri semi-loge seed shadows 

Although puriri trees dispersed seeds via definable local seed shadow functions (Section 4.2.3), semi-loge 

transformation of puriri seed shadows did not represent adequate linear models since the Spearman’s Rank 

correlations of loge seed numbers vs. distance were not significant at p < 0.05 (tcrit = -0.497, DF = 10). In 

contrast to miro, total puriri ‘least squares lines of best fit’ were almost identical when their regions were 

compared (Figures 4.15 to 4.17).  
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Figure 4-15: Loge mean number of puriri seeds with mesocarp vs. distance in both seasons at Wenderholm (blue) and Waitakere (red) with least 

squares lines of best fit using medium ‘flex’; each point is the mean of n = 3 seed shadow replicates in one season.  
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Figure 4-16: Loge mean number of actively dispersed depulped puriri seeds vs. distance in both seasons at Wenderholm (blue) and Waitakere 

(red) with least squares lines of best fit using medium ‘flex’.  
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Figure 4-17: Loge mean number of total (actively dispersed depulped seeds + seeds with mesocarp) puriri 

seeds vs. distance in both seasons at Wenderholm (blue) and Waitakere (red) with similar ‘least squares 

lines of best fit’ using medium ‘flex’.  

 

4.2.6 Plots of numbers of intact passively dispersed fruit vs. actively dispersed depulped seeds  

Plots of numbers of seeds with mesocarp vs. numbers of actively dispersed depulped seeds (per distance 

annulus in each season) provide a seed shadow comparison between each tree species.  

For miro, there was a significant Pearson correlation (r = 0.59 at Waitakere, 0.65 at Hunua, tcrit = 

0.2785, p < 0.001, DF = 34) between numbers of seeds with mesocarp and numbers of actively dispersed 

depulped seeds within each region across both seasons (and also in each season, except for Hunua miro in 

the second season; Figures 4.18 & 4.19).  

There was a significant correlation for Wenderholm puriri (r = 0.39, tcrit = 0.2785, p < 0.05, DF = 34; 

Figure 4.20) but not for Waitakere puriri across both seasons, or in each season (p ≥ 0.05). Log10 

transformation of ordinate and abscissa did not change any potential disproportionate effect of the largest 

numbers of seeds on these analyses.   
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Figure 4-18: Numbers of seeds with mesocarp vs. numbers of actively dispersed depulped seeds in seed shadows at each distance, with trend 

line, for Waitakere miro across both seasons (each point represents one distance replicate from either season; r = 0.59, p < 0.001).  
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Figure 4-19: Numbers of seeds with mesocarp vs. numbers of actively dispersed depulped seeds in seed shadows at each distance, with trend 

line, for Hunua miro across both seasons (r = 0.65, p < 0.001). 
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Figure 4-20: Numbers of seeds with mesocarp vs. numbers of actively dispersed depulped seeds in seed 

shadows at each distance, with trend line, for Wenderholm puriri across both seasons (r = 0.39, p < 0.05). 

 

4.2.7  Seed rain and seedling directions  

Mean directions of all seedlings from assumed parent trees were ascertained, but seed rain direction was 

recorded as one of predominantly north, south, east, or west, since trap arrays were placed in these 

directions (Section 3.3.1; Figure 3.1).   

 
4.2.7.1 Seed rain directions 

Dispersal directions determine, in part, which microsites receive seeds (Levin et al. 2003). Passive seed 

rain was expected to be less haphazard in direction than active seed deposition, since deviations from the 

‘usual’ seed shadow may be caused by behaviour patterns of the vectors e.g. deposition under perch sites 

(Schupp et al. 2002).   

Seed dispersal was anisotropic and varied between seed-types, trees, and seasons (Figures 4.21 to 

4.36): passive dispersal of seeds occurred mostly to the north in puriri and miro trees in both seasons 

(which mirrored seedling location: see Section 4.2.7) and only rarely to the south; depulped seeds of puriri 
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and miro were actively dispersed equally to the north, west, and east, but rarely to the south (Appendix 

8.7).  
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Figure 4-21: Passively dispersed seeds with mesocarp (blue) for Middle miro at Hunua assuming exact 

placement of traps (2007−2008); circle area is proportional to the number of seeds which fell into a trap at 

that position during the fruiting season i.e. the smallest circle (which varies in size between charts) equals 

one fruit or seed; the ‘T’ denotes tree location. 
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Figure 4-22: Passively dispersed seeds with mesocarp for Middle miro at Hunua (2008−2009); 

annotations are as per Figure 4.21. 
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Figure 4-23: Actively dispersed depulped seeds (red) for Middle miro at Hunua (2007−2008); annotations 

are as per Figure 4.21. 
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Figure 4-24: Actively dispersed depulped seeds for Middle miro at Hunua (2008−2009); annotations are 

as per Figure 4.21. 
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Figure 4-25: Seeds with mesocarp for Pilot miro at Waitakere (2007−2008); annotations are as per Figure 

4.21. 
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Figure 4-26: Seeds with mesocarp for Pilot miro at Waitakere (2008−2009); annotations are as per Figure 

4.21. 
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Figure 4-27: Actively dispersed depulped seeds for Pilot miro at Waitakere (2007−2008; note seed 

‘clumping’ on west transect at x = 2 & y = 8 m on the chart); annotations are as per Figure 4.21. 
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Figure 4-28: Actively dispersed depulped seeds for Pilot miro at Waitakere (2008−2009); annotations are 

as per Figure 4.21. 
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Figure 4-29: Seeds with mesocarp for Perimeter puriri at Wenderholm (2007−2008); puriri trees (T) are 

located at (x, y) = (10, 10 m) on the charts. 
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Figure 4-30: Seeds with mesocarp for Perimeter puriri at Wenderholm (2008−2009); annotations are as 

per Figures 4.21 & 4.29. 
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Figure 4-31: Actively dispersed depulped seeds for Perimeter puriri at Wenderholm (2007−2008); 

annotations are as per Figures 4.21 & 4.29. 
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Figure 4-32: Actively dispersed depulped seeds for Perimeter puriri at Wenderholm (2008−2009; note the 

unexpected almost unidirectional seed deposition due to birds perching at c. y = 18 m); figure annotations 

are as per Figures 4.21 & 4.29. 
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Figure 4-33: Seeds with mesocarp for Arataki puriri at Waitakere (2007−2008); annotations are as per 

Figures 4.21 & 4.29. 
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Figure 4-34: Seeds with mesocarp for Arataki puriri at Waitakere (2008−2009); annotations are as per 

Figures 4.21 & 4.29. 
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Figure 4-35: Actively dispersed depulped seeds for Arataki puriri at Waitakere (2007−2008); annotations 

are as per Figures 4.21 & 4.29. 
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Figure 4-36: Actively dispersed depulped seeds for Arataki puriri at Waitakere (2008−2009; note the 

increased quantity of active dispersal compared with the previous season above); annotations are as per 

Figures 4.21 & 4.29. 

 

4.2.7.2 Seedling directions 

Few seedlings were encountered under each tree in the pilot trial using 30 randomly placed quadrats (50 × 

50 cm) at each sampling area, so it was decided that for the main study, all seedlings within the sampling 

areas would be tagged, and their location and height recorded (see also Sections 4.3 & 4.4).  

Mean seedling (i.e. juveniles ≤ 30 cm height) directions for regions were calculated as arc tan (tan
-1

) 

of the ratio of the mean of the sine (S) of all seedling angles (from the tree) to the mean of the cosine (C) 

of all seedling angles (i.e. arc tan of the relative vector length; Equations 4.1 & 4.2; Batschelet 1981). 

Equation 4.1: Vector mean direction = arc tan 
C

S
, where S = (Σ sine θ)/n and C = (Σ cos θ)/n  

Equation 4.2: Mean resultant vector length (or ‘strength’), R = (√ [S
2
 + C

2
])/n  

where θ = angle and n = no. of angles or no. of seedlings 
9
.  

  

In the first season, seedlings of both tree species across all regions were located, on average, between 0 

and c. 61 degrees from the assumed parent tree with low directionality (Table 4.3).  

                                                 
9 R varies from 0 to 1 with values closer to one suggesting greater clustering of the sample vectors around the mean. 

 

T 
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Table 4-3: Mean direction and strength of seedlings from the assumed parent tree (2007−2008).  

 

Analysis of seedling direction in the second season included new emerged seedlings, but excluded 

juveniles that had since grown to > 30 cm height, and those that had died or were no longer present, which 

accounts for the inter-seasonal differences in seedling numbers and mean seedling directions. In the 

second season, seedlings of both tree species across all regions were located, on average, between c. 15 

and 73 degrees from the tree with low directionality (Table 4.4). 

 

Table 4-4: Mean direction and strength of seedlings from the assumed parent tree (2008−2009). 

Region and tree species (n seedlings) Mean seedling direction (°) Resultant vector strength (R) 

Wenderholm puriri (69) 40  8.45 × 10
-4

 

Waitakere puriri (20) 16 0.0175 

Hunua miro (37) 73 0.0102 

Waitakere miro (24) 39 6.25 × 10
-3

 

 

4.2.8 Seed/seedling associations  

Linking a seedling cohort with a specific season’s seed rain is challenging because there is a lag between 

seed dispersal and seedling emergence, and because there may also be seedling ‘stasis’, or suppression, 

due to unfavourable microsite conditions for growth (Smale & Kimberly 1983; Jesson 2008). Puriri and 

miro seeds have long germination times and this can cause the usually close link between seed rain of a 

given year and emergent seedlings to collapse (Beveridge 1964; Sagnard et al. 2007). Nevertheless, 

comparing the number of seedlings in local seed shadows with the total number of fruit + seeds (or the 

ratio as a proxy for seedling survival rates) per distance annuli allows some assessment of ‘escape’ effects 

(Sections 4.3 & 4.4 examine survival and growth of seedlings in different parts of the local seed shadow 

as a measure of possible advantages of seedling escape).  

The use of juveniles ≤ 30 cm height (i.e. seedlings) provided a measure of germination and early 

growth, since larger plants are considered to be recruited and may have different microsite requirements 

compared with individuals in early stages (Rey & Alcantara 2000). In the second season, seedlings that 

had become > 30 cm height, or those that had died, were excluded from the analysis, and new emergent 

seedlings were added.  

GLMM regressions, with normal error distribution and factors to account for non-independence of 

data, using repeated measure analysis across all trees (fixed) and sites (random), and using the arc sine of 

Region and tree species (n seedlings) Mean seedling direction (°)  Resultant vector strength (R) 

Wenderholm puriri (89)   61 1.31 × 10
-3

 

Waitakere puriri (18)  40  0.0225 

Hunua miro (30)  59 5.83 × 10
-3

 

Waitakere miro (53)  2  3.97 × 10
-3
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the square root of the ratio of seedling to total seed number (since seedlings can germinate from depulped 

seeds and intact fruit; Clout & Tilley 1992) per annulus as a proxy for seedling survival showed that 

survival increased significantly with distance from trees only for miro trees in the first season (Tables 4.5 

& 4.6; Figure 4.37). 

 

Table 4-5: GLMM regression of the arc sine square root of the ratio of seedling to seed numbers per 

annulus across all miro trees.  

Season R Adjusted R
2
 F1, 33 Fcrit  p 

2007−2008 0.427 0.157 7.352 4.139 0.011 

2008−2009 0.138 0.000 0.642 4.139 0.429 

 

Table 4-6: GLMM regression of the arc sine square root of the ratio of seedling to seed numbers per 

annulus across all puriri trees (DF differed between seasons due to changes in seedling presence in 

annuli).  

Season R Adjusted R
2
 DF F Fcrit  p 

2007−2008 0.136 0.000 1 & 52 0.974 4.027 0.328 

2008−2009 0.006 0.000 1 & 48 0.001 4.043 0.970 
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Figure 4-37: Log10 seedling to seed ratio in the first season across all miro trees, with ‘least squares line 

of best fit’ (there are fewer than 6 points at several distances due to some annuli lacking seedlings). 
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4.3 Survival of seedlings after 1.75 years  

4.3.1 Miro seedling survival 

Analysis using the number of miro seedlings in annuli, every 1 m up to c. two to three canopy radius 

distances from the assumed parent tree, showed that seedling survival was 43.6 ± 7.7% (n = 31) across all 

miro trees over 1.75 years, and that survival rates were equal in areas under the canopies (up to 2.6 to 3.3 

m) vs. beyond the canopy edge (survival = 24.78% under vs. 47.11% away; two-sample upper one-sided t8 

= -1.361, tcrit = 1.860, p = 0.211 using arc sine square root transformation; there were unequal data points 

since two miro trees had no seedlings under the canopy and not all distances had seedlings at time = 0; 

Figures 4.38 to 4.40; Appendix 8.8).  
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Figure 4-38: % Seedling survival for three Waitakere miro trees after 1.75 years (there are fewer than 3 points at some x values because either 

survival was identical or not all trees had seedlings at that distance).  
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Figure 4-39: % Seedling survival for three Hunua miro trees after 1.75 years (note low number of seedlings between x = 0 and 3 metres). 
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Figure 4-40: % Seedling survival for all six miro trees after 1.75 years.  

 

4.3.2 Puriri seedling survival 

Analysis using the number of puriri seedlings in annuli, every 1 m up to c. two to three canopy radius 

distances from the assumed parent tree, showed that seedling survival was 74.97 ± 6.96% (n = 30) across 

all puriri trees over 1.75 years, and that survival rates were equal in areas under the canopies (up to 5.2 to 

5.7 m) vs. beyond the canopy edge (survival = 62.7% under vs. 85.9% away; two sample t12 = -1.274, tcrit 

= 1.782, p = 0.227 using arc sine square root transformation; there were unequal cases since two puriri 

trees had no seedlings beyond the canopy and not all distances had seedlings at time = 0; Figures 4.41 to 

4.43; Appendix 8.8).  
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Figure 4-41: % Seedling survival for three Waitakere puriri trees after 1.75 years i.e. almost 100% survival. 
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Figure 4-42: % Seedling survival for three Wenderholm puriri trees after 1.75 years. 
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Figure 4-43: % Seedling survival for all six puriri trees after 1.75 years.  

 

4.4 Seedling growth rates  

Seedling growth rates were analysed over 1.75 years based only on those individuals ≤ 30 cm height at 

time = 0. Although puriri seedlings had higher mean survival than miro across all regions (c. 80 vs. 50%; 

Section 4.3; Appendix 8.8), the mean growth rate of surviving seedlings of both species was equal across 

all trees (puriri = 28 ± 2 mm yr
-1

 vs. miro = 31 ± 7 mm yr
-1

: two sample t33 = 0.01, tcrit = 1.692, p = 0.99), 

and no statistical growth rate advantage was conferred to seedlings of either species growing beyond the 

canopy, across all trees (puriri: t35 = 0.14, tcrit = 1.690, p = 0.9; miro: two sample t4 = 1.6, tcrit = 2.132, p = 

0.19; Table 4.7; three miro and two puriri seedlings had been browsed and their growth rates could not be 

ascertained). The largest seedlings were therefore a minimum of c. 11 (puriri) and c. 10 (miro) years old. 
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Table 4-7: Mean growth rates in mm yr
-1

 ± one SE (n) for surviving seedlings for all puriri or miro trees 

across regions, either under or beyond the canopy.  

 

 

4.5 Canopy openness (transmitted gap light)  

There was no significant difference in the ‘transmitted gap light’ (TGL) between miro vs. puriri trees 

across all regions (30.2 ± 3.2 vs. 30.5 ± 3.6%; t5 = -0.011, tcrit = 2.015, p = 0.992, with arc sine square root 

transformation; Appendix 8.14; Plate 4.2). Canopy openness % had no effect on the local mean dispersal 

distances of seeds that had mesocarp for each tree species in either season (p ≥ 0.05, DF = 1 & 4 with arc 

sine square root transformation) but for puriri in season one there was a marginally significant effect (R = 

0.768, adjusted R
2
 = 0.488, F1, 4 = 5.757, Fcrit = 7.71, p = 0.074). Depulped seeds were not tested because 

their mean dispersal distances were beyond the sampling areas. 

 

 

Plate 4-2: An example of true-color ‘fisheye’ 180° canopy photography (Arataki puriri 2008). 

 

4.6 Tree diameter at breast height, canopy radius, and total seed production  

Diameter of the tree trunk at breast height (DBH) and mean canopy radius did not differ between regions 

for puriri or miro based on two-sample t tests at p < 0.05 (Table 4.8; Appendix 8.16); there was no 

significant relationship between DBH and total seed production (i.e. seeds with mesocarp + actively 

dispersed depulped seeds, but excluding aborted ovules and seeds removed by mammals) for miro or 

puriri trees across regions and seasons; and there was no significant relationship between DBH and mean 

canopy radius for puriri trees across both regions. However, there was a significant relationship between 

DBH and mean canopy radius (the dependent variable) for miro trees across both regions (R = 0.91, 

adjusted R
2
 = 0.78, F1, 4 = 18.57, Fcrit = 7.71, p = 0.01).  

Tree species Seedlings under canopy Seedlings beyond canopy 

puriri  30.3 ± 3.6 (36)  25.4 ± 2.8 (51)  

miro  24.6 ± 9.2 (5) 32.5 ± 7.8 (29) 
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Canopy radius was significantly wider overall for puriri than for miro (5.43 ± 0.49 m vs. 2.95 ± 0.24 

m, t5 = -5.57, tcrit = 2.015, p = 0.003). However, canopy radius had no effect on the mean local dispersal 

distance of seeds that had mesocarp for both tree species across regions in either season at p < 0.05. The 

mean radius of the northern (330 to 30°) sector of the canopies of all puriri trees was significantly wider 

than their southern (150 to 210°) sector (c. 6 vs. 4.5 m; t17 = 2.64, tcrit = 1.740, p = 0.02), but not for miro 

(Appendix 8.15). 

When inter-annual seed productions were compared within regions, there were no significant 

differences in mean numbers of trapped seeds of either type between seasons on GLM at p < 0.05 with DF 

= 3 & 8 (Appendix 8.4). It was assumed, for the calculation of actively dispersed depulped seed 

production, that the majority of trapped seeds originated from the corresponding tree, and that the number 

of fruits removed from trees at sites by birds equaled, on average, the number of seeds (of either miro or 

puriri) brought into and deposited at sites.  

 

Table 4-8: Mean tree trunk diameter at breast height (DBH; cm), canopy radius (m), and total seed 

production per year (actively dispersed depulped + with mesocarp) ± SE, for miro and puriri across both 

seasons (WM = Waitakere miro; HM = Hunua miro; WP = Waitakere puriri; WeP = Wenderholm puriri; 

D = actively dispersed depulped seeds; M = seeds with mesocarp).  

Region & tree  

species(n trees) 

Mean  

DBH 

Mean canopy  

radius 

Mean total seed  

production (D + M) 
10

  

WM (3) 40 ± 9 3.3 ± 0.4 2039 ± 149  

HM (3) 28 ± 2 2.6 ± 0.5 8565 ± 3346 

All M (6) 34 ± 5 3.0 ± 0.2 5302 ± 2091  

WP (3) 66 ± 7 5.7 ± 1.1 2380 ± 759 

WeP (3) 61 ± 8 5.2 ± 0.2 2263 ± 941 

All P (6) 63 ± 4 5.4 ± 0.5 2322 ± 542 

 

 

4.7 Summary of key results  

Local seed distributions in miro and puriri were leptokurtic and anisotropic, and were described best by 

gamma and Weibull functions. In both tree species, passive dispersal of seeds with mesocarp occurred 

mostly to the north and occasionally to the south, and active dispersal occurred equally to the north, west, 

and east, but only rarely to the south. Semi-loge seed shadows across both seasons had less steep slopes in 

Hunua miro compared with Waitakere miro, especially actively dispersed depulped seed shadows. Canopy 

openness, canopy size, and production of seeds did not influence the mean dispersal distances of seeds 

with mesocarp in both tree species. Seedling distributions were spatially inversely concordant with seed 

distributions only in miro in the first season. Seedlings were confined to north to north-easterly sectors for 

                                                 
10 Miro total seed production was c. 32000 in Pureora and 11478 at Pelorus Bridge Scenic Reserve, Marlborough (Beveridge 1964; Clout & Hay 1989). 
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both tree species in both seasons, which mirrored the direction of passive seed rain. Seedling abundance 

for all miro trees decreased by c. 56% over 21 months, but there was lower seedling loss overall for puriri 

at c. 25%. Seedling survival and growth rates in either tree species were not significantly different whether 

under or away from the canopy.  

 

4.8 Discussion 

This section discusses demographic processes from seed production and dispersal, to seedling survival, in 

Prumnopytis ferruginea (miro) and Vitex lucens (puriri), based on the results and analyses above. Chapter 

7 synthesizes the field results from this chapter with the outcomes of the long distance seed dispersal 

kernel in silico simulation model from Chapter 6. The main issues addressed are:  

 

1. Seed dispersal distributions (Section 4.8.1).  

2. Ovule abortion and factors influencing seed dispersal, including seed production (a measure of 

fecundity) and tree architecture (Section 4.8.2).  

3. The spatial relationships between seed dispersal and seedling distributions, including an 

assessment of theoretical recruitment patterns which address seedling survival and growth rates in 

different parts of the local seed shadows (Section 4.8.3).  

 

4.8.1 Seed shadows and phenomenological models  

Seed dispersal can be characterised, or described, by the fitting of curve functions to the empirical seed 

shadow (Augspurger & Kelly 1984). Local puriri and miro seed shadows (distance distributions) followed 

anisotropic leptokurtic functions, for which the gamma and Weibull had the strongest support from the 

candidate model set (Sections 4.1.1, 4.2.2, & 4.2.3). For all miro trees combined across both seasons, the 

best fitting ‘final’ model for passively dispersed intact fruit was the gamma, with the Weibull (shape 

parameter = 2.18) having substantial support, but with virtually no support for the next best model. The 

local portion of actively dispersed depulped miro seed shadows were best described by the Weibull (shape 

= 1.99), but with virtually no support for the next best model. Weibull distributions were the best fitting 

model for puriri overall, both for seeds with mesocarp and the local portion of actively dispersed depulped 

seed shadows (shapes = 2.23 & 2.31 respectively), with the next best models having virtually no support.  

It is therefore expected that seed dispersal and spatial population expansion in miro and puriri would 

proceed faster than in Gaussian (normal) diffusion or than with the often accepted negative exponential 

function (due to these distributions’ ‘thinner’ shorter tails), lending support to the solution of ‘Reid’s 

paradox of plant migration’ (Clark et al. 1998). The Weibull distribution can approximate the normal or 
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exponential function, but there was virtually no support for these two models overall, and no support at all 

for the exponential in either individual season, or for any individual tree (Appendix 8.5). Additionally, the 

Weibull shape parameters were never 3.4, which is the value when the Weibull approximates a normal 

distribution, and never 1, which is the value when the Weibull approximates the exponential (Dubey 

2006).    

However, seed shadows did approximate negative exponential or inverse power functions in studies 

by Willson (1993), Laman (1996), Alcantara et al. (2000), Nathan and Casagrandi (2004), and Clark et al. 

(2006), using either seed number or density per metre from the source. However, Greene et al. (2004) and 

Stoyan & Wagner (2001) favoured the log-normal function over the Weibull, and Ribbens et al. (1994) 

predicted that recruitment would follow Poisson (random) distributions. 

Biological issues may account for the differences of model preference seen in other studies. For 

example, Nathan & Casagrandi (2004) noted that, due to their short tails, negative exponential functions 

do not account for complex seed shadows generated by specialist frugivores. Log-normal functions are 

suitable over large scales due to their long tails (Greene et al. 2004), but were not favoured overall in my 

research, possibly because my empirical seed dispersal studies were localized. Log-normal functions were 

supported for miro in the first sampling season in my research, but had little support overall (Appendix 

8.5). 

Methodological issues may also account for the differences in model preference, such as: the nature 

of the source of the seeds (single source vs. multiple trees with overlapping seed shadows); the use of seed 

density rather than seed number; whether sampling effort was proportional to the area sampled, with 

adequate sampling intervals and replication; and whether there was quantification of the distal end of the 

seed shadow (Willson 1993).  

My field-based study was designed explicitly to examine the variation in the entire passively 

dispersed fruit shadow, but only the local portion of the actively dispersed seed shadow, within and 

between tree species. The source of seeds was from single isolated individual trees with non-overlapping 

sampling areas, meaning that the location and strength of the peak of the seed distributions were reliably 

determined, at least for intact fruit. Seed number was used: however, density is also acceptable, but can 

change the overall shape of the curve and proximity of the peak (Willson 1993). My study also used 

sampling which was proportional to the distance from the source and had numerous spatial sampling 

intervals. There was also replication of site (i.e. tree), region, and season, since it was assumed there 

would be variation in conspecific local seed shadows due to parental and environmental factors. For 

example, Waitakere miro approximated log-normal functions in the first season and Hunua miro had 

gamma, but miro trees in both regions showed Weibull distributions in the second season (Appendix 8.5). 
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There was naturally also variation in the shape and scale parameters between conspecific trees that 

possessed the same type of probability density function (Table 4.1). The puriri pilot trial even had a 

complete absence of active dispersal in one season (Section 4.1.2).    

The distal ends of the passively dispersed seed shadows were included in the sampling areas. The 

pilot study determined the extent of trapping required to adequately sample these tails, and this was 

confirmed at the peak of fruiting where very few intact fruit (one to three in total) were found beyond the 

seed traps using systematic searches. It was not possible to quantify the distal tail or mean dispersal 

distance of actively dispersed depulped seeds using seed traps since kereru can transport seeds up to 

several kilometers away from the source. Instead I have addressed this topic using an in silico spatial 

simulation model in Chapter 6. Other studies have also addressed long distance seed dispersal in large-

fruited New Zealand trees. For example, Wotton (2007) estimated that the mean seed dispersal distance 

for puriri by kereru was 98 m, and radio-tracking of a pigeon feeding on miro fruit revealed that 35% of 

ingested seeds were deposited beneath the parent tree, 40% were deposited from 10 to 30 m away, and a 

few (< 2%) were transported over 1 km from their source (Clout 1990).  

Above I have described local seed shadows in terms of horizontal distance from the source, ignoring 

seed dispersal direction. However, the direction of seed dispersal is ecologically significant because it in 

part decides which microsites receive seeds (Schupp et al. 2002). Seed dispersal direction was constant for 

both tree species across both seasons, with passive dispersal occurring mostly to the north and 

occasionally to the south, and active dispersal occurring equally to the north, west, and east, but only 

rarely to the south (Section 4.2.7; Appendix 8.7). Canopies tend to have higher fruit numbers on northerly 

(in the southern hemisphere) sun-lit branches, and this partly explains the northward direction of passive 

seed rain in miro and puriri (Sinoquet et al. 1997). Additionally, the northern canopy radius sector was 

significantly wider than the southern radius sector for puriri trees (but not for miro; Section 4.6; Appendix 

8.15) and such asymmetric canopy shapes can also contribute to anisotropic seed shadows (Bullock et al. 

2006). Active seed dispersal is expected to occur in multiple directions when kereru forage or perch, and 

to be lower under parts of the canopy that are narrower with fewer fruit, which explains the sometimes 

haphazard or random deposition of actively dispersed depulped seeds (Ferguson & Drake 1999; however, 

see Figure 4.32 which shows unidirectional active dispersal).   

There were also significant differences in local seed shadows between tree species. Actively dispersed 

depulped seed numbers were correlated with passively dispersed intact fruit numbers in traps for miro. 

However, for puriri, even in traps with high numbers of passively dispersed fruit, there were few actively 

dispersed depulped seeds (Section 4.2.6). This lack can be explained by kereru depositing puriri seeds at 

more distant locations, since the mean gut passage time for puriri seeds (c. 122 min.; Wotton 2007) is 
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longer than for miro (c. 80 min.), or by feeding behaviour patterns within the tree canopy. For example, if 

kereru avoided the canopy edge, which is very productive, then few actively dispersed depulped seeds 

would be associated with intact fruit that fell passively into traps at that position.     

There were significant regional differences in the mean percentage of actively dispersed depulped 

seeds in local miro seed shadows (Section 4.2.2 & 4.2.3). These results are discussed in Section 5.8.1, 

which focuses on the effects of kereru densities on local seed shadows.  

     

4.8.2 Demographic factors influencing seed dispersal 

I calculated levels of fruit abortion and examined fruit and seed production (as a measure of fecundity) 

and tree architecture to determine if they influenced seed dispersal processes. 

 

4.8.2.1 Fruit abortion  

Aborted ovules represent an often ignored component of total fruit production, possibly because abortion 

does not vary in relation to dispersal (Charlesworth 1989). I found that c. 25% (miro) to c. 78% (puriri) of 

potential total fruit production was lost due to abortion (Section 4.1.3). Abortion of miro fruit (unripe or 

under-developed) at Pelorus Bridge over five seasons was c. 5% of total fruit production (i.e. ripe + unripe 

+ depulped + mammal damaged seeds + under-developed fruit), and c. 4% for tawa (Unpub. data: M. N. 

Clout 1986−1990; analysis by A. Pegman). This difference for miro may be explained by resource (e.g. 

water) or pollen limitation occurring at my study sites (Section 1.1.3.1.3). Abortion loss may be severe in 

some species: for example, most fruits were aborted in the tropical tree Dicymbe altsonii 

(Caesalpiniaceae) in Central Guyana (Zagt 1997). Although abortion is a natural aspect of fruit production 

and has some beneficial effects, increased abortion causes a decline in seed production, which in turn 

could affect local seed shadows (Willson 1993).   

 

4.8.2.2 Seed and fruit production 

Seed production can have an effect on the length of seed shadows because seed distributions are the 

product of the number of dispersed seeds and the seed dispersal kernel or probability density function 

(Sections 1.1.4.1 & 3.4.5): the presence of more seeds increases the probability that any one seed will 

travel further (Willson 1993; Clark et al. 1998). Increased numbers of passively dispersed intact fruit did 

not result in a significant increase in their local mean dispersal distances for either miro or puriri (Section 

4.2.5.1). Also, the slopes of the actively dispersed depulped semi-loge local seed shadows in miro were not 

correlated with depulped seed production, even though increased consumer activity can extend the tails of 

seed shadows (Levin et al. 2003; Section 4.2.4). My research also showed that the percentage of actively 
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dispersed seeds in either miro or puriri local seed shadows was not influenced by total seed production 

(i.e. actively dispersed depulped seeds + intact fruit; Sections 4.2.2 & 4.2.3), as has been reported in some 

studies (Section 1.3.2). Similarly, Kelly et al. (2010) found that the relationship between fruit production 

and percentage of actively dispersed seeds in Beilschmiedia tawa (tawa) was only marginally significant.  

 

4.8.2.3 Tree architecture 

Puriri and miro had similar mean canopy openness (transmitted gap light), an indication of canopy 

density. Transmitted gap light did not influence the local mean dispersal distance of passively dispersed 

intact fruit (Section 4.5; Appendix 8.14). Although canopy sizes were larger in puriri than miro, mean 

canopy radius did not influence the local mean dispersal distance of intact fruit in either tree species, and 

trunk diameter did not influence total seed productivity (Sections 4.5 & 4.6; Table 4.8).  

 Various aspects of canopy architecture can alter local seed shadows (Section 1.1.4.1), but did not do 

so for either tree species in my research. These findings contrast with those of McCanny & Cavers (1989) 

who showed that wide lateral spread of branches decreased the proportion of seeds closest to the parent, 

and Donohue (1988) who found that the branching pattern did affect mean dispersal distance. Clark et al. 

(1999) argued that broad canopies cause convex density versus distance curves. However, as described in 

Section 4.8.2.3, canopy architecture did influence the direction of seed rain. 

 

4.8.3 Escape hypothesis effects 

4.8.3.1 Spatial concordance of fruit and seeds vs. seedling distributions, and mean seedling direction 

Concordance of seed rain with seedling distributions, in terms of abundance or direction, occurs when the 

probability of recruitment is independent of where a seed arrives. For example, concordance was shown in 

a study by Fleming & Heithaus (1981), where seedling establishment reflected seed-deposition for small-

seeded, bat-dispersed colonizing plant species in Costa Rica. The collapse of concordance between seed 

rain and seedling stages can limit seedling recruitment (Lazaro & Castillo 2006). 

However, the ‘escape hypothesis’ predicts that there will be an inverse correlation between seed rain 

and seedling patterns, with disproportionate success for distant seeds and seedlings, and increased plant 

diversity (plant diversity can also be explained by other factors, such as negative density dependence, 

competition, or limited seed dispersal; Snyder & Chesson 2003; DiVittorio et al. 2007; Sections 1.1.2.1, 

1.1.2.2, & 1.1.4.4). The escape hypothesis can be represented by seedling recruitment models such as the 

‘Janzen-Connell’, ‘Hubbell’, or ‘exact compensation’ (Figure 4.39 on page 735 of Nathan & Casagrandi 

2004).   
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The ratio of seedling to total seed numbers per annulus, a proxy for seedling survival, showed that 

there were escape effects only for miro trees in the first season (Section 4.2.8). A low incidence of escape 

was expected since only a few studies have shown effects in temperate regions compared with the tropics 

(Packer & Clay 2000). However, the escape hypothesis has been supported in other studies, such as for 

both native and exotic tree species in Connecticut forest, USA, where the mean dispersion distances of 

seedlings were further from potential parent trees than seeds (Martin & Canham 2010).  

For actively dispersed depulped seeds, there were no obvious relationships between direction of seed 

rain and mean direction of seedling cohorts. However, the mean seedling cohort direction mirrored the 

direction of passive seed rain for both tree species across both seasons in all regions in my research (i.e. 

north to north-easterly; Section 4.2.7): this presumably occurred because passive seed rain is less random 

than vector-mediated seed deposition.  

 

4.8.3.2 Seedling survival and growth rates near and far  

It is believed that there is disproportionate success for seeds and seedlings that escape the vicinity of the 

parent compared with those that fall nearby (Levin et al. 2003). For example, rodent and beetle seed 

predation was significantly higher under Brahea armata (Blue Fan Palm) in California, USA, than it was 

more than three metres away (Wehncke et al. 2009), and survival was 44 times higher for Virola 

surinamesis seeds dropped 45 m from a fruiting tree compared with those under their crowns, due to 

decreased attack from Curculionid weevils, in Panama (Howe & Schupp 1985).  

Seedling abundance across all miro trees decreased by c. 56% over 1.75 years (Figure 4.40), but with 

no survival advantage conferred to seedlings away from the canopies. This mortality was high, but not as 

high as in some other studies. For example, seedling mortality was 75 to 80% for Juniperus communis in 

Spain, but was significantly lower in suitable microhabitats (Garcia 2001). For puriri, there was lower 

seedling loss overall (by c. 25%), with survival also being similar either under or away from the canopy 

(Figure 4.43). These results are consistent with McCanny’s (1985) ‘invariant survival’ recruitment model 

in regard to its equal survivorship criterion (Nathan & Casagrandi 2004).  

In contrast, many studies have shown a survival advantage for seedlings located away from parents. 

For example, Wotton & Kelly (2011) showed that seed dispersal greatly enhanced survival of both karaka 

and taraire during early recruitment stages; seedling survival of the bird-dispersed species Phillyrea 

latifolia in Spain was depressed under adult conspecifics (Herrera et al. 1994); Ocotea endresiana 

(Lauraceae) seedling survival was higher from seeds dispersed by Bellbirds in Costa Rica because they 

fell in to gaps where there was lower fungal pathogen induced mortality (Wenny & Levey 1998); and 
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seedlings of Mimusops bagshawri in Uganda had a 30% greater probability of survival when they were 

distant from adults (Chapman & Chapman 1996). 

The lack of survival effects in my analysis does not necessarily verify independence of seed rain vs. 

seedling presence, due to the low power of the tests. However, independence was shown by McAlpine & 

Jesson (2008) and Garcia et al. (2005) who found that patterns of seedling establishment or recruitment 

later became uncoupled from patterns of seed rain, and Traveset et al. (2003) who found that spatial 

patterns of recruitment in Rhamnus ludovici-salvatoris in the Balearic Islands, Spain, could not be 

predicted from seed dispersal patterns produced by frugivorous birds. 

The mean growth rates of miro and puriri were equal overall, and no statistical growth rate advantage 

was conferred to seedlings of either species growing away from the canopy cover. Equal growth rates 

under and away from the parent are consistent with the equal establishment component of McCanny’s 

(1985) ‘exact compensation’ recruitment model (Nathan & Casagrandi 2004). Disproportionate survival 

or growth rate of seedlings away from the parent supports recruitment models that are consistent with the 

escape hypothesis, but was not observed in either tree species.  
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5 Influence of kereru densities on local seed dispersal quantity and quality, seed predation, and 
regeneration and active dispersal in five native large-fruited tree species: results, analyses, and 

discussion 

  

This chapter presents results, analyses, and discussion of the influence of Hemiphaga novaeseelandiae 

(kereru), the keystone disperser, on the empirical quantity of seed dispersal in Prumnopytis ferruginea 

(miro) and Vitex lucens (puriri) in each season of the main trials. Dispersal efficiency was examined in 

season two by assessing whether kereru preferentially dispersed large viable seeds. The chapter includes a 

survey conducted across both seasons and all regions of active dispersal and local seedling regeneration of 

five native ‘fleshy’ large-fruited tree species that are dispersed predominantly by kereru, and an 

examination of differences of active dispersal and seed predation in six fruiting tree species at Pelorus 

Bridge, Marlborough, across six seasons. The chapter applies to objectives 2 and 3 in Section 1.5.  

   
5.1 Kereru counts and densities and their influence on seed dispersal quantity  

Relative kereru densities (Table 5.1) were calculated based on ‘distance’ counts during the fruiting period 

(summer to early winter) in both seasons. Kereru densities may over-estimate actual annual or resident 

densities since they do not take into account the natural decrease or absence of kereru during the non-

fruiting period of the year. Note also that equal counts of kereru do not necessarily equate to identical 

densities, due to the ‘perpendicular distance’ component used when converting counts to densities 

(Section 3.3.4).      

Kereru counts were fitted to negative binomial functions to obtain mean values at each tree in two 

seasons, assuming the counts were distributed as a Poisson variable (for all counts, in all regions, the 

ΔAIC between Poisson and negative binomial was < 2; White & Bennetts 1996). Mean counts in regions 

in each season were then compared by repeated measure negative binomial GLM (Season 1: SS = 1.351, 

MS = 0.450, F3, 4 = 2.073, Fcrit = 6.591, p = 0.246; Season 2: SS = 0.776, MS = 0.259, F3, 7 = 1.829, Fcrit = 

4.347, p = 0.230; some trees had only one count in the season, so could not be ‘fitted’) and post hoc 

analyses using Fisher’s LSD criterion for significance, showed that Hunua miro had marginally 

significantly higher mean kereru counts than Waitakere miro in the first season (2.3 kereru site
-1

 vs. 1.0; p 

= 0.094).  

 

Table 5-1: Mean kereru counts during fruiting (n = 3 mean counts per region per season; Appendix 8.10; 

We = Wenderholm, W = Waitakere, H = Hunua, P = puriri, M = miro).  

Region and tree species Season 1 Season 2 

Wenderholm puriri (WeP) 1.6  1.4  

Waitakere puriri (WP) 1.3  1.0  

Hunua miro (HM) 2.3 1.7  

Waitakere miro (WM) 1.0 1.5  
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Kereru densities obtained by Distance analysis (Section 3.3.4.2) in each region in two seasons were 

compared using repeated measure GLM assuming Poisson or uniform error structure (Season 1: SS = 

908.821, MS = 302.940, F3, 8 = 3.207, Fcrit = 4.066, p = 0.083: the marginal significance applied between 

regions with different tree species only; Season 2: SS = 536.254, MS = 178.751, F3, 8 = 1.598, Fcrit = 4.066, 

p = 0.265; Table 5.2).  

 

Table 5-2: Mean kereru densities ± SE in each region during fruiting (n = 3 mean density per region per 

season; Appendix 8.10).    

Region and tree species Season 1 Season 2 

Wenderholm puriri (WeP) 25.6 ± 8.0 11.0 ± 3.7 

Waitakere puriri (WP) 5.1 ± 2.1 6.0 ± 3.7 

Hunua miro (HM) 17.6 ± 7.4  21.5 ± 10.8  

Waitakere miro (WM) 5.2 ± 1.7 4.5 ± 2.1 

 

As shown in Sections 4.2.2 & 4.2.3, the mean percentage of actively dispersed depulped seeds in local 

seed shadows was significantly higher in Hunua miro than in Waitakere miro in both seasons, but there 

was no difference for puriri. Kereru densities were marginally significantly correlated with the arc sine 

square root percentages of depulped seeds in the local seed shadows across both species in all regions in 

season 1, but not in season 2 (Season 1: GLM R = 0.904, adjusted R
2
 = 0.725, F1, 2 = 8.910, Fcrit = 18.51, p 

= 0.096; Season 2: GLM R = 0.637, adjusted R
2
 = 0.109, F1, 2 = 1.367, Fcrit = 18.51, p = 0.363).  

Seed traps at Hunua miro received high numbers of actively dispersed depulped seeds in the second 

season, but Wenderholm puriri seed traps did not receive many despite also having high kereru densities. 

GLM (SS = 1452802.250, MS = 484267.417, F3, 8 = 8.52, Fcrit = 4.066, p = 0.007). Post hoc analyses using 

Bonferroni’s criterion showed that Hunua miro had significantly more actively dispersed depulped seeds 

per seed shadow annulus in the second season than all other regions (i.e. 936 ± 126 in Hunua miro vs. 133 

± 39 in Waitakere miro, p = 0.020; 210 ± 46 in Wenderholm puriri, p = 0.035; and 81 ± 20 seeds in 

Waitakere puriri, p = 0.014; n = 3; Appendix 8.4). 

 

5.2 Fruit and seed size preference of kereru 

5.2.1 Seed length vs. width correlations 

Comparisons of seed length vs. maximum seed width were performed for puriri and miro to determine if 

seed length alone could be used as a predictor of seed size, independent of width. 

For puriri, seed length was significantly correlated with width (Pearson correlation coefficient, r31 = 

0.91 at p < 0.05, rcrit = +0.29), so length was therefore used as the indicator of seed size (Figure 5.1). For 
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miro, seed length was also significantly correlated with width (r31 = 0.83 at p < 0.05, rcrit = +0.29), so 

length was therefore used as the indicator of seed size (Figure 5.2).   
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Figure 5-1: Scatter plot of seed length vs. maximum width with trend line for a random sample (n = 33) 

selected from all collected actively dispersed depulped puriri seeds (2008−2009).  
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Figure 5-2: Scatter plot of seed length vs. maximum width with trend line for a random sample (n = 33) 

selected from all collected actively dispersed depulped miro seeds (2008−2009). 

 

5.2.2 Seed length vs. fruit mesocarp length  

Fruit mesocarp and seed size are positively correlated in many species, for example in the ‘fleshy-fruited’ 

Olea europaea in Spain (Alcantara & Rey 2003). However, for actively dispersed depulped puriri and 

miro seeds in my research only the seed size was known, not the fruit mesocarp size before ingestion. 

Therefore, the relationship between seed length and mesocarp length in passively dispersed fruit was 

determined, using linear regression, to establish whether seed size (length) could be used to predict 

mesocarp (or fruit) size.  

For puriri, fruit mesocarp length was proportional to seed length (R = 0.88, R
2
 = 0.76, F1, 33 = 109.97, 

Fcrit = 4.139, at p < 0.001), so length therefore indicated fruit mesocarp size (Figure 5.3). For miro, fruit 

mesocarp length was proportional to seed length (R = 0.93, R
2
 = 0.87, F1, 46 = 311.00, Fcrit = 4.052, at p < 

0.001), so length therefore also indicated fruit mesocarp size (Figure 5.4).   
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Figure 5-3: Scatter plot of fruit mesocarp length vs. seed length in a random sample (n = 35) of intact puriri fruit, with the linear model of best 

fit (y = 0.90x + 3.80; 2010).  
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Figure 5-4: Scatter plot of fruit mesocarp length vs. seed length in a random sample (n = 48) of intact 

miro fruit, with the linear model of best fit (y = 1.03x + 0.95; 2010). 

 

5.2.3 Size preference of puriri fruit  

A small increase in fruit mesocarp diameter may result in a disproportionate increase in fruit pulp 

(Wheelwright 1993). Since seed length indicates seed size and fruit mesocarp size (Sections 5.2.1 & 

5.2.2), comparisons of length between actively dispersed depulped seeds and seeds from passively 

dispersed intact fruit using ANOVA showed overall that kereru were preferentially selecting larger puriri 

fruit (Table 5.3).  

  

Table 5-3: ANOVA examining differences of length (mm) between actively dispersed depulped puriri 

seeds and seeds from passively dispersed intact fruit (after the mesocarp was removed by hand) for 

individual puriri trees, and across all puriri trees (2008−2009).  

Source  SS MS DF F Fcrit  p 

Tree 221.50 44.30 5 14.99 2.227 0.000 

Dispersed  17.49 17.49 1 5.92 3.854 0.015 

Tree × Dispersed  16.51 3.30 5 1.12 2.227 0.349 

Error 2091.85 2.96 708    
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Post hoc analyses using Fisher’s LSD criterion for significance showed that actively dispersed depulped 

seeds (D) were significantly longer than (>) seeds from intact fruit with mesocarp (M) for the Arataki 

puriri tree (D mean length = 12.8 ± 0.1 mm > M mean length = 11.9 ± 0.2 mm, p = 0.001, n = 105 D & 60 

M; Figure 5.5) and the Perimeter puriri tree (D = 13.4 ± 0.1 mm > M = 12.7 ± 0.2 mm, p = 0.004, n = 222 

D & 78 M; Figure 5.6). Puhoi puriri 1 tree had marginally significant differences (D > M at p = 0.05; see 

Appendix 8.11 for results for the other puriri trees).  

Across all puriri trees in both regions there was a significant difference (D = 13.1 ± 0.1 mm > M = 

12.1 ± 0.09 mm, at p = 0.015, n = 434 D & 286 M). Across all puriri trees, 157 of 286 intact puriri fruit (c. 

55%) had mesocarp lengths < 15 mm.  
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Figure 5-5: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit 

with mesocarp (M) for the Arataki puriri tree (Waitakere; 2008−2009). For all graphs in this section, the 

range and spread of seed lengths are shown, but not every data point, due to multiple seeds with the same or 

similar measure. 
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Figure 5-6: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact 

fruit with mesocarp (M) for the Perimeter puriri tree (Wenderholm; 2008−2009); annotations are as per 

Figure 5.5.  

 

5.2.4 Size preference of miro fruit  

Comparisons of length between actively dispersed depulped seeds and seeds from passively dispersed 

intact fruit using ANOVA showed that kereru were preferentially selecting larger miro fruit (Table 5.4). 

  

Table 5-4: ANOVA examining differences of length (mm) between actively dispersed depulped miro 

seeds and seeds from passively dispersed intact fruit (after the mesocarp was removed by hand) for 

individual miro trees, and across all miro trees (2008−2009). 

Source  SS MS DF F Fcrit  p 

Tree 180.81 36.16 5 33.84 2.22 0.000 

Dispersed  7.48 7.48 1 7.00 3.848 0.008 

Tree × Dispersed  76.21 15.34 5 14.36 2.22 0.000 

Error 1630.51 1.07 1526    

 

Post hoc analyses using Fisher’s LSD criterion for significance showed that actively dispersed depulped 

seeds (D) were significantly longer than seeds from intact fruit with mesocarp (M) for Pilot miro (D = 

13.3 ± 0.2 mm > M = 12.9 ± 0.1 mm, p = 0.04, n = 44 D & 82 M), Hole miro (D = 13.8 ± 0.1 mm > M = 

13.2 ± 0.1 mm, at p << 0.001, n = 159 D & 51 M), miro on Steep bank (D = 14.1 ± 0.1 mm > M = 13.6 ± 
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0.1 mm, at p << 0.001, n = 237 D & 248 M), the opposite for Middle miro (M = 14.4 ± 0.1 mm > D = 

13.9 ± 0.1 mm, at p << 0.001, n = 293 D & 215 M), but D was significantly longer than M across all miro 

trees in both regions (D = 13.8 ± 0.04 > M = 13.7 ± 0.04, at p < 0.01, n = 836 D & 702 M): Figures 5.7 to 

5.10, and see Appendix 8.11 for results for the other miro trees. All 702 intact miro fruits had mesocarp 

widths < 15 mm, across all miro trees.  
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Figure 5-7: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact 

fruit with mesocarp (M) for the Pilot miro tree (Waitakere; 2008−2009); annotations are as per Figure 5.5.  
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Figure 5-8: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with mesocarp (M) for the Hole 

miro tree (Hunua; 2008−2009); annotations are as per Figure 5.5.  
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Figure 5-9: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact fruit with mesocarp (M) for the Steep 

miro tree (Hunua; 2008−2009); annotations are as per Figure 5.5.  
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Figure 5-10: Length of actively dispersed depulped seeds (D) and seeds from passively dispersed intact 

fruit with mesocarp (M) for the Middle miro tree (Hunua; 2008−2009); annotations are as per Figure 5.5.  

  

5.3 Endosperm quality and seed soundness 

5.3.1 Endosperm quality 

It was important to determine if the flotation test was a proxy for soundness (via the link between floating 

and poor quality endosperm) in puriri and miro, for both actively dispersed depulped seeds and intact fruit 

that had mesocarp in situ. In other words: did the propagules that sank have significantly superior 

endosperm integrity or health than those that floated?  

Healthy endosperm in both tree species was white, moist, and ‘glistening’; defective endosperm was 

friable, discoloured (dark brown or green), dehydrated, or had large cavities. For both puriri and miro, 

depulped seeds and intact fruit with mesocarp in situ that sank had higher proportions of healthy seed 

endosperm than depulped seeds or intact fruit that floated, for both puriri and miro (Table 5.5; Appendix 

8.12). 
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Table 5-5: % of healthy endosperm (n seeds or fruit) in intact fruit with mesocarp in situ and actively 

dispersed depulped (ADD) seeds which either sank or floated (2008−2009). 

Tree & propagule type  % Healthy endosperm in 

propagules that sank  

(n seeds or fruit) 

% Healthy endosperm in 

propagules that floated  

(n seeds or fruit)    

Intact puriri with mesocarp 98 (37) 13 (23) 

ADD puriri 75.4 (61) 0 (5) 

Intact miro with mesocarp 92.4 (158) None floated 

ADD miro 85.1 (107) 4.8 (21) 

 

Table 5.5 suggests that intact puriri seeds with mesocarp are more likely to float purely by virtue of the 

presence of mesocarp rather than quality of endosperm, and was confirmed using a 2 × 2 Chi-squared test 

on seed numbers (χ
2 

= 18.45, χ
2

crit
 
= 3.84, DF = 1, p << 0.001). This was further corroborated when it was 

found that all seeds from floating intact puriri fruit sank after removal of mesocarp by hand, but the 

detached mesocarp still floated (Appendix 8.12). For miro, using the same statistical test, the effect was in 

the opposite direction, with the presence of mesocarp causing seeds to be more likely to sink (χ
2 

= 22.06, 

χ
2

crit
 
= 3.84, p << 0.001). It thus appears that it is only possible to compare soundness within seed-type for 

both species i.e. depulped vs. depulped or intact fruit vs. intact fruit. It was not possible to say that fleshy 

miro fruit which sank had superior endosperm compared with fruit that floated, because no fleshy fruit 

actually floated.  

Chi-squared tests were conducted to test whether kereru selected seeds that differed in endosperm 

quality (i.e. healthy vs. poor endosperm): for puriri, 46 depulped seeds had healthy endosperm and 20 did 

not, while 36 fleshy were healthy and 24 were not, which was not significant (χ
2 

= 1.26, χ
2
crit

 
= 3.84, p ≥ 

0.05; Table 5.5). However, for miro, 91 depulped seeds had healthy endosperm and 37 did not, while 146 

fleshy were sound and 12 were not, which shows a significantly lower proportion of depulped seeds with 

healthy endosperm (χ
2 

= 21.27, χ
2

crit
 
= 3.84, p << 0.001; Table 5.5) i.e. kereru selected less-healthy miro 

seeds. For all of these tests, |O − E| ≤ E, so χ
2 

tests were used in preference to G tests. 

 
5.3.2 Seed soundness  

Since the flotation test was shown to be reasonably accurate in puriri and miro (Table 5.5), flotation was 

used to compare ‘soundness’ within seed types, between regions and species (every seed collected in 

2008−2009 was tested; Table 5.6; Appendix 8.12).  
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Table 5-6: % of sound (i.e. sank) actively dispersed depulped seeds and seeds from intact fruit with 

mesocarp in situ ± SE (n seeds or fruit that sank) in regions.  

Region and tree species  

(n trees)  

% of sound actively 

dispersed depulped seeds  

% of sound intact fruit with 

mesocarp in situ  

Wenderholm puriri (3) 81.2 ± 5.7 (308) 68.1 ± 5.7 (143) 

Waitakere puriri (3) 90.5 ± 9.4 (131) 65.8 ± 8.4 (152) 

Waitakere miro (3) 95.8 ± 2.3 (150) 100 (93) 

Hunua miro (3) 98.5 ± 1.1 (701) 100 (236) 

 

I used generalized linear modeling (GLM), assuming Gaussian error distributions, to compare soundness 

within (i.e. not between) either seed-type (the response variables) between each species, region, and the 

interaction. There were no significant differences in soundness for actively dispersed depulped seeds in all 

comparisons (SS = 0.205, MS = 0.068, F3, 8 = 1.793, Fcrit = 4.066, p = 0.226, with arc sine square root 

transformation); however, there were significant differences for intact fruit with mesocarp (SS = 0.293, 

MS = 0.098, F3, 8 = 8.011, Fcrit = 4.066, p = 0.009, with arc sine square root transformation) with HM > 

WeP at p << 0.001, using Bonferroni criterion for significance (see Table 5.6). However, it was not 

possible to determine if intact miro fruit that floated had lower endosperm quality than those that sank, 

since none actually floated (Section 5.3.1).  

 
5.4 Seed predation by mammals   

I used a quasi-binomial (to decrease the influence of possible ‘over-dispersion’) GLM to analyze seed 

predation (the response variable) for puriri and miro, with trees as replicates, and both seed types in the 

analysis. Miro showed a site effect only (p = 0.000615, DF = 1 & 10, deviance = 198.430, χ
2

crit = 18.307), 

whereas puriri showed differences between sites (p = 8.383 × 10
-7

, DF = 1 & 10, deviance = 5.5788, χ
2

crit 

= 18.307) and between actively dispersed depulped vs. intact fruit with mesocarp (p = 7.760 × 10
-7

, DF = 

1 & 9, deviance = 5.6130, χ
2

crit = 16.919; Table 5.7). Note that mean predation levels at sites may be over-

estimated since measurements were not made in traps more distant from trees where predation levels may 

have been lower (Section 3.3.7).   

There were no mammal-damaged puriri seeds in traps in any region across both seasons, but many 

actively dispersed depulped miro seeds in the Waitakere seed traps were chewed, and most miro seeds in 

seed-banks under Waitakere miro trees were damaged (i.e. holes gnawed in the end or side) 
11

. 

 

 

 

 

 

                                                 
11 There were very few instances of insect-damage to the mesocarp of trapped intact miro and puriri fruit.  
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Table 5-7: % removal of actively dispersed depulped seeds and intact fruit with mesocarp (n = 40 of each 

seed type per tree) offered in traps under trees for one month in regions at peak fruiting (2008−2009) 
12

.  

 

 

5.5 Local regeneration, seedling escape, and active dispersal of five native ‘fleshy’ large-fruited tree 
species at Waitakere, Hunua, and Wenderholm 

5.5.1 Local regeneration and seedling escape of five species  

Miro, puriri, Beilschmiedia tarairi (taraire), B. tawa (tawa), and Corynocarpus laevigatus (karaka) 

appeared able to regenerate locally if fruits were not actively dispersed, since 23 to 97% of these trees had 

seedlings of their own species under their own canopies (Table 5.8). It was assumed that at least some of 

the conspecific seedlings originated from the same tree since the overwhelming majority of actively 

dispersed depulped seeds in traps at puriri or miro study trees were of the focal species. Female miro trees 

occurred at lower frequencies compared with species such as puriri, and only 20 individuals were located 

across all regions (see Appendix 8.9 for regional data). 

Puriri and taraire seedlings were ubiquitous, with tawa seedlings encountered less often (especially in 

Wenderholm), and never under karaka trees. Karaka seedlings occurred frequently, but were never found 

below female miro trees (and vice-versa; Table 5.8), and were not observed in Hunua. Notably, miro 

seedlings were not found under puriri trees in Waitakere and Wenderholm, or under karaka trees in 

Wenderholm. Tawa seedlings commonly grew under female miro trees, and taraire seedlings commonly 

grew under puriri trees, except at Waitakere where taraire seedling frequencies were low. No karaka trees 

were observed in Hunua or Waitakere, no taraire trees in Waitakere, and no miro trees at Wenderholm.  

 

Table 5-8: Number (& Observed minus Expected values i.e. O − E) of native ‘fleshy’ large-fruited tree 

species that had the specified seedlings under their canopies, in Waitakere, Wenderholm, and Hunua 

(2007−2009; female miro trees were less frequent than other tree species).  

Tree species  

(n trees) 

puriri  

seedling 

miro  

seedling 

taraire  

seedling 

tawa  

seedling 

karaka  

seedling 

puriri (32) 23  0 (-6)  19 (+13)  2 (-4) 3 (-6) 

♀ miro (20) 6 (1) 11  7 (2) 8 (+3) 0 (-5) 

taraire (33) 6 (-4) 1 (-9) 15  1 (-9) 31 (+21) 

tawa (30) 3 (-3) 4 (-2) 14 (+8) 7  2 (-4) 

karaka (32) 11 (+6) 0 (-5) 8 (+3) 0 (-5) 31  

 

                                                 
12 Mammal control has been ongoing at Wenderholm and Hunua, but not at Waitakere, except at Cascade. 

Region and tree 

species (n trees) 

% Removal of actively dispersed 

depulped seeds 

% Removal of  

seeds with mesocarp 

Wenderholm puriri (3) 0  0  

Waitakere puriri (3) 3.3 ± 1.7 0  

Waitakere miro (3) 56.7 ± 24.6 40 ± 30.6 

Hunua miro (3) 0  0  
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Chi squared
 
tests were conducted for each tree species on the number of trees having the specified 

seedlings, excluding ‘under self’ category, because these trees were naturally expected to have 

disproportionately higher numbers of conspecific seedlings (Table 5.8) 
13

. The expected number of trees 

was equal to the mean number of trees which would, on equal probability, have had any other seedling 

species, and were 5 for miro and karaka, 6 for puriri and tawa, and 10 for taraire. For example, the 

expected mean number of puriri trees having any specified seedling (except its own) was (0 + 19 + 2 +3) ÷ 

4 = 6.  

χ
2
 values (χ

2
crit

 
= 7.81, DF = 3) were 38.33 for puriri (p << 0.001), 7.80 for miro (p = 0.05033), 61.90 

for taraire (p << 0.001, G = 54.81), 15.50 for tawa (p = 0.014, G = 11.89), and 19.00 for karaka (p << 

0.001), meaning that observed deviations from the expected values were significant for puriri, taraire, 

tawa, and karaka, and marginally significant for miro (see O − E values in Table 5.8). G (i.e. 2 × Σ [O × ln 

(O/E)]) is equivalent to χ
2 

but is a more sensitive when |O − E| > E, except if O = zero.   

 
5.5.2 Active dispersal of the five species under miro and puriri trees  

Depulped seeds of karaka, puriri, taraire, and tawa were actively deposited at puriri trees (the ‘attractor’ or 

perch tree; Verdu & Garcia-Fayos 1998) in Waitakere and Wenderholm, but miro seeds were dispersed at 

puriri trees only in Waitakere (no miro seedlings were found under puriri trees; Tables 5.8 & 5.9). 

In Waitakere, depulped puriri and miro seeds were the only species found at female miro trees, 

despite 25% of female miro trees also having tawa seedlings under their canopies (Appendix 8.9). In 

Hunua, karaka, miro, puriri, taraire, and tawa seeds were all deposited at female miro trees, even though 

no karaka seedlings were detected there (Tables 5.8 & 5.9; Appendices 8.6 & 8.9). Depulped 

Rhopalostylis sapida (nikau, Palmae) seeds were ubiquitous in traps.  

 

Table 5-9: Mean number ± SE (n = 3) of depulped seeds of other native ‘fleshy’ large-fruited tree species 

actively deposited in sampling areas at puriri and female miro ‘attractors’ in 2007−2008 and 2008−2009; 

numbers are corrected for sampling area size. 

 Region & tree species  miro puriri taraire tawa karaka 

2
0

0
7

−
2

0
0

8
 Waitakere puriri (WP)  75 ± 14 – 11 ± 11 11 ± 5 5 ± 5 

Wenderholm puriri (WeP) 0 – 48 ± 24 0 27 ± 11 

Waitakere miro (WM) – 16 ± 9 0 0 0 

Hunua miro (HM) – 16 ± 9 27 ± 19 43 ± 28 5 ± 5 

2
0

0
8

−
2

0
0

9
 Waitakere puriri  107 ± 46 – 21 ± 5 32 ± 24 27 ± 27 

Wenderholm puriri  0 – 53 ± 46 5 ± 5 128 ± 81 

Waitakere miro  – 0 0 0 0 

Hunua miro  – 21 ± 5 160 ± 88  203 ± 113 5 ± 5 

                                                 
13 Puriri, miro, and tawa seedlings occurred at c. 1-30 seedlings under tree canopies, taraire at c. 1-110, and karaka at c. 1-1000 across all regions 

(Appendix 8.9).  
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Repeated measure Chi squared (χ
2
)
 
tests were conducted in each season and region on the number of seeds 

in traps (Table 5.9), excluding the ‘under self’ category since traps under trees naturally were expected to 

have high numbers of their own seeds. The expected number of depulped seeds of any other species was 

equal to the mean number which would, on equal probability, have been deposited in traps.  

In season one, expected numbers were 26 (WP), 19 (WeP), 8 (WM), and 23 (HM). χ
2
 values were 

126.61 for WP (χ
2

crit
 
= 7.81, p << 0.001, DF = 3, G = 103.9), 85.63 for WeP (χ

2
crit

 
= 7.81, p << 0.001, DF 

= 3), 16.00 for WM (χ
2

crit
 
= 3.84, p << 0.001, DF = 1 due to group pooling), and 34.31 for HM (χ

2
crit

 
= 

7.81, p << 0.001, DF = 3), meaning that observed deviations from the expected values were significant in 

all regions. In season two, the expected number of seeds were 47 (WP), 47 (WeP), and 97 (HM). χ
2
 values 

were 104.28 for WP (χ
2

crit
 
= 7.81, p << 0.001, DF = 3, G = 87.8), 224.90 for WeP (χ

2
crit

 
= 7.81, p << 

0.001, DF = 3), and 303.57 for HM (χ
2

crit
 
= 7.81, p << 0.001, DF = 3, G = 366), meaning that observed 

deviations from the expected values were significant in these regions. There were no depulped seeds of 

other species at WM, leaving nothing to test there. 

  
5.6 Active dispersal under six native tree species at Pelorus Bridge, Marlborough 

I collated and analysed unpublished data 
14

 from Pelorus Bridge Scenic Reserve (41° 18' S, 173° 35' E), 

Marlborough, New Zealand (Figure 5.11). The Reserve comprises mature lowland forest (Plate 5.1) with 

large Prumnopitys taxifolia (matai; Podocarpaceae), Dacrydium dacrydioides (kahikatea; Podocarpaceae; 

Plate 5.2), Dacrydium cupressinum (rimu; Podocarpaceae), Podocarpus totara (totara; Podocarpaceae), 

and miro trees, as well as Red, Silver, Black and Hard Beech (Nothofagus species; Fagaceae) trees. The 

under-storey includes Weinmannia racemosa (kamahi; Cunoniaceae), tawa (Plate 5.2), Pseudopanax 

crassifolius (Lancewood; Araliaceae), Elaeocarpus dentatus (hinau; Elaeocarpaceae), and Hedycarya 

arborea (Pigeonwood; Monimiaceae) trees, with many ferns, epiphytes, mosses, lichens, and liverworts. 

Seeds from single tawa, kahikatea, hinau, matai, rimu, and female miro trees were collected across 

five seasons (1986−1990) in 10 traps, each 0.28 m
2 

in area, under each individual, except for rimu, which 

had five traps. Seeds were divided into those that had ‘passed through a bird’ (i.e. actively dispersed 

depulped seeds) and intact fruit with mesocarp that fell passively.  

 

 

 

 

 

                                                 
14 With permission of Prof. Mick Clout, Schools of Biological Sciences and Environment, The University of Auckland. 
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Figure 5-11: Maps of New Zealand showing the Marlborough region (left; blackened area) and Pelorus 

Bridge Scenic Reserve (right; from ‘Visitor Information’, © Department of Conservation, Nelson/ 

Marlborough Conservancy, October 2010). 

 

 

Plate 5-1: Lowland podocarp forest at Pelorus Bridge, Marlborough (auntyre1 at ‘flickr ® from Yahoo!’ 

© 2009). 
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Plate 5-2: Ripe tawa fruit (left; c. 30 mm long) and kahikatea arils (yellow or orange fruit) with black 

seeds (c. 4 mm diameter; Nga Manu Nature Reserve © 2007−2011). 

 

Miro seeds were actively dispersed preferentially under the female miro tree and to a lesser degree under 

the hinau tree across the five seasons (χ
2 

for the miro seeds column in Table 5.10 = 71.76, G = 70.90, χ
2

crit
 

= 9.49, p << 0.001, DF = 4, across five seasons, ignoring ‘seeds under self’ category: see O − E values). 

Almost no active dispersal of tawa or hinau seeds was observed under any co-fruiting tree species (Table 

5.10). 

The rimu tree received few miro seeds and no tawa seeds, and rimu seeds occurred only in small 

numbers under the tawa and female miro trees. Kahikatea and matai were the main species dispersed 

under trees, especially under themselves and vice versa; kahikatea also had considerable dispersal under 

the hinau tree (Table 5.10). 

 

Table 5-10: Total number of seeds that passed through a bird (i.e. actively dispersed depulped seeds) in 

traps under single examples of co-fruiting trees across five seasons at Pelorus Bridge (1986−1990; Rimu 

seed numbers are extrapolated from 5 to 10 traps; O − E = Observed minus Expected Values). 

Seed species → miro (O − E) tawa kahikatea  hinau matai  rimu 

Female miro tree 242  0 135 1 109 12 

tawa tree 2 (-16) 42  458 0 123 4 

kahikatea tree 23 (+5) 3 15959  0 616 14 

hinau tree 47 (+28) 5 2655 77  34 30 

matai tree 17 (-1) 1 2899 0 1911  6 

rimu tree 3 (-15) 0 45 0 56 12  
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Of 768 tawa seeds from traps under the tawa tree, only 42 passed through a bird, and of 1290 hinau seeds 

in traps under the hinau tree, only 77 passed through a bird (χ
2 

= 1200.191, G = 1319.92, χ
2

crit
 
= 11.07; DF 

= 5, p << 0.001; bird-dispersed tawa and hinau seeds had the most negative O − E values; Table 5.11).  

χ
2
 on number of mammal-damaged seeds (last row in Table 5.11) = 560.090, χ

2
crit

 
= 11.07; DF = 5, p 

<< 0.001, meaning that observed deviations from the expected values were significant. The expected 

mean number of mammal-damaged seeds was 56 i.e. the number of any seeds which would, on equal 

probability, have been damaged.  

 

Table 5-11: Total numbers of seeds that passed through a bird (including mammal-damaged) and intact 

fruit in traps under the corresponding tree species (O − E values), resulting % of seeds that passed through 

a bird, and % of mammal-damaged actively dispersed depulped seeds (& no.), across 5 seasons at Pelorus 

Bridge.  

Tree & seed species → miro tawa kahikatea  hinau matai  rimu 

No. of seeds that passed through a bird  

(O − E) 

244  

(+34) 

42  

(-279) 

15959  

(+794) 

77 

(-462) 

1911 

(-82) 

12  

(-4) 

No. of passively dispersed intact fruit  

(O − E) 

259  

(-34) 

726  

(+279) 

20312  

(-793) 

1213  

(+462) 

2855  

(+82) 

26  

(+4) 

Resulting % that passed through a bird 
15

  49 5 44 6 40 32 

No. of mammal damaged seeds (%) 
16

 42 (17)  35 (83) 8 (0.05) 38 (49) 214 (11) 0  

 

The results, in particular for miro and tawa, are integrated in the Discussions in relation to my findings on 

seed abortion loss (Section 4.8.2.1), mammal damage of seeds (Section 5.8.3), and the influence of kereru 

densities on the percentages of actively dispersed seeds (Section 5.8.1).  

 

5.7 Summary of key results  

Kereru counts and densities were not significantly different between regions. There was a marginally 

significant correlation between kereru densities and the percentage of depulped seeds in seed shadows 

across both tree species in season one. For puriri and miro trees overall, actively dispersed depulped seeds 

were significantly longer than seeds from passively dispersed intact fruit. Removal of miro seeds and fruit 

by mammals was higher overall at Waitakere miro compared with Hunua miro; Waitakere puriri had 

higher predation than Wenderholm puriri and higher predation of intact fruit vs. depulped seeds. Actively 

dispersed depulped miro seeds had significantly lower endosperm integrity rates overall than seeds from 

passively dispersed intact miro fruit.  

                                                 
15 Percentages of depulped seeds at Pelorus Bridge (Table 5.10) are ‘in traps’ whereas results for Wenderholm, Waitakere, and Hunua (Table 5.9) 

represent those ‘in local seed shadows’ or ‘sampling areas’. 

16 Faeces from rat species and Trichosurus vulpecula (Possum) were present in traps at all tree species; 22 intact matai fruit were also mammal-damaged. 
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In the study regions, miro, puriri, karaka, taraire, and tawa trees were regenerating locally since they 

all had seedlings of their own species growing under their own canopies. Taraire seedlings were found 

most often under puriri trees, and tawa seedlings were found most often under female miro trees. There 

was an absence of tawa seedlings under karaka trees, karaka seedlings below female miro trees, and only a 

very few miro seedlings under taraire trees. Miro seedlings were consistently absent under puriri and 

karaka trees, and no taraire seeds were dispersed at female miro trees in Waitakere.  

At Pelorus Bridge, Marlborough, miro seeds were preferentially dispersed under a miro tree and to a 

lesser degree under a hinau tree, across five seasons. There was virtually no active dispersal of tawa or 

hinau seeds under their own canopies, or under any co-fruiting tree species. A rimu tree received only a 

few miro or tawa seeds, and rimu seeds occurred only in small numbers under a female miro tree and a 

tawa tree. Kahikatea and matai were the main species that were actively dispersed under trees overall. 

Damage of bird-dispersed seeds by mammals was high for tawa and low for miro. 

 

5.8 Discussion 

This section discusses the influence of Hemiphaga novaeseelandiae (kereru) on seed dispersal in 

Prumnopytis ferruginea (miro), Vitex lucens (puriri), and several other ‘fleshy’ large-fruited New Zealand 

forest canopy trees based on the results and analyses above. Chapter 7 synthesizes the field results from 

this chapter and Chapter 4 with the outcomes of the long distance seed dispersal kernel simulation model 

from Chapter 6. The main issues addressed in this section are:  

 

1. The influence of primary dispersal vector (kereru) densities on the quantity of dispersed seeds in 

miro and puriri, and whether kereru preferentially eat and disperse large viable seeds (Sections 

5.8.1 & 5.8.2). 

2. Seed predation in miro and puriri (Section 5.8.3).  

3. Whether a number of native New Zealand ‘fleshy’ large-fruited tree species are being dispersed, or 

are regenerating locally in the absence of active dispersal (Section 5.8.4).    

 

5.8.1 The influence of kereru densities on the quantity of seed dispersal in miro and puriri  

There is worldwide concern that seed vectors are becoming rare or extinct, leading to failure of seed 

dispersal (Willson 1993; Section 1.1.3.4). However, only a few studies have established that the loss of a 

single species of dispersal vector leads to failure of plants to disperse any seeds (Bond & Slingsby 1984). 

For example, the loss of Turdus viscivorus had a minor effect on dispersal up to 200 m in Prunus mahaleb 

in Spain since many smaller Passerine birds also dispersed their seeds (Jordano et al. 2006).  
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Even though kereru densities appeared much lower at Waitakere miro compared with Hunua miro 

(Table 5.2; Section 5.1) there was no statistical difference, perhaps due to the low power of the tests. 

However, there were significantly lower percentages of actively dispersed depulped miro seeds in local 

seed shadows at Waitakere in both seasons (Season 1: WM = c. 31% of 2362 seeds, HM = c. 58% of 7169 

seeds; Season 2: WM = c. 45% of 1715 seeds, HM = c. 60% of 9960 seeds; Section 4.2.2; Figure 4.7; 

Table 4.8), but this was only marginally correlated with kereru densities in one season (Section 5.1). The 

depulped seed proportions in seed shadows were independent of total seed production in both tree species 

(Sections 4.2.2 & 4.2.3). 

However, a lack of dispersal vectors can significantly decrease the total percentage of dispersed 

seeds: for example, active dispersal of Commiphora seeds in South Africa was significantly higher than in 

Madagascar (c. 71 vs. 8%) because there was a lack of effective dispersers that swallowed seeds in 

Madagascar (Bleher & Bohning-Gaese 2006). When birds that dispersed Leptonychia usambarensis in 

Tanzania forest were rare or absent (such as occurs in forest fragments), fewer seeds were removed from 

trees and fewer seedlings occurred greater than 10 m from each tree, with more seedlings aggregated 

under parents (Cordeiro & Howe 2003).  

 For puriri, kereru densities were not significantly different between Wenderholm and Waitakere, and 

the percentages of actively dispersed depulped seeds in the seed shadows were equal between regions in 

both seasons (Figure 4.11; Sections 4.2.3 & 5.1).  

In other New Zealand studies, 44% of 461 miro seeds in traps under a miro tree at Pelorus Bridge 

were actively dispersed across five seasons (Table 5.11), and at Blue Duck Scientific Reserve, Kaikoura, 

c. 50% of tawa seeds under parent canopies had passed through a bird across nine seasons (Kelly et al. 

2010). In contrast, the percentage of actively dispersed miro seeds was lower at Pureora Forest, New 

Zealand, where 30 to 34% of 1383 miro seeds that fell into traps under a miro tree had the pulp removed, 

44% had mesocarp, and 22 to 26% were gnawed or eaten (Beveridge 1964). However, much higher 

percentages of actively dispersed depulped seeds can occur: for example, 85% of the total seed production 

passed through a kereru at one miro tree at Pelorus Bridge, Marlborough (Clout & Hay 1989), and in 

Spain, c. 69 to 87% of seeds in two Prunus mahaleb trees were dispersed by four bird species (Herrera & 

Jordano 1981). 

The percentage of actively dispersed seeds may also vary between tree species within the same site, 

due to selective dispersal. For example, only 6% of 1290 Elaeocarpus dentatus (hinau) seeds and 5% of 

768 tawa seeds in traps ‘passed through a bird’ across five seasons at Pelorus Bridge, yet 44% of 36271 

Dacrydium dacrydioides (kahikatea) seeds and 49% of 503 miro seeds, each under their own canopy, 

passed through a bird at the same region (Table 5.11). Despite low breeding success of kereru at Pelorus 
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Bridge over the same period (Clout et al. 1995), miro fruit were adequately dispersed but tawa were not, 

with both species fruiting largely at the same time.  

Semi-loge transformation showed that the local portions of the actively dispersed depulped miro seed 

shadows were steeper at Waitakere than at Hunua, but there was no statistical difference for puriri 

(Section 4.2.5). However, Miro seed shadows did not vary when actively dispersed depulped seed 

production increased, supporting Johnson (1988) who stated that slope parameters are independent of seed 

abundance (Section 4.2.5). Note that there is not always a positive correlation between seed shadow length 

and mean dispersal distance: for example, Nathan (2001) and Clark et al. (1998) state that long-tailed seed 

distributions can have short mean dispersal distances since the mean and the tail of the distribution can 

vary independently. Across all regions and both tree species, only seed traps at Hunua miro (in the second 

season) received significantly more actively dispersed depulped seeds, despite there also being high kereru 

densities at Wenderholm puriri (Section 5.1). Such disparity between Hunua and Wenderholm may have 

been due to differences in kereru feeding behaviour, total fruit production, or the shorter gut passage time 

of miro seeds, but was not due to predation since removal of fruit and depulped seeds was zero at both 

regions (Section 5.4).  

No bird species, apart from kereru, appeared to disperse miro or puriri seeds at my study sites, as 

reflected in the lower percentages of dispersed seeds in local seed shadows when kereru densities were 

low (Section 5.1). Two birds proposed to function as the vector when kereru are absent or decreased in 

number were either never observed ingesting fruit (Prosthemandera novaeseelandiae, tui), or were not 

observed at all (Turdus merula, Blackbird) in the study regions. Clout & Tilley (Unpub. data 1992) 

reported no observations of tui dispersing miro seeds, but Beveridge (1964) and Clout & Hay (1989) 

reported that Blackbirds may disperse miro seeds, and Kelly et al. (2010) recorded that tui have been 

observed feeding on puriri and miro trees, and Blackbirds on miro trees. Williams (2006) reported that 

Blackbirds deposit most seeds within 50 m, but some may be dispersed a ‘kilometre or more’ (page 285). 

  

5.8.2 Dispersal efficiency of kereru 

5.8.2.1 Fruit size preference  

Non-random removal of fruits by animal frugivores can affect plant fitness if it changes the probability of 

recruitment (Wheelwright 1993). Actively dispersed depulped seeds were significantly longer than seeds 

from passively dispersed intact fruit for two of the individual Wenderholm puriri trees and across all puriri 

trees, and for three of the individual miro trees and across all miro trees (Sections 5.2.3 & 5.2.4); one 

individual miro tree showed the opposite effect, with seeds from intact fruit being significantly longer than 
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actively dispersed depulped seeds (Appendix 8.11) 
17

. Since seed size indicates fruit size, kereru were thus 

selecting larger fruit in both puriri and miro. 

Actively dispersed depulped seeds across all puriri and miro were 1.0 mm and c. 0.1 mm longer than 

seeds from intact fruit, respectively, which represented an increase in fruit mesocarp size of c. 6 and c. 

0.7% respectively (using Figures 5.3 & 5.4). Although these differences in seed and fruit size appear 

small, and may not be biologically significant, the relative difference in reward for kereru may be 

disproportionate, especially for puriri. Wheelwright (1993) reported that net pulp increased significantly 

with fruit diameter, and a 6% increase in fruit diameter resulted in an 18% increase in fruit mass. Wotton 

& Ladley (2008) showed no overall consistent pattern in fruit size preference by the New Zealand Pigeon, 

but did demonstrate significant differences in seed length in tawa (dispersed = 1.7 mm longer) and karaka 

(undispersed = 1.5 mm longer). Further trials to determine nutritional quality would be helpful in 

determining the benefits to kereru of dispersal of larger fruit in puriri and miro.  

There may be advantages for germination of, or seedling growth from, puriri and miro seeds which 

are dispersed preferentially by kereru (i.e. actively dispersed depulped seeds) since they are larger than 

seeds from intact passively dispersed fruit (see Figure 2.2 on page 34 in Leishman et al. 2000 which has 

the Smith-Fretwell function showing the seed mass which confers the optimal chance of a seedling 

establishing and surviving). These advantages would be realised when seeds are actively dispersed to 

suitable microsites. Moles & Westoby (2004) stated that large-seeded species have a survival advantage 

over small-seeded species during seedling establishment. In Panama, high initial seed mass in Virola 

surinamensis produced bigger shoot mass (Howe & Richter 1982), and seed mass was positively 

correlated with seedling emergence success from the seed bank and with seedling survival through to the 

end of the first dry season in Cecropia, Piper, Ficus, and Zanthoxylum species (Dalling & Hubbell 2002). 

Rates of germination of actively dispersed Astrocaryum mexicanum palm seeds in Belize were five times 

greater than passively dispersed seeds, even in the face of increased predation (Klinger & Rejmanek 

2010). Wotton (2007) found that large tawa seeds produced large seedlings, but that tawa seedlings 

derived from small seeds did not compensate for the initial disadvantage of small seed size with higher 

relative growth rates. However, Wotton (2007) found seed mass for tawa had no significant effect on 

germination or on survival to one year. 

Kereru are the only native dispersers of fruit with a minimum dimension greater than 15 mm, but tui 

are able to consume fruit up to 15 mm (Kelly et al. 2010) and would have been able to consume fruit 

across my study sites, since c. 55% of samples of intact puriri fruit had lengths less than 15 mm, and 

100% of intact miro fruit had widths less than 15 mm (Sections 5.2.3 & 5.2.4). Similarly, Kelly et al. 

                                                 
17 Nevertheless, these depulped seeds were still large, and were equal to the mean length for the region. 



Chapter 5 

 133 

(2010) reported that c. 97% of miro fruit were less than 15 mm in width, and that 55% of puriri fruit (and 

30 to 70% of tawa fruit at two locations) had small enough widths to have allowed whole consumption by 

tui. Length of fruit mesocarp was employed for puriri in my analyses since their fruits were usually wider 

than they were long. 

 

5.8.2.2 Soundness of actively vs. passively dispersed seeds  

Sound seeds (i.e. those which sank in flotation trials) are expected to have high germination success 

(Dreyer et al. 1987). Studies have shown that birds can select viable fruits. For example, birds selectively 

ate Cornus controversa fruit in Japan that contained viable seeds (Masaki 1994). However, in my study, a 

significantly lower proportion of actively dispersed depulped miro seeds had healthy endosperm compared 

with seeds from intact fruit: kereru unexpectedly therefore selected fruit with less-healthy miro seeds. 

There were no significant differences in soundness between actively dispersed depulped seeds in all 

comparisons; but there were significant differences between seeds from intact fruit with mesocarp, with 

Hunua miro being ‘sounder’ than puriri at Wenderholm. However, it was not possible to determine if 

intact miro fruit that floated had lower endosperm quality than those that sank, since none floated (Section 

5.3).  

The results of the germination trial (Appendix 8.20), when available, will elucidate whether intact 

miro fruit do in fact have a germination advantage over actively dispersed depulped miro seeds, or 

whether intact miro fruit have an advantage over intact puriri fruit. Wotton & Kelly (2011) found that 

kereru-defecated taraire seeds germinated faster than seeds in whole fruits.  

 

5.8.3 Seed predation by mammals in puriri and miro 

Increases in seed predator numbers disrupt seed shadows and cause a decline of active dispersal vectors 

(Moran et al. 2006). Removal of seeds from traps by mammals at peak fruiting was higher for both seed-

types at Waitakere miro, where there is much less predator control than at Hunua miro (Ark in the Park 

2010; Section 5.4; Appendix 8.13). Removal of depulped seeds at Waitakere puriri was greater than 

removal of intact fruit at the same region, and greater than removal rates at Wenderholm.  

In contrast, Wotton & Kelly (2011) found that seed predation was significantly higher for whole fruits 

than hand-cleaned seeds of Beilschmiedia tarairi (taraire) and Corynocarpus laevigatus (karaka), and 

Moles & Drake (1999) showed that the presence of flesh on large-fruited New Zealand seeds significantly 

increased propagule removal rates in three tree species, tested with and without ‘flesh’. Beveridge (1964) 

reported that rodents actually discarded the ripe pulp of miro seeds before gnawing the seed, but Williams 
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et al. (2000) showed that captive possums ate the flesh of miro, a species they are not fond of in the wild, 

but discarded seeds.   

Moles & Drake (1999) reported removal rates of depulped seeds in large-fruited New Zealand tree 

species that ranged from 3.8 to 23.8%, with a mean of 9.8%. This contrasts with removal rates in my 

research of zero for any seed type at Hunua miro and Wenderholm puriri, but c. 57% of actively dispersed 

depulped seeds at Waitakere miro (Section 5.4; Appendix 8.13). High removal rates at Waitakere miro can 

be accounted for by high densities of mammals, since more seeds are destroyed or removed when predator 

abundance is high (DeMattia et al. 2004), or by environmental factors, because predation can vary 

significantly amongst microhabitats (Garcia 2001). For example, fewer seeds were destroyed when small-

rodent abundance was low in neotropical communities in Panama (DeMattia et al. 2004); predation losses 

were very high (10 to 20% day
-1

) for old-field biennial plants in the USA with high rodent numbers 

(Mittelbach & Gross 1984); but post-dispersal seed predation of Juniperus communis by rodents affected 

fewer than 10% of dispersed seeds in Spain (Garcia 2001).  

Other New Zealand predation data is presented as % of damaged seeds. For example, 22 to 26% of 

1383 seeds that fell into traps under a miro tree in Pureora Forest, New Zealand, were gnawed or eaten 

(Beveridge 1964); and of 244 depulped miro seeds in traps under a miro tree across five seasons at Pelorus 

Bridge, Marlborough, c. 17% were mammal damaged (Unpub. data: M. N. Clout 1986−1990; analysis by 

A. Pegman). 

Although rat feces were present at most miro trees in my study, chewed actively dispersed depulped 

seeds were most often encountered at Waitakere miro, in seed traps and within the soil seed bank, which is 

consistent with the seed removal rates recorded above (Pers. observ.). In contrast, no chewed puriri seeds 

were encountered in traps at any puriri tree in both regions across both seasons, and puriri seed banks 

were almost non-existent, except for moderate numbers of depulped Rhopalostylis sapida seeds (nikau, 

Palmae; Pers. observ.). The lack of puriri seeds is consistent with seed banks both in New Zealand and 

overseas, where there can be little similarity in species composition between the soil seed bank and the 

extant forest vegetation (Sem & Enright 1995, 1996; Salazar et al. 2011). The lack of similarity can occur 

more often for large-seeded species, since some studies have found that the seed mass of species with 

transient seeds is significantly higher than that of species with persistent seeds (Moles et al. 2000). For 

example, the large-seeded tawa usually has no seed bank since the seeds have no dormancy mechanisms, 

and viability decreases with time as a result of seed desiccation (Knowles & Beveridge 1982; West 1995). 

However, puriri and miro both have large seeds, but have extended dormancy due to heavy defences via 

thick endocarps (Kelly et al. 2010). 
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5.8.4 Regeneration and seed dispersal in five native ‘fleshy’ large-fruited tree species 

There is concern about whether New Zealand trees with large fruit will continue to establish locally from 

whole fruits if seeds are not actively dispersed (Kelly et al. 2010). I found that that five native ‘fleshy’ 

large-fruited tree species (karaka, miro, puriri, taraire, and tawa), dispersed predominantly by kereru, 

would be able to regenerate locally if fruits were not actively dispersed, since 23 to 97% of these tree 

species had seedlings of their own species growing under their canopies (Section 5.5.1; Table 5.8). In 

contrast, some studies have shown zero seedling recruitment under large-fruited conspecific tree species, 

for example Olea europaea in Spain (Rey & Alcantara 2000).      

Taraire seedlings were found more often under puriri trees than under taraire trees, and tawa seedlings 

were found more often under female miro trees than under tawa trees. Variation in factors such as escape 

effects, vector perching time, foraging time, gut passage time of seeds, or selection of ‘roost’ or ‘attractor’ 

trees by kereru may explain these associations. For example, tawa had a mean gut passage time which was 

twice that of puriri (181−254 min. vs. 92−122 min.; Wotton 2007), which means that tawa seeds are more 

likely to be deposited away from tawa trees than puriri seeds are likely to be deposited away from puriri 

trees. Bell (1996) showed that kereru were least likely to depart soon after feeding on puriri compared 

with Rhopalostylis sapida (nikau) and Dacrydium dacrydioides (kahikatea), which also helps to explain 

why many puriri trees (c. 72%) had puriri seedlings under their own canopies in my research (Table 5.8). 

Preferential patterns of seedling growth have also been seen in other studies: for example, miro seedlings 

were commonly found under tawa trees at Pureora forest because depulped miro seeds were ‘dropped 

continually by pigeons feeding in fruiting trees’ (Beveridge 1964), and in the Balearic Islands, Spain, 

Rhamnus seedlings were preferentially found under Oaks in forests (Traveset et al. 2003).  

Dispersal of taraire is expected to fail in the absence of kereru, its keystone dispersal agent, since 

taraire fruit are never small enough to be consumed by alternative smaller avian dispersers, which all have 

smaller gape-widths than kereru (see Figure 1 on page 69 in Kelly et al. 2010). However, taraire seedlings 

were present under all five large-fruited tree species across all regions. Nevertheless, in Waitakere, where 

kereru numbers were low, taraire seedlings occurred under only a few trees, and depulped taraire seeds 

were found only in low numbers in seed traps under puriri trees and not at all under female miro trees 

(Tables 5.8 & 5.9; Appendices 8.6 & 8.9). This result is in concordance with Kelly et al. (2010), who 

stated that taraire is the native species most dependent on kereru for dispersal because it has the largest 

fruits.    

Some species of seedlings were not observed growing under certain tree species (Section 5.5.1). The 

absence of tawa seedlings under karaka trees, karaka seedlings (and seeds in Waitakere) below female 

miro trees, and a shortage of miro seedlings under taraire trees and karaka trees can be explained by the 
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lack of actual physical association of these tree species, since tawa trees occurred mainly at Hunua where 

no karaka tree was recorded, karaka trees occurred almost exclusively at Wenderholm where there was 

possibly only one female miro tree, and taraire and karaka trees were rare in areas where female miro trees 

occurred.  

Miro seedlings were notably absent under puriri trees, both at Waitakere and Wenderholm. The 

absence of miro seedlings (and seeds) under Wenderholm puriri trees can be explained by the physical 

absence of associated female miro trees in the region. However, many depulped miro seeds were 

deposited under Waitakere puriri trees (Section 5.5.2) and the absence of miro seedlings there could 

suggest a lack of suitable microsites for germination and/or establishment. For example, areas with high 

tree basal areas have lower light incidence resulting in lower podocarp seedling numbers (Norton 1991). 

Miro seeds also have thick endocarps (but not low ‘soundness’ levels; Section 5.3) that cause restricted or 

delayed germination, which could also help to explain the current lack of seedlings (Kelly et al. 2010). 

Beveridge (1964) stated that defecated miro seeds are often carried away from the natal tree, and 

deposited beneath other tree species, where miro regeneration typically occurs. However, I observed 

distant regeneration of miro only occasionally under tawa and taraire trees, but not under puriri or karaka 

trees at all. Miro trees still exhibited good local regeneration, with miro seedlings being present under c. 

55% of female miro trees across all regions (Table 5.8). Seed sowing trials of miro in various parts of the 

puriri seed shadow could help elucidate these results further. 

In contrast, fresh tawa seeds have high viability and rapid establishment, especially in moist habitats, 

and seedlings commonly develop to advanced stages beneath closed canopies (Smale & Kimberly 1983; 

Knowles & Beveridge 1982). Tawa seedlings were present under female miro trees at Waitakere, but no 

actively dispersed depulped tawa seeds were found in seed traps there. However, since tawa seedlings 

were found under only three of twelve female miro trees at Waitakere (Appendix 8.9), and since the 

trapping area represented only c. 6% of the sampling area, this result, although unusual, may be within the 

margin of experimental error. Other studies have in fact shown a lack of active dispersal for tawa. For 

example, of 768 tawa seeds which were found in traps under a tawa tree across five seasons at Pelorus 

Bridge, Marlborough, only c. 5% had passed through a bird, and only nine actively dispersed tawa seeds 

in total were found under five other nearby co-fruiting tree species during that time (Tables 5.10 & 5.11).   

Large focal deposits, or clumps, of depulped miro seeds were found on various transects under female 

miro trees in Hunua and Waitakere, and large clumps of depulped puriri and karaka seeds were found 

under puriri trees in Wenderholm (Wenderholm puriri seed shadows were also longer in the second season 

due to distant ‘contagious peaks’ of actively dispersed puriri seeds; Section 4.2.3). These clumps occurred 

under branches where kereru perched, digested fruit, and deposited seeds between foraging or flight 
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movements. Johnson (2001) reported that kereru utilized Weinmannia racemosa (kamahi) perch trees in 

the Catlins, New Zealand, but mean seed density of miro was still higher under miro trees. Norton (1991) 

found that significantly more miro seedlings and saplings occurred under angiosperm trees, especially 

Kamahi, than under podocarp trees at Mananui, New Zealand 
18

.  

Further evidence of perching behaviour, in my study, included seedling ‘clumping’, but only at 

Wenderholm: taraire seedlings occurred in large clumps under taraire and puriri trees, and puriri seedlings 

occurred in smaller clumps under puriri and karaka trees. There were also very large clumps of karaka 

seedlings under some puriri trees. These results are in concordance with seedling frequencies recorded 

under tree canopies at Wenderholm, where puriri seedlings occurred at c. 1−30, taraire at c. 1−110, and 

karaka at c. 1−1000 per tree (see Footnote 13, page 124; Appendix 8.9). 

 

                                                 
18 The large size and typically open growth form, with large branches high in the canopy, make Kamahi a suitable perching tree. 
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6 Reconstruction of kereru-mediated long distance seed dispersal in Prumnopytis ferruginea (miro) 
and Vitex lucens (puriri) in northern New Zealand forests using a semi-mechanistic spatially 

explicit individual-based in silico simulation model 

 
6.1 Introduction, purpose, and questions  

Long distance seed dispersal (LDD) is important in maintaining ‘connectivity’ of fragmented forests and 

diversity of communities (Nathan 2005), and can be inferred via inverse phenomenological models or 

methods that link dispersed individuals with the parent (e.g. use of genetic markers with recapture of 

propagules), or methods that use a combination of frugivore flight-distances and gut passage times of 

seeds to estimate dispersal distances. However, these measurements are not easy to obtain, and the results 

are difficult to generalise to different landscapes and across spatial scales (Levey et al. 2008; Hartig et al. 

2011). Instead, abstract (or ‘less-site-specific’) models, using empirical data with varying parameters, can 

be used to predict the long distance component of seed dispersal in systems under different distributions 

and conditions. Such models have shown that LDD is critical to recruitment patterns and community 

diversity (Clobert et al. 2001; Bullock et al. 2002; Levey et al. 2002; Levin et al. 2003; Tews et al. 2003; 

Skarpaas et al. 2004).  

I developed a spatially-explicit (i.e. each entity of interest had a spatial location) individual-based 

stochastic event-driven simulation model of LDD in NetLogo (Wilensky 1999). The purpose of the model 

was to evaluate spatial patterns and densities of seeds dispersed by kereru within simulated landscapes 

when either the densities of frugivores were altered or the aggregation of trees was changed, such as might 

happen with ‘bird-declines’ or isolation of trees in forest fragments. This is important because: (i) 

frugivore density will affect seed dispersal because fruit distribution and abundance will change as fruit 

ripen and animals track and consume them (Morales & Carlo 2006; Plate 6.1), (ii) plants are susceptible to 

dispersal failure when their seed vectors become rare or extinct (Herrera 1984; Willson 1993; Sekercioglu 

et al. 2004; Section 1.1.3.4), and (iii) changes in the spatial aggregation of plants can change dispersal 

kernels because spatial patterns will feed back into the characteristics of seed dispersal kernels via their 

effects on frugivore movements (Morales and Carlo 2006). 

The model is inspired by those described by Morales & Carlo (2006) and Will & Tackenberg (2008), 

and represents Hemiphaga novaeseelandiae (kereru) feeding on the fruit of Prumnopytis ferruginea (miro) 

or Vitex lucens (puriri) trees and dispersing seeds in simulated landscapes. The model combines 

movement and foraging rules with data describing seed gut passage time, individual tree distributions, and 

fruit production (Murray 1988; Weir & Corlett 2007), and utilizes the phenomenological models and other 

field results described in Chapters 4 & 5. 

   



Chapter 6 

 139 

The model was used to ask the following questions: 
 

1. Do changes in frugivore (kereru) density affect the seed dispersal kernel scale, shape, mass of 

seeds dispersed, or all three? Mean dispersal distance and variance set the spatial scale of dispersal, 

but kurtosis sets the shape i.e. how the probability density (or kernel) is distributed among the peak 

and tail of the whole distribution (low shape parameter equates to high kurtosis with ‘fat’ tails; 

Morales & Carlo 2006). 

2. Do changes in the spatial aggregation of fruiting trees change the seed dispersal kernel parameters, 

and if so in what ways? 

 

 

Plate 6-1: Hemiphaga novaeseelandiae (kereru) consuming ripe Beilschmiedia tarairi (taraire) fruit (Nga 

Manu Nature Reserve © 2007−2011). 

  

6.2 Model design and parameterization 

6.2.1 Individual conceptual components (i.e. how the model works) 

Time in the model was treated using an event-driven approach: this meant that a certain length of foraging 

and feeding activity was simulated for each kereru per day 
19

. Each kereru started at a randomly selected 

tree, perched and ate fruit for a time drawn from a gamma distribution with floating point alpha and 

lambda parameters (Equations 6.1 and 6.2), then selected a tree to move to, and then flew to it. Perching 

time was independent of fruit abundance, since other factors (e.g. defence, mating, or resting) also 

affected it, and did not depend on the time of day in the model. The new tree was selected on the basis of 

distance from current location × level of fruiting (Equations 6.3 & 6.4, following Morales & Carlo 2006). 

                                                 
19 See the CD-ROM attached to the thesis for the full model (kereruKernel-Roost-v413-WriteForest.nlogo), including ‘helperFunctions.nls’, 

‘tree.nls’, and ‘kereru.nls’ which contain functions used in the model and codes related to trees, forests, kereru foraging, eating, and defecation of 
seeds (NetLogo version 4.1.1 can be downloaded at http://ccl.northwestern.edu/netlogo/).  
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Once at a new tree, the bird ate a certain number of fruit based on how full its crop was using a hyperbolic 

function response (Equation 6.5, following Morales & Carlo 2006) within the limits of gut size, and the 

number of fruit eaten and the gut passage time (GPT) were recorded. GPT was assumed to be the same for 

each fruit eaten in a feeding event and was drawn from a gamma distribution with floating point alpha and 

lambda parameters (Equations 6.1 and 6.2). Each time a kereru did something, time elapsed, and the bird 

expelled seeds at its current location if the GPT for that item had elapsed. When seeds were expelled 

(perching or occasionally flying), information was written to a file noting simulation day, where the seed/s 

came from (i.e. the maternal tree and kereru identification), how many seeds were dropped, where they 

were dropped (spatial coordinates), and the distance they were dispersed. 

 

Equation 6.1: Alpha (α or ‘scale’) = 
variance

meanmean 
 

 

Equation 6.2: Lambda (β or ‘shape’) = 
variance

mean
 

 

Equation 6.3: Attraction value of fruit = Af = tanh (a × [ F ]
b
) 

  

Equation 6.4: Attraction value based on distance = Ad = tanh (−a × R
b
) + 1 

 

Equation 6.5: Fruit consumption = hyperbolic functional response, C = the nearest integer of either 

Fd

cF


 or (1 − G) × N, whichever is the smallest 

20
. 

 

Kereru kept moving, eating, and dispersing seeds until they accumulated the maximum duration of daily 

foraging activity (flight time + perching time) in each 24 hours of the simulation. Kereru moved in straight 

lines at constant speed using a toroidal wrap, which was considered more realistic than if they flew 

beyond the limits of the simulation arena and disappeared. At the end of each simulated day, every tree 

produced new ripe fruits according to a logistic regrowth model (Equation 6.6) as in Morales & Carlo 

(2006). Each tree had a certain number of fruit (i.e. ‘noOfFruit’), with a maximum controlled by 

‘maxFruitPerPlant’ (M), and fruit grew each day following the ‘regrowthRate’ parameter. 
 

                                                 

20 a, b, c, and d = parameters (see Table 6.4); F = the number of ripe fruit available on the current tree ( F  is used in equation 6.3 

since fruit is abundant in my model); G = fraction of the kereru’s crop already filled; N = maximum number of fruit that a kereru 
can hold in its crop; R = distance to tree. 
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Equation 6.6: New fruit = Ft + 1 = Ft + regrowthRate × [1 - 
antfruitPerPl

noOfFruit

max
], where t = time. 

 

Simulated landscapes (400 ha each) were composed of a total of N trees, with a maximum of 
2

N
 clusters 

(or a minimum of two trees per cluster), distributed over the specified area. The spatial pattern of the trees 

was controlled via ‘noOfClusters’ and ‘sdDisplacement’: noOfClusters controlled how many trees were in 

each cluster and sdDisplacement how tightly clumped trees were in individual clusters. The forest was 

generated using a Thomas process (Illiana et al. 2008): first, noOfClusters of trees were randomly placed, 

then trees were placed around these cluster centers, with the new trees following a bivariate Gaussian 

distribution in their location i.e. the new tree’s x and y were drawn from Gaussian distributions with the 

mean being the cluster centre and standard deviation being sdDisplacement.  

Since kereru may move to isolated perches for seed processing (as well as to other fruiting trees; 

Schupp 1993), non-fruiting attractor ‘roost’ trees were incorporated in the model (Johnson 2001). Roost 

trees were placed at random around the forest, and the number was specified at the start of the model run. 

The probability of a kereru flying to a given roost tree was a function of distance, since it was specified 

how attractive roost trees were compared to a fruiting tree that contained the maximum number of fruit. 

Background fruit loss (bkgdFruitLoss) in fruiting trees due to abscission, wind, or predation equaled a 

proportion of noOfFruit and was drawn from a normal distribution using a mean bkgdFruitLoss = 0.005 

and a standard deviation = 0.2 × bkgdFruitLoss.  

Kereru occasionally moved to randomly selected trees rather than making the ‘best’ movement 

decision on the basis of distance from tree × number of fruit: random movement occurred when a selected 

random number (0−1) was ≤ the randomNewTree parameter (set at 0.01). Random trees were linked to the 

current tree within the ‘maxInterTreeDistance’ of 400 m.  

Nearest tree neighbour distance was the mean of the minimum distances between all trees and their 

nearest neighbour in the landscape. Mean kereru flight distances at the end of each model run were 

calculated as the sum of the flight distances divided by the number of flights.  

 
6.2.2 Parameterisation of the model 

The model was parameterized using field-collected data describing the important features of dispersal by 

kereru, which were identified through observations, experiments (chapters 4 & 5), and also from those 

reported in the literature.  
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6.2.2.1 Kereru density 

The model examined 0.1 to 10 kereru ha
-1

 in landscapes of 400 ha. These densities are consistent with 

0.49 kereru ha
-1

 (± 60%) reported in Waikato, New Zealand (Powseland & Barraclough 2000), and 

densities of c. 5−20 ha
-1 

across all study regions in both seasons during the fruiting periods, reported in 

Section 5.1. A density of two kereru ha
-1

 was emphasized in the analysis since it was considered to be a 

realistic ‘observed pattern’ (Wiegand et al. 2003; Section 1.2.4). 

 
6.2.2.2 Gut passage time (GPT) of seeds 

GPT from captive kereru feeding trials for miro seeds were 55−140 minutes (mean = 95.4, SD = 25.6, n = 

2 kereru & 36 seeds; Clout & Tilley 1992). Feeding trials by Wotton et al. (2008) for puriri seeds yielded 

GPT from captive kereru of 43−189 minutes (mean = 91.9, SD = 42.3, n = 2 kereru & 14 seeds) and 

63−269 minutes in wild observations (mean = 122.4, SD = 66.3, n = 3 kereru & 13 seeds). Using these 

values, my model drew GPT from a gamma distribution with scale (α) and shape (β) parameters of 4.06 

and 0.04 respectively for puriri, and 13.89 and 0.15 respectively for miro.  

  
6.2.2.3 Perching or residence time (i.e. departure time minus arrival time)  

Wotton (2007) reported mean residence times for kereru in individual trees of 15−40 minutes and up to 

315 minutes, which are longer than those reported for other avian frugivores (Pratt & Styles 1983). Mean 

overall kereru residence time in Canterbury and Taranaki across a range of native plant species was 32 

minutes (SD = 39), with a median of 19 minutes and a maximum of 315 minutes, and a mean of 29 

minutes for puriri (Wotton 2007). Using these values, perching times were drawn from a gamma 

distribution with α = 0.67 and β = 0.02. 

 
6.2.2.4 Foraging time (total time in 24 hours searching for food)  

The model assumes that kereru spend 120 minutes per day foraging (Wotton 2007). Dawn, dusk, and nest 

change-over times were the times of peak foraging (Mander et al. 1998), which totalled c. 2 hours day
-1

 in 

Wotton (2007). In contrast, Morales & Carlo (2006) used 6 hours of foraging time day
-1

. 

 
6.2.2.5 Number of fruits ingested per visit 

The number of fruits ingested during a feeding bout is limited by both fruit size and the size of the 

kereru’s crop. In feeding bouts, kereru nearly always ingested 6 or 7 puriri or miro fruits (Wotton 2007; 

Pers. observ.). Kereru crops can, however, expand to contain at least 34 miro fruit (or c. 50 g; McEwen 

1978). In the model a kereru could consume up to 10 fruits per visit, with the maximum volume (e) of 30 

fruits crop
-1

.  

   



Chapter 6 

 143 

6.2.2.6 Kereru flight distances and tree selection  

Flight distances in the model were a function of fruiting attractiveness of trees (Equation 6.3; a = 0.001 

and b = 2, as in Morales & Carlo 2006; Table 6.4) × distance decay attractiveness (Equation 6.4; a = 5 × 

10
-5

 and b = 2, as in Morales & Carlo 2006) and flight speed (v) = 7 m s
-1

 (a kereru at Wenderholm 

travelled 11.50 m between puriri trees in 1.88 seconds = 6.12 m s
-1

, Pers. observ. 2011;
 
Morales & Carlo 

2006 used 6 m s
-1

). I used the same distance/fruiting attractiveness factors (a) and exponents (b) as in 

Morales & Carlo (2006) since information on the calculation of these parameters is lacking for the species 

of interest. 
 

The above features meant that the vast majority of flights were short; for example, attraction due to 

distance in the model was 0.803 at 20 m but only 0.004 at 250 m (Equation 6.4). Wotton (2007) showed 

that most kereru flight distances fell within 500 m, with mean = 77 m (SD = 159 m), mode = 0 to 20 m, 

and median = 32 m. Figure 6.1 shows that the model constrained mean flight distances to between 60 and 

100 m. The relatively short flight distances and rapid flying speed of kereru meant that most seeds were 

deposited at trees rather than during flight, consistent with the observed behaviour of kereru (McEwen 

1978; Wotton 2007).  

There was a 0.01 (1%) probability of kereru selecting a random new tree (randomNewTree) in the 

simulated landscape to move to after each foraging event. Since kereru are sedentary and remain at single 

locations for prolonged periods (up to 5.25 hours; Wotton 2007), it was decided to use a low value of this 

parameter. RandomNewTree had a very strong influence on the dispersal kernel parameters of interest: 

when increased to 0.05 there were significant changes in mean seed dispersal distance (scale) and shape of 

the dispersal kernel (scale increased by c. 83 m: t29 = -63.21, tcrit = 1.699, p << 0.001; shape decreased by 

0.175: t29 = 29.16, tcrit = 1.699, p << 0.001; Table 6.1; Section 6.3.1), but there was no significant change 

in mean flight distance. 

The probability of a kereru moving to a roost tree was 0.30 (30%) relative to a fruiting tree at the 

same distance using relRoostAttract value = 0.6. This parameter was robust, since even though there were 

significant differences in the resultant kernel parameters on two-sample t29 test at p < 0.05 when 

relRoostAttract was halved or doubled (i.e. values of 0.3 or 1.2), the scale of dispersal differed only by 

3.83 m and the shape by 0.013 (scale: t29 = -2.92, tcrit = 1.699, p = 0.007; shape: t29 = -2.24, tcrit = 1.699, p 

= 0.033; Table 6.1; Section 6.3.1).    
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Table 6-1: Influence of changes in random selection of a new tree by kereru, fruit regrowth rate, and roost 

tree attractiveness on the parameters of seed dispersal kernels, using baseline values of 2 kereru ha
-1

, tree 

aggregation SD = 50, and 120 tree clusters (n = 30 runs ×14 days; nearest neighbour = 22.76 m). 

Model output  Random tree selection/fruit regrowth rate relRoostAttract 

parameters 0.01/50 0.05/50 0.01/100 0.3 1.2 

Mean flight distance (m) 87.61 86.62 87.79 86.88 89.57 

Scale (m) 192.31 ± 0.76 275.68 ± 0.98 190.62 ± 0.83   191.08 ± 1.05 194.90 ± 1.12 

Shape 1.174 ± 0.005 0.999 ± 0.002 1.171 ± 0.005 1.168 ± 0.005 1.181 ± 0.004 

 

6.2.2.7 Tree characteristics  

Reflecting field observations, or ‘observed patterns’, the simulation experiment used 3 fruiting trees ha
-1

, 

or 1200 fruiting trees per 400 ha landscape at any one time (in contrast, Morales & Carlo 2006 used 0.4 

plants ha
-1

). Nearest neighbour distances for female miro trees in the field were 30.17 ± 6.12 m (n = 6; 

Spragg Bush), corresponding to SD ≥ 100 m in the model, and 15.72 ± 2.14 m (n = 9; Wenderholm) for 

puriri trees, corresponding to SD = 20 m (Figure 6.1). There was a maximum of 2500 fruit per puriri tree, 

5000 fruit per miro tree, and 120 tree clusters for every simulated landscape i.e. 10 trees cluster
-1

. 

Section 4.6 showed that total fruit production was much higher for miro, possibly because they could 

produce more fruit since they were dioecious (Heilbuth et al. 2001; Table 4.8; Appendix 8.4). Morales & 

Carlo (2008) showed that plants with a minimum of 10 simulated local neighbors had lower variance in 

seed rain across distances. It was important that there was approximately one associated roost tree for 

every cluster since kereru often move to suitable trees between foraging activities (Johnson 2001). 

The rate of ‘regrowth’ of fruit (μ, equivalent to ‘ripening’) was 50 per day, c. twice as much as in 

Carlo & Morales (2006) since my trees were an order of magnitude bigger than their plants. A rate higher 

then 50 was not justified since ‘regrowth’ was robust: when it was doubled there was no significant 

change in the dispersal kernel parameters on two-sample t29 test at p < 0.05 (Table 6.1; Section 6.3.1). 

Background loss of intact fruit due to abscission and wind-fall was 0.5% day
-1

 (see Chapter 4). 

 

6.3 Sensitivity analysis, in silico model experiments, and results 

6.3.1 Sensitivity analysis (which are the most important model parameters?) 

Sensitivity analyses reveal how the model outputs change when more factors enter incrementally into a 

model, or when a single parameter is fixed while others vary, or when all parameters are fixed while one 

varies (i.e. univariate, as used here). A sensitive parameter is one that elicits a large change in model 

output for a small change in a given input parameter. The univariate sensitivity of model response Sy, x, 

with respect to parameter x, is equal to the ratio of the relative change observed in the state variable y for a 

given relative change in the value x (Equation 6.7). 
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Equation 6.7: Sy, x =
xx

yy

/

/




 with y being sensitive to x when Sy, x > c. 1, otherwise it is robust (Hamby 

1994). 

 

I performed a sensitivity analysis on the following model parameters: gut passage time (GPT), foraging 

time, perching time, maximum fruit per tree, fruit regrowth rate, tree attractiveness due to distance or fruit 

level, number and attractiveness of roost trees, probability of flight to a random tree, and kereru crop size, 

changing the values or parameters by ± 25%. These parameters were chosen because they were the most 

relevant to my study or were the most uncertain. The sensitivity analysis used 2 kereru ha
-1

, tree 

aggregation SD = 50 m (i.e. medium), and 120 clusters of trees as the baseline comparison. All model runs 

comprised 30 replicates of 14 days each. 

Many of the dispersal kernel parameters exhibited a symmetric response to model parameter changes 

(i.e. increases and decreases had similar relative effects) and most were robust, since the absolute 

sensitivity values were generally less than one (Tables 6.2 & 6.3; see Appendix 8.17 for the resulting 

changes in the dispersal kernel shape and scale parameters). Dispersal kernel shape and scale parameters 

(assuming a Weibull distribution) were strongly influenced by changes in the exponent (bd; Equation 6.4) 

of the distance-decay equation of attractiveness of trees, but dispersal kernel scale also had some degree of 

sensitivity to the factor (ad) of the distance-decay equation of attractiveness, and the parameters of the 

distributions of perching time and gut passage time.   

 

Table 6-2: Ratios (Sy, x) of the relative change in the mean dispersal kernel scale parameter (assuming a 

Weibull distribution) for the relative change in the value of specified model input parameter (in absolute 

numerical order in the second column).  

Parameter Baseline Values (BV) Sy, x (BV – 25%)  Sy, x (BV + 25%)  

Distance attractiveness bd = 2 -6.473 -2.521 

Distance attractiveness ad = 0.00005 -0.634 -0.426 

GPT βgp = 0.04 -0.414 -0.243 

Perching time αt = 0.67  -0.400 -0.291 

Perching time βt = 0.02 0.313 0.314 

GPT αgp = 4.06     0.305 0.280 

Random tree 0.01 0.105 -0.134 

No. of fruiting trees 1200 -0.098 0.147 

Foraging time 120 min. 0.052 -0.014 

No. roost trees 100 0.033 0.001 

Max. fruit 2500 -0.024 -0.022 

Fruit regrowth 50 0.021 0.022 

Fruit attractiveness bf = 2 0.017 -0.050 

Crop size of kereru 30 0.016 0.025 

Fruit attractiveness af = 0.001 0.015 -0.028 

Roost attractiveness 0.60 -0.008 0.035 
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Table 6-3: Ratios (Sy, x) of the relative change in the mean dispersal kernel shape parameter (assuming a 

Weibull distribution) for the relative change in the value of specified model input parameter (in absolute 

numerical order in the second column).  

Parameter Baseline Values (BV) Sy, x (BV - 25%)  Sy, x (BV + 25%)  

Distance attractiveness bd = 2 -1.856 -1.298 

Distance attractiveness ad = 0.00005 -0.260 -0.195 

Random tree 0.01 -0.168 -0.086 

No. of fruiting trees 1200 0.134 -0.050 

Max. fruit 2500 -0.031 -0.010 

Perching time αt = 0.67  0.027 0.082 

Fruit attractiveness bf = 2 -0.024 -0.021 

GPT αgp = 4.06     -0.021 -0.014 

Fruit regrowth 50 -0.021 0.003 

Fruit attractiveness af = 0.001 -0.021 0.000 

Perching time βt = 0.02 -0.017 0.034 

Roost attractiveness  0.60  -0.014 -0.003 

Crop size of kereru 30 -0.010 0.000 

Foraging time 120 min. 0.007 0.010 

GPT βgp = 0.04 0.003 0.003 

No. roost trees 100 0.003 0.003 

 

6.3.2 In silico simulation model experiments 

A factorial design was used to evaluate long distance dispersal of seeds, varying the number of kereru 

from 0.1 to 10 ha
-1

 and degree of aggregation (or isolation) of trees on the landscape, using standard 

deviations from 10 to 200 m, with 10 m being the most aggregated forest and 200 m the least, and with 

120 tree clusters (Table 6.5).  

There were 30 replicates for each combination of factors, each of 14 days (within a single season), 

with a new forest simulated for each replicate (Figure 6.2), adjusting gut passage time of seeds and fruit 

level for either puriri or female miro forests (Tables 6.4 & 6.5). Each individual kereru started the 

simulation at a randomly chosen tree, and the number of fruit removed from each tree and the dispersal 

distance of every seed were recorded. 

Weibull distributions were fitted to each seed distribution across each replicate of 14 days using 

maximum likelihood estimation using ‘R−2.11’ (R Development Core Team 2010; Hartig et al. 2011) 
21

.  

Emphasis was placed on the replicates with standard deviations of tree aggregation corresponding to 

field-based ‘observed pattern’ estimates of nearest neighbour distance (SD = 20 m for puriri and 100 m for 

miro; Section 6.2.2.7) and ‘observed pattern’ estimates of kereru densities (2 ha
-1

). Beyond a standard 

                                                 
21 Empirical data showed that puriri and miro seed dispersal distributions were often closest to Weibull distributions (Sections 4.2.2 & 4.2.3; 

Appendix 8.5) which have flexible shapes that may approximate a variety of dispersal kernels. 
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deviation of 200 m in the model, there was negligible influence of the degree of forest aggregation on 

nearest tree neighbour or on mean kereru flight distances (Figure 6.1).  

The model experiments quantified kereru foraging ranges, mean dispersal distance (scale), kurtosis 

(shape
-1

), % of seeds dispersed beyond the mean nearest fruiting tree neighbour, seed mass transported, 

mean flight distances, and seed rain maps. I also explored the effect of shape parameter on the 95
th

 

percentile of seed dispersal distance at a constant tree aggregation.  

  

Table 6-4: Summary of baseline parameters used in the simulation model (note: α = scale, a = factor, β = 

shape, and b = exponent).  

Parameter  Description  Value  Comments  

αt Scale of gamma distribution for perching time 0.67 – 

βt Shape of gamma distribution for perching time 0.02 – 

αgm Scale of gamma distribution for gut passage time 13.89 For miro 

αgp Scale of gamma distribution for gut passage time 4.06 For puriri 

βgm Shape of gamma distribution for gut passage time 0.15  For miro 

βgp Shape of gamma distribution for gut passage time 0.04 For puriri 

af Factor in attractiveness due to number of fruits 0.001 – 

bf Exponent in attractiveness due to number of fruits 2 – 

ad Factor in attractiveness due to distance 0.00005 – 

bd Exponent in attractiveness due to distance 2 – 

c Max. consumption rate in hyperbolic functional response 10 Fruits visit
-1

 

d Half saturation in hyperbolic functional response 2 Fruits 

e Maximum gut capacity 30 Fruits 

μ Fruit regrowth rate 50 Fruits day
-1

 

Mm Maximum number of fruits per plant (miro) 5000 Fruits 

Mp Maximum number of fruits per plant (puriri) 2500 Fruits 

v Flying speed 7 m s
-1

 

 

Table 6-5: Factorial design for the simulation experiment, showing levels of tree spatial aggregation 

(standard deviations 10 to 200 m) and kereru densities (subscripts 0.1 to 10 ha
-1

). 
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100.25 200.25 500.25 1000.25 2000.25 

100.5 200.5 500.5 1000.5 2000.5 

101 201 501 1001 2001 

102 202 502 1002 2002 

103 203 503 1003 2003 

104 204 504 1004 2004 

1010 2010 5010 10010 20010 
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Figure 6-1: The influence of degree of puriri forest (left) and miro forest (right) aggregation (i.e. standard deviation; low values = high 

aggregation) on mean nearest tree neighbour distance (blue) and mean kereru flight distance (red) across 42 days at 3 trees ha
-1

 and
 
2 kereru ha

-1
 

with least squares lines of best fit.  

0 50 100 150 200

Standard deviation (m)

0

10

20

30

40

50

60

70

80

90

100

M
e

a
n

 n
e

a
re

s
t 

n
e
ig

h
b
o

u
r 

o
r 

fl
ig

h
t 

d
is

ta
n

c
e

 (
m

)

0 50 100 150 200

Standard deviation (m)

0

10

20

30

40

50

60

70

80

90

100

M
e

a
n

 n
e

a
re

s
t 

n
e
ig

h
b
o

u
r 

o
r 

fl
ig

h
t 

d
is

ta
n

c
e

 (
m

)

puriri miro 



Chapter 6 

 149 

 

Figure 6-2: Random tree distributions generated using a Thomas process (see Section 6.2.1). All have a 

total of 1200 fruiting trees (black points), 120 tree clusters, and 100 roost trees (red points) across 400 ha 

(2000 m × 2000 m): (A) Standard deviation (SD) of displacement of trees in clusters = 10 m, mean nearest 

fruiting tree neighbour distance (NN) = 10.86 m, mean flight distance (FD) = 63.95 m; (B) SD = 20 m, NN 

= 15.25 m, FD = 72.03 m; (C) SD = 50 m, NN = 23.69 m, FD = 87.69 m; (D) SD = 100 m, NN = 27.37 m, 

FD = 93.61 m; (E) SD = 200 m, NN = 27.75 m, FD = 96.94 m. Note that in A, the dense clusters of trees 

are also themselves randomly distributed.   
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6.3.3 Simulation model results 

6.3.3.1 Kereru foraging ranges 

Foraging ranges in simulated forests showed that kereru flew further in miro than in puriri landscapes (t59 

= -6.196, tcrit = 1.671, p << 0.001; with ln transformation; Figures 6.3 & 6.4).   

 

Figure 6-3: Examples of foraging ranges (blue lines) over 14 days of a single kereru in a simulated 

‘observed pattern’ puriri landscape (left; SD of aggregation = 20 m; nearest neighbour = 15.86 m; mean 

flight distance = 71.68 m) and miro ‘observed pattern’ landscape (right; SD of aggregation = 100 m; 

nearest neighbour = 26.57 m; mean flight distance = 95.75 m) of 1200 fruiting trees (grey points) and 100 

roost trees (red points) across 400 ha (i.e. 2000 × 2000 m).  

 

Figure 6-4: Foraging ranges of a single kereru across n = 60 ‘observed pattern’ puriri landscapes (left; 

median = 28.32 ha) and n = 60 ‘observed pattern’ miro landscapes (right; median = 64.25 ha) each over 14 

days; note differences in x axes. 
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6.3.3.2 Effect of shape parameters on 95th percentile of mean dispersal distance    

Figure 6.5 shows that distributions with low shape parameters resulted in further dispersal of the 5% 

most distantly dispersed seeds for both miro and puriri, with the effect being greater for miro.  
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Figure 6-5: The effect of shape (kurtosis

-1
) parameter on the 95

th
 percentile of mean dispersal distance 

(m) across all kereru densities using ‘observed pattern’ landscapes for miro (red) and puriri (blue).  
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6.3.3.3 Puriri dispersal kernels  

Figure 6.6 shows an example of an ‘observed pattern’ puriri seed dispersal distribution from the model, 

which was best fitted by leptokurtic functions such as exponential (AIC = 488890; wr = 0.965; rate = 

0.0065), geometric (ΔAIC = 2; wr = 0.018; probability = 0.0065), or Weibull (ΔAIC = 2; wr = 0.018; scale 

= 148.2 m; shape = 0.962) 
22

.      

 
Figure 6-6: Example of an ‘observed pattern’ distance distribution of puriri seeds from a 14 day ‘run’ of 

the model at 2 kereru ha
-1

 and SD of aggregation = 20 m with red Weibull line of best fit (scale = 148.2 m, 

shape = 0.962); total no. of seeds dispersed = 40560, with c. 93% dispersed beyond the nearest fruiting 

tree neighbour (i.e. 15.25 m, the ‘bin’ size on the histogram).  

 

The spatial distribution of puriri trees affected the characteristics of seed dispersal kernels: scale 

parameters (mean dispersal distance) decreased with increasing tree aggregation, and shape parameters 

also decreased with increasing tree aggregation i.e. the tails became longer and ‘fatter’ and kurtosis 

increased (Figures 6.7 to 6.12; Appendix 8.18). A decrease in tree aggregation generally caused an 

increase in the percentage of seeds dispersed beyond the nearest fruiting tree neighbour (Appendix 8.19). 

                                                 
22 Note that the Weibull curve does not start at (x, y) = (0, 0) as expected when plotting seed numbers vs. distance; the gamma curve was similar, with 

shape = 0.808 and scale = 192.14 m. 
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There were no significant changes, on GLM (Tables 6.6 & 6.7), in the dispersal kernel parameters 

when kereru density changed, except between 4 and 10 ha
-1

 at SD = 20 (scale increased by c. 4 m, p = 

0.006 using Bonferroni’s criterion for post hoc analyses; shape increased by 0.017, p = 0.006; Figures 6.7 

& 6.8; Appendix 8.18), at SD = 50 (scale increased by c. 4 m, p = 0.006), at SD = 100 (scale increased by 

c. 4 m, p = 0.010), and at SD = 200 (shape increased by 0.010, p = 0.011). 

 

Table 6-6: ANOVA examining the effect of changes in kereru density (from 4 to 10 ha
-1

)
 
on mean puriri 

scale parameter (mean seed dispersal distance).  

Source  SS MS DF F Fcrit  p 

Standard deviation (SD) 429825.743 107456.436 4 6999.233 2.403 0.000 

Kereru density (K) 717.408 717.408 1 46.729 3.874 0.000 

SD × K  67.741 16.935 4 1.103 2.403 0.335 

Error 4452.254 15.353 290    

 

Table 6-7: ANOVA examining the effect of changes in kereru density (from 4 to 10 ha
-1

)
 
on mean puriri 

shape parameter (kurtosis
-1

). 

 

 

The % of seeds dispersed beyond the nearest fruiting tree did not change significantly when kereru density 

changed (Appendix 8.19) and there was least variation in shape vs. scale parameters at high kereru 

densities (Figure 6.11).  

Inspection of the dispersal kernel mean shape parameters (Figures 6.8, 6.9, & 6.11) showed that they 

were between 0.85 and 1.4, which corresponded to mainly fat-tailed (< 1) or exponential (= 1) 

distributions (none corresponded to simple diffusion i.e. shape parameter = 2). The proportion of dispersal 

kernels with the fattest tails was highest for landscapes with the most clumped tree distributions (Figures 

6.8 & 6.9). Longer mean dispersal distances were usually associated with short-tailed (high shape) 

dispersal kernels and vice-versa (Figure 6.9). 

 

Source  SS MS DF F Fcrit  p 

Standard deviation (SD) 7.349 1.837 4 7028.445 2.403 0.000 

Kereru density (K) 0.006 0.006 1 21.677 3.874 0.000 

SD × K  0.001 0.000 4 1.426 2.403 0.225 

Error 0.076 0.000 290    
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Figure 6-7: Changes in mean dispersal kernel scale (distance) parameters for puriri at varying tree 

aggregations (SD = 10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each 

‘cell’). 
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Figure 6-8: Changes in mean dispersal kernel shape (kurtosis
-1

) parameters for puriri at varying tree 

aggregations (SD = 10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each 

‘cell’). 
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Figure 6-9: Relationship of dispersal kernel shape and scale parameters for puriri, with varying tree 

aggregation (sigma) from SD = 10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) 

at a constant ‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 14 days.  
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Figure 6-10: Weibull probability density functions fitted to puriri seed dispersal distributions with varying tree aggregation (sigma) from SD = 

10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) at a constant ‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 

14 days. 
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Figure 6-11: Relationship of puriri dispersal kernel shape and scale parameters with varying kereru 

density, from 0.1 (dark blue) to 10 ha
-1 

(red)
 
at a constant ‘observed pattern’ SD of tree aggregation = 20 

m; n = 30 model runs × 14 days. 
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Figure 6-12: Weibull probability density functions fitted to puriri seed dispersal distributions with varying kereru density, from 0.1 (dark blue) 

to 10 ha
-1

 (red)
 
at a constant ‘observed pattern’ SD of tree aggregation = 20 m; n = 30 model runs × 14 days. 
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6.3.3.4 Miro dispersal kernels  

Figure 6.13 shows an example of an ‘observed pattern’ miro seed dispersal distribution from the model, 

which was best fitted by the gamma function (AIC = 514214; rate = 0.0055; shape = 0.848; Weibull: 

ΔAIC = 16; scale = 215.9 m; shape = 1.310). 

 

 
Figure 6-13: Example of an ‘observed pattern’ distance distribution of miro seeds from a 14 day ‘run’ of 

the model at 2 kereru ha
-1

 and SD of aggregation = 100 m with red Weibull line of best fit (scale = 215.9 

m, shape = 1.310); total no. of seeds dispersed = 41713, with c. 96% dispersed beyond the nearest fruiting 

tree neighbour (i.e. 27.37 m, the ‘bin’ size). 

 

The spatial distribution of miro trees affected the characteristics of seed dispersal kernels: scale 

parameters (mean dispersal distances) decreased with increasing tree aggregation, and shape parameters 

also decreased with increasing tree aggregation i.e. the tails became longer and ‘fatter’ and kurtosis 

increased (Figures 6.13 to 6.19; Appendix 8.18). A decrease in tree aggregation caused an increase in the 

percentage of seeds dispersed beyond the nearest fruiting tree neighbour (Appendix 8.19).  

There were no significant changes on GLM (at p < 0.05) in the dispersal kernel parameters when 

kereru density changed or in the percentage of seeds dispersed beyond the nearest fruiting tree neighbour 
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(Figures 6.14 & 6.15; Appendix 8.19). There was least variation in shape vs. scale parameters at high 

kereru densities (Figure 6.18).  

Inspection of the dispersal kernel shape parameters (Figures 6.15, 6.16, & 6.18) showed that they 

were between 0.85 and 1.3, which corresponded to mainly fat-tailed (< 1) or exponential (= 1) 

distributions (none corresponded to simple diffusion i.e. a shape parameter = 2). The proportion of 

dispersal kernels with the fattest tails was highest for landscapes with the most clumped tree distributions 

(Figures 6.15 & 6.16). Longer mean dispersal distances were usually associated with short-tailed (high 

shape) dispersal kernels and vice-versa (as shown in Figure 6.16). 
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Figure 6-14: Changes in mean dispersal kernel scale (distance) parameters for miro at varying tree 

aggregations (SD = 10 to 200 m) and kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each 

‘cell’). 
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Figure 6-15: Changes in mean dispersal kernel shape (kurtosis
-1

) parameters for miro at varying tree aggregations (SD = 10 to 200 m) and 

kereru densities (0.1 to 10 ha
-1

; n = 30 model runs × 14 days for each ‘cell’). 
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Figure 6-16: Relationship of dispersal kernel shape and scale parameters for miro, with varying tree 

aggregation (sigma) from SD = 10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) 

at a constant ‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 14 days.  
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Figure 6-17: Weibull probability density functions fitted to miro seed dispersal distributions with varying tree aggregation (sigma) from SD = 

10 m (most aggregated; dark blue) to SD = 200 m (least aggregated; red) at a constant ‘observed pattern’ of 2 kereru ha
-1

; n = 30 model runs × 

14 days. 
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Figure 6-18: Relationship of miro dispersal kernel shape and scale parameters with varying kereru 

density, from 0.1 (dark blue) to 10 ha
-1 

(red)
 
at a constant ‘observed pattern’ SD of tree aggregation of 100 

m; n = 30 model runs × 14 days. 
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Figure 6-19: Weibull probability density functions ‘fitted’ to miro seed dispersal distributions with varying kereru density, from 0.1 (dark blue) 

to 10 ha
-1 

(red)
 
at a constant ‘observed pattern’ SD of tree aggregation of 100 m; n = 30 model runs × 14 days. 
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6.3.3.5 Dispersed seed mass and seed rain  

6.3.3.5.1 Seed mass effects 

The spatial distribution of either tree species did not affect the total number of dispersed seeds, but the 

total number of dispersed seeds increased in proportion to kereru density (Figures 6.20 & 6.21; Appendix 

8.19).  

1
0

2
0

5
0

1
0

0

2
0

0

Standard deviation of tree aggregation (m)

10

4

3

2

1

0.5

0.25

0.1

K
e

re
ru

 d
e

n
s
it
y
 (

p
e

r 
h

a
)

50000 1e+05 150000
Value

Color Key

 

Figure 6-20: The effect of variation of kereru density on dispersed seed mass across 14 days in a 

landscape of 1200 puriri trees, 100 roost trees, and varying SD of aggregation. 
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Figure 6-21: The effect of variation of kereru density on dispersed seed mass across 14 days in a 

landscape of 1200 miro trees, 100 roost trees, and varying SD of aggregation. 
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6.3.3.5.2 Seed rain maps 

At high aggregation of fruiting trees (e.g. SD = 10 m, which resulted in nearest fruiting tree neighbour 

distances of c. 11 m), seed rain generally occurred within the surrounding tree clusters, irrespective of 

kereru density or tree species (Figures 6.22, 6.23, 6.26, & 6.27). Seed rain was spatially non-uniform 

across the landscape, and when kereru densities increased fivefold, seed rain mass increased by a similar 

amount (Appendix 8.19). The highest numbers of seeds fell around the largest and densest tree clusters, 

and seed rain occurred only occasionally near roost trees. 

Seed rain became more uniform over the landscape when fruiting trees became more dispersed (e.g. 

SD = 100 m, which resulted in nearest fruiting tree neighbour distances of c. 27 m), and patches also 

received more seeds when kereru densities increased (Figures 6.24, 6.25, 6.28, & 6.29). In this scenario, 

the highest numbers of seeds still occurred around groups of trees that were closest to each other, but seed 

rain occurred more frequently near roost trees. 

 

Figure 6-22: Map of seed deposition from 0.4 kereru ha
-1

 across 1200 puriri trees (black points) at a 

standard deviation of aggregation = 10 m, after 196 days (i.e. a 7 month fruiting period) in a 4 km
2 

(2000 

× 2000 m or 400 ha) landscape, with 100 roost trees (white points). The legend indicates, by colour, the 

total number of seeds deposited hectare
-1

 (note that legend scales differ considerably between maps).   
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Figure 6-23: Map of seed deposition from 2 kereru ha
-1

 across 1200 puriri trees at SD = 10 m; symbols are as in Figure 6.22. 
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Figure 6-24: Map of seed deposition from 0.4 kereru ha
-1

 across 1200 puriri trees at SD = 100 m; symbols are as in Figure 6.22. 
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Figure 6-25: Map of seed deposition from 2 kereru ha
-1

 across 1200 puriri trees at SD = 100 m; symbols are as in Figure 6.22. 
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Figure 6-26: Map of seed deposition from 0.4 kereru ha
-1

 across 1200 miro trees at SD = 10 m; symbols are as in Figure 6.22. 
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Figure 6-27: Map of seed deposition from 2 kereru ha
-1

 across 1200 miro trees at SD = 10 m; symbols are as in Figure 6.22. 

D
is

ta
n
c
e

 (
m

) 

Distance (m) 



Chapter 6 

 173 

 

Figure 6-28: Map of seed deposition from 0.4 kereru ha
-1

 across 1200 miro trees at SD = 100 m; symbols are as in Figure 6.22. 
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Figure 6-29: Map of seed deposition from 2 kereru ha
-1

 across 1200 miro trees at SD = 100 m; symbols 

are as in Figure 6.22. 

 

The seed rain maps (Figures 6.22 to 6.29) showed that although increased kereru densities caused more 

seeds to be dispersed, there was little associated change in the distribution of the seed rain. In contrast, 

increased tree dispersion resulted in a more uniform spatial pattern of seed rain, reflecting different 

patterns of disperser movement. These results are in agreement with Sections 6.3.3.3 & 6.3.3.4 where it 

was shown that simulated changes in kereru densities generally did not affect the parameters of miro and 

puriri seed dispersal kernels, but changes in tree distributions did influence the kernels’ parameters. 

 

6.4 Summary of key model results  

Scale (mean dispersal distance), shape (kurtosis
-1

), and the percentage of seeds dispersed beyond the 

nearest fruiting tree neighbour decreased in the model with increasing tree aggregation for both puriri and 

miro. There were no significant changes in dispersal kernel parameters when kereru density changed, 

except for puriri at high kereru densities at some levels of tree aggregation, where shape and scale 

parameters both increased.  
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Increased kereru densities caused a proportional increase in the total numbers of dispersed seeds in 

puriri and miro. At each fixed level of tree aggregation, the percentage of seeds dispersed beyond the 

nearest fruiting tree neighbour generally remained constant in both species, despite changes in kereru 

density and changes in the total number of dispersed seeds. The sensitivity analysis showed that the shape 

and scale of dispersal kernels were mainly influenced by the parameters of the distributions of the 

distance-decay curve of attractiveness of trees. 

 

6.5 Discussion 

The simulated kereru adjusted their movements to different landscapes using stochastic movement rules, 

and this translated into clear differences in the scale and shape of dispersal kernels. Kernels were 

‘emergent’ (i.e. they developed over time and across area) and were typically leptokurtic. The scale and 

shape parameters of dispersal kernels were both consistently influenced by the degree of plant 

aggregation, but kereru density did not have an affect on either of these parameters, except in some cases 

at high kereru densities in puriri forests (Section 6.3.3.3). This outcome compares with a similar model 

implemented by Morales & Carlo (2006) who found that the scale of seed dispersal was largely 

determined by the degree of plant aggregation, but that kernel shape was mostly determined by frugivore 

vector density.  

 Mean dispersal distances (scale) and the percentage of seeds dispersed beyond the nearest fruiting 

tree neighbour decreased as tree spatial aggregation increased because simulated kereru were retained in 

clusters of high tree density, but the relationship was not linear (Figures 6.9 & 6.16; Appendix 8.18). As 

tree aggregation increased, dispersal kernels became ‘fatter’ with longer tails (i.e. lower shape parameter 

or higher kurtosis) due to kereru making occasional long moves between clusters, but this relationship was 

not linear either. Scale parameters showed similar trends in relation to plant aggregation in models 

described by Morales & Carlo (2006), and another spatially-explicit dispersal model showed that localized 

dispersal caused aggregated spatial distributions (Holmes & Wilson 1998). Clumped distributions of trees 

are expected to promote further aggregation, and neighbourhood competition, due to shorter dispersal 

distances. However, the fat tails could potentially take some seeds away from dense sites, creating new 

clusters of plants. Aggregation may also be amplified by short-distance passive dispersal of uneaten intact 

fruit, since my field results showed that up to 83% of puriri fruit and up to 70% of miro fruit fell uneaten 

beneath the canopy, where germination was possible (Sections 4.2.2 & 4.2.3; Appendix 8.4). 

Kereru densities generally did not affect the scale or shape parameters of dispersal kernels at all levels 

of tree aggregation because resources were not depleted locally, and so kereru did not have to make forays 

out of the tree clusters to obtain more fruit. In contrast, in Morales & Carlo’s (2006) model, mean 
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dispersal distance and kurtosis increased as disperser numbers increased from 0.004 to 0.04 ha
-1

 (but not 

from 0.0004 to 0.004 ha
-1

) at all levels of tree aggregation due to rapid depletion of fruit, resulting in 

forays out of tree clusters. In the setting their model presents, frugivores were capable of completely 

depleting trees at higher vector densities, but fruit depletion for the most part did not occur in the systems 

considered here since trees (especially miro) had large numbers of fruit which were not easily reduced 

(Clout & Hay 1989; Table 4.8): this was evidenced by the presence of intact fruit in the local empirical 

seed shadows even in regions with high kereru densities (Sections 4.2.2 & 4.2.3).  

However, increased kereru densities did result in proportional increases in the total numbers of 

dispersed seeds in my model i.e. a ‘mass effect’ (Figures 6.20 & 6.21; Appendix 8.19), and in a few cases, 

high kereru densities did result in changes to the puriri dispersal kernel scale and shape parameters, with 

both increasing significantly (Section 6.3.3.3). The increase in dispersal scale parameter can be explained 

by fruit depletion due to high densities of kereru, requiring birds to travel further to forage, since puriri 

trees had half the maximum number of fruit per tree compared with miro (Table 4.8). In support of this, 

Clout et al. (1991) reported that when kereru were present in high numbers, they had lower residence 

times in fruiting trees, and increased the frequency of movements between forest patches due to increased 

competition for fruit. The high shape parameters that occurred were expected since they were consistently 

associated with large scale parameters in my model (Figures 6.9 & 6.16; Appendix 8.18). Morales & 

Carlo (2006) showed the same association in relation to tree aggregation (Figure 2 on page 1493), but in 

their model setting, high bird densities caused high kurtosis or low dispersal kernel shape parameters.   

The sensitivity analysis showed that the shape and scale of dispersal kernels were influenced mainly 

by the parameters of the distributions of the distance-decay curve of attractiveness of trees (Tables 6.1, 

6.2, & 6.3). The scale of dispersal kernels increased when the ‘factor in attractiveness due to distance’ (ad) 

decreased because larger distances became relatively more attractive than short distances (Equation 6.4; 

Table 6.4) i.e. the scale at which movement decisions were made increased. There was also a concurrent 

increase in the shape parameter of the dispersal kernels, which is consistent with high dispersal kernel 

scale parameters. Similarly, when the ‘exponent in attractiveness due to distance’ (bd) decreased, there 

was a large increase in the scale and shape of dispersal kernels.     

The scale of dispersal kernels was also sensitive to gut passage time (GPT) and perching time. An 

increase in the scale of the distribution of GPT increased the scale of the dispersal kernels since seeds took 

longer to pass through the gut and therefore had the opportunity to travel further. When the shape 

parameter of the distribution of GPT increased, there was a reduction of the scale of the dispersal kernel 

because the resulting short tail of the GPT curve did not allow longer passage times, and so seeds were 

expelled earlier and at shorter distances. An increase in the scale parameter of the distribution controlling 
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perching time decreased the scale of dispersal kernels, since if kereru stay longer at perches they are more 

likely to defecate or regurgitate seeds in the immediate vicinity. When the shape parameter of the 

distribution of perching time increased, there was a concurrent increase in dispersal scale consistent with 

shorter perching times, resulting from shorter tails of the perching time curve.  

Similarly, Morales & Carlo (2006) showed that average kurtosis (shape
-1

) and mean dispersal distance 

of kernels were mainly influenced by the parameters of the distributions of perching and gut passage time. 

Morales & Carlo (2006) found that plant attractiveness based on distances turned out to be less important, 

but this conclusion was based on analysis of the ‘factor’ of distance attractivity (ad) only, without 

examining the ‘exponent’ (bd). 

The scale of the simulated long distance dispersal kernels in puriri and miro depended mainly on the 

variation in aggregation of tree populations, in partial agreement with the similar model by Morales & 

Carlo (2006), with the movement of the kereru being a direct response to the pattern of the trees. In 

contrast, Uriarte et al. (2011) found that despite clear changes in bird movement in response to landscape 

configuration, their simulations demonstrated that these differences had negligible effects on dispersal 

distances. However, Will & Tackenberg (2008; page 1011) stated that, according to their mechanistic 

random-walk model for epizoochorous and endozoochorous dispersal by mammals, ‘dispersal kernels 

depend more on changes in the animal vector than on the comparably little variation a particular plant 

species can exhibit’. Their model considered fragmented or continuous landscapes, but with random 

placement of attractive sites. 

When Weibull probability density functions were assumed and fitted to kereru-mediated seed 

dispersal distributions from the model, the mean dispersal distance (scale) for miro was c. 216 m (at SD = 

100 m) with c. 1% of all seeds dispersed further than 1 km (total no. of seeds dispersed by 800 kereru in 

14 days across 400 ha = 41713; Figure 6.6), and for puriri was c. 148 m (at SD = 20 m) with c. 1% of all 

seeds dispersed further than 1 km (total no. of seeds dispersed = 40560; Figure 6.13). For miro, c. 72% of 

seeds were deposited beyond 100 m of the source, and for puriri, the figure was c. 51%. Wotton (2007), 

using seed retention, disperser movement, and residence patterns, showed that the mean dispersal distance 

for puriri (considered singly, as in my model) was shorter at c. 98 m with fewer than 1% of puriri seeds 

dispersed more than 1 km and only 12 to 21% of seeds deposited beyond 100 m of the source. Similarly, 

Clout and Tilley (1992) showed that an individual kereru dispersed 40% of seeds 10 to 30 m away and 

fewer than 2% more than 1 km from the source.  

The estimates of the proportions of seeds traveling more than 1 km in my model are similar to Wotton 

(2007), but my model predicts longer mean dispersal distances and proportionally higher dispersal beyond 

100 m of the source. My model used similar parameterization for gut passage time, residence times, and 
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maximum inter-tree distances, but also incorporated distance decay and fruit level decay relationships of 

attractiveness of trees, and roost trees. Wotton’s (2007) model is based on statistical extrapolation of 

radio-tracking data, so is more site-specific than my model, which considers abstract ‘forests’ of one tree 

species at a time. The mean dispersal distances produced by the model may be inflated because my model 

did not consider kereru feeding at an individual puriri or miro tree, flying to a nearby tree of another 

species (e.g. Beilschmiedia tarairi; Plate 6.1), depositing seeds and then moving on, and only considered 

one food source being available, whereas in reality there are multiple fruit sources. The model presented 

here was primarily designed to investigate the influence of tree aggregation and vector densities on 

dispersal kernels of individual tree species, but other co-fruiting tree species could be introduced.  

Few models seek to link tree distribution and long distance frugivore movement behaviour, and to my 

knowledge this model is the only one that explicitly includes roost trees. I also introduced other stochastic 

behavioural and tree details that could affect dispersal kernels, such as background fruit loss and long 

distance flight to a new tree.  

Factors that might be introduced in the future include escape effects, such as variable levels of 

predation in different parts of the seed dispersal distributions, and explicit modeling of dioecy in miro. 

The introduction of other native ‘fleshy’ large-fruited co-fruiting tree species with seasonal variation 

would create more realistic dynamics because in reality there are multiple fruit sources in forests. Factors 

that could be improved include modeling of fruit production and parameterization of kereru behaviour 

data, such as residence times, since Bell (1996) indicated that kereru residence times may be longer in 

puriri than in other tree species.     
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7 General discussion, synthesis, and future research directions 

 

This chapter synthesises the main empirical field research findings from Chapters 4 & 5 with the 

simulated longer distance seed dispersal kernel outcomes developed in Chapter 6, and information from 

other studies, to address the thesis objectives. Limitations and potential future research directions are also 

discussed, relating the research to broader theory. The main objectives of my research were to:  

 

1. Quantify local seed dispersal distance distributions (or seed shadows) in Prumnopytis ferruginea 

(miro) and Vitex lucens (puriri).  

2. Assess the effects of the primary seed dispersal vector, Hemiphaga novaeseelandiae (kereru), on 

quantity and quality (size and soundness) of dispersed seeds.  

3. Determine if seedling escape was operating in these tree species and whether there were associated 

advantages, such as increased survival and growth in the distal local seed shadow. 

4. Assess whether local regeneration and effective active dispersal are occurring in five native 

‘fleshy’ large-fruited tree species that are dispersed essentially only by kereru, in particular for 

miro, which may be disadvantaged in seed availability due to dioecy. 

5. Investigate how the shape (kurtosis
-1

) and scale (mean dispersal distance) of kereru-generated long 

distance seed dispersal kernels (or probability density functions) and mass of seeds dispersed are 

affected by changes in kereru densities and spatial distributions of trees, using an original in silico 

simulation model.  

 

7.1 Seed dispersal distributions 

Local seed shadows were best described by non-diffusion leptokurtic distributions (e.g. Weibull or 

gamma; Sections 4.2.2 & 4.2.3), which result in small proportions (e.g. 0.01) of seeds moving long 

distances (i.e. 1 to 10 km), leading to an order of magnitude increase in predicted spread rate when 

compared with the Gaussian normal distribution (Higgins & Richardson 1999), supporting the solution of 

‘Reid’s paradox of plant migration’ (Clark et al. 1998). Similarly, the experiments conducted with the 

simulation model (Chapter 6) produced kereru-mediated long distance seed dispersal distributions which 

had leptokurtic shapes, and c. 1% of all puriri or miro seeds were dispersed further than 1 km (see Figures 

6.6 & 6.13 which show exponential kernels).     

Further empirical quantification of the distal tail of actively dispersed miro and puriri seed shadows 

could be part of a future study. Methods such as tracking the fate of marked seeds from their sources (e.g. 

using fluorescence, chemical radio-isotopes, or physical markers to match seeds with parent plants), or 
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using molecular chloroplast, endocarp, or pericarp rDNA (maternal origin) micro-satellite genetic markers 

would more accurately establish the sources of seeds (or seedlings) retrieved from their post-dispersal 

locations than would seed trapping (Klein & Oddou-Muratorio 2011).  

 

7.2 Effects of low kereru numbers on seed dispersal 

Disperser numbers (especially large fruit-eating animals) decline with vegetation fragmentation and 

increasing predation, and this can effectively isolate trees and disrupt dispersal processes (Howe & Miriti 

2005; Moran et al. 2006). However, only a few studies have established that the loss of a single species of 

dispersal vector leads to failure of plants to disperse any seeds (Bond & Slingsby 1984).  

The simulation model experiments in Chapter 6 showed that increased kereru densities caused an 

increase in the total number of dispersed seeds, or seed mass. Similarly, for miro, the empirical results 

showed that high numbers of actively dispersed depulped seeds occurred in traps in the region where 

kereru densities were highest.  

In the event of the loss of kereru, alternative dispersers (e.g. Prosthemadera novaeseelandiae, tui) 

would have to be recruited to enable active dispersal to continue. Interesting future research would involve 

testing the soundness, viability (using tetrazolium to verify the ‘cut test’; Ooi et al. 2005), and germination 

of fruit less than 15 mm in length or width, since these are the only fruit that are able to be dispersed by 

such alternative dispersers (Kelly et al. 2010). If these smaller fruit possess adequate germination 

potential, this would show that successful long distance dispersal was still possible in the absence of 

kereru. My results suggest that small seeds are sound, and that smaller miro seeds may even possess a 

germination advantage.  

 

7.3 Seedling escape 

The empirical field results and simulation model demonstrated that local and long distance seed dispersal 

were both best described by leptokurtic distributions that provide the opportunity for seeds to ‘escape’ 

from parents (where survival is lower) via long tails, to favourable microsites. My results revealed one 

example of seedling recruitment consistent with escape models such as the ‘Janzen-Connell’ (Nathan & 

Casagrandi 2004). This is important since only a few studies have shown escape effects in temperate 

regions, such as New Zealand, compared with the tropics (Packer & Clay 2000). In fact, the meta-analysis 

by Hyatt et al. (2003) found that distance from parent slightly reduces survivorship in the temperate zone, 

in short-term studies. 

Future research could include manipulation of puriri and miro seed shadows, or planting of seedlings 

in various parts of seed shadows to investigate longer-term recruitment patterns. Planting intact fruit with 
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mesocarp vs. actively dispersed depulped seeds at various locations in the seed shadow would help to 

quantify the consequences for germination and growth. For example, Wotton & Kelly (2011) found 

significant distance-dependent effects on survival in Beilschmiedia tarairi (taraire) and Corynocarpus 

laevigatus (karaka) at multiple recruitment stages using manipulative seed sowing experiments. An 

ongoing trial of germination of actively dispersed depulped seeds vs. seeds from passively dispersed intact 

fruit (Appendix 8.20) will show whether active seed dispersal confers a germination advantage in puriri 

and miro trees. Germinated seeds have yet to be observed after 18 months, with leaf litter having been 

applied over the seeds. In a study by Clout & Tilley (1992) there was an absence of any germination until 

at least 18 months after planting of fresh miro seeds, and Beveridge (1964) stated that miro can take three 

years to germinate. Miro or puriri seed germination trials ‘in the field’ may be unfeasible since the long 

germination times may cause the usually close link between seed rain and emergent seedlings to collapse 

(Beveridge 1964). 

Investigation of predation rates in different parts of the local seed shadow would also be useful, since 

the escape hypothesis predicts distance related effects. For example, the Janzen-Connell seedling 

recruitment pattern is expected to occur with immobile host-specific predators (Nathan & Casagrandi 

2004), but my research investigated seed removal rates by mobile non-specific predators at peak fruiting 

under the immediate canopy only, as a measure of possible predation in seed traps. 

Plant diversity studies could be used to shed light on recruitment models that encourage species 

coexistence with puriri and miro. It has been shown that Janzen-Connell effects may facilitate the 

coexistence of the many rare plant species found in tropical forests, while negative density dependence 

regulates the few most successful and abundant species (Wright 2002). 

 

7.4 Local regeneration and active seed dispersal in native ‘fleshy’ large-fruited tree species 

In the study regions (Chapter 2), karaka, miro, puriri, taraire, and Beilschmiedia tawa (tawa) appeared able 

to regenerate locally if fruits were not actively dispersed, since they all had seedlings of their own species 

growing under their canopies. This was encouraging since there is concern worldwide about whether trees 

with large fruit will continue to establish locally from whole fruits if seeds are not actively dispersed 

(Kelly et al. 2010). Nevertheless, taraire had limited dispersal in regions with low kereru densities because 

it is the native species most dependent on kereru for dispersal, since it has the largest fruits (Kelly et al. 

2010). At Pelorus Bridge, tawa also had limited active dispersal (30−70% of tawa fruits were > 15 mm 

diameter; Kelly et al. 2010), despite neighbouring miro having adequate dispersal rates.  

Miro seedlings were notably absent under large-fruited trees in the study regions, especially under 

puriri, and the current lack might be explained by the absence of any associated female miro trees, a lack 
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of suitable microsites for germination and/or establishment, and by thick seed endocarps that may cause 

restricted or delayed germination. Dioecy in miro may also restrict seed availability, and therefore 

seedling establishment, since there are potentially only half the number of seed-bearing individuals 

compared with monoecious or hermaphroditic co-fruiting tree species (Heilbuth et al. 2001).  

Useful future work would include trials to address the lack of germination of miro seeds under co-

fruiting tree species, and determining if karaka, taraire, and tawa trees in the study regions are ‘attractors’ 

of kereru-mediated seed dispersal, since I only trapped seeds under miro and puriri. 

  

7.5 Simulation model of long distance kereru-generated seed dispersal kernels 

The in silico simulation model showed that variation in kereru densities generally did not affect the scale 

or shape parameters of dispersal kernels because resources were not depleted locally, and so kereru did 

not have to make forays out of the tree clusters to obtain more fruit. However, at the highest kereru 

densities there were some increases in the puriri scale and shape parameters due to fruit depletion.  

Aggregated distributions of trees in the model resulted in shorter dispersal distances and non-uniform 

seed rain, which are expected to promote further aggregation and neighbourhood competition. However, 

many of the kernels in aggregated landscapes had ‘fat’ tails, which could potentially take some seeds 

away from dense sites, creating new clusters of plants. Increased tree dispersion, in contrast, resulted in 

longer dispersal distances and a more uniform spatial pattern of seed rain. 

As outlined in Section 6.5, factors that could be introduced into the model include escape and 

recruitment effects, predation, and explicit modeling of dioecy. Some simulation models have shown that 

a reduction in seed disperser numbers causes a greater decrease in the ability of dioecious progeny to find 

uninhabited sites compared with co-sexual trees such as puriri (Heilbuth et al. 2001). The introduction of 

other co-fruiting tree species with seasonal variation would also create more realistic dynamics.  

Factors that could be improved include modeling of fruit production, information on the ecology of 

kereru in fragmented vs. continuous forests, and movement data using global positioning system (GPS) to 

provide detailed patterns of kereru foraging behavior on small to medium scales. For example, 

Weimerskirch et al. (2002) obtained exact flight patterns and foraging behavior of free-ranging 

Wandering Albatrosses (Diomedea exulans) at one second intervals.   

My model is important since it is one of only a few that examines the links between tree distribution 

and long distance frugivore movement behaviour, which is not easily done any other way. Long distance 

inter-patch dispersal is of crucial importance to counteract local extinctions, especially where there are 

low densities, clumped, or fragmented plant spatial distributions (Primack & Miao 1992; Hewitt & 

Kellman 2002). Integration of my model with kereru population demographic models to form landscape-
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level models could be conducted to explore seed movement between fragmented systems and the 

implications of disperser decline on long-term population dynamics.   
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8 Appendices 

 
8.1 Function parameters, log-likelihood, and AIC values for Prumnopytis ferruginea (miro) and 

Vitex lucens (puriri) local seed shadows in the replicates of the pilot trial  

Function Parameters (1
st
 puriri repeat) Log likelihood AIC 

Weibull shape = 2.778, scale = 5.622 -8604.59 17214 

normal mean = 0.031, SD = 0.022  -8630.39 17264 

Poisson λ = 5.003 -8730.54 17464 

negative binomial size = 258.217, μ = 5.003 -8738.43 17480 

gamma shape = 4.692, rate = 0.938 -8899.24 17802 

log-normal mean log = 1.4996, SD log = 0.517 -9212.84 18430 

Cauchy location = 5.526, scale = 1.324 -9620.52 19246 

exponential rate = 0.19989 -10648.71 21300 

geometric probability = 0.167 -10712.52 21428 

 

Function Parameters (1
st
 miro repeat) Log likelihood AIC 

log-normal mean log = 0.593, SD log = 0.505  -3153.08 6310 

gamma shape = 4.195, rate = 2.049 -3169.09 6342 

Weibull shape = 2.216, scale = 2.324  -3212.52 6430 

normal mean = 2.048, SD = 0.999 -3367.29 6738 

Poisson λ = 2.048 -3578.34 7158 

Cauchy location = 1.074, scale = 0.67 -3953.03 7910 

exponential rate = 0.488  -4077.06 8156 

geometric probability = 0.328 -4242.69 8488 

negative binomial – – – 

 

Function Parameters (2
nd

 puriri repeat) Log likelihood AIC 

Weibull shape = 2.620, scale = 3.431  -425.59 856 

normal mean = 3.047, SD = 1.286  -427.66 860 

gamma shape = 4.210, rate = 1.381 -443.04 890 

negative binomial size = 270.963, μ = 3.047  -450.12 904 

log-normal mean log = 0.991, SD log = 0.544  -460.99 926 

Cauchy location = 3.263, scale = 0.816 -484.85 974 

Poisson λ = 3.047 -449.47 900 

exponential rate = 0.328 -541.21 1084 

geometric probability = 0.247 -550.62 1102 

 

Function Parameters (2
nd

 miro repeat) Log likelihood AIC 

log-normal mean log = 0.722, SD log = 0.598  -1787.06 3578 

gamma shape = 3.080, rate = 1.262 -1793.21 3590 

Weibull shape = 1.882, scale = 2.766  -1808.88 3622 

Poisson λ = 2.441 -1881.52 3766 

negative binomial size = 294.948, μ = 2.441  -1882.51 3768 

normal mean = 2.441, SD = 1.384 -1916.53 3838 

exponential rate = 0.410 -2079.90 4162 

geometric probability = 0.291 -2137.85 4278 

Cauchy location = 2.081, scale = 0.967 -2186.90 4378 
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8.2 Aborted ovule distributions (2006−2007)  

Distance from tree (m) Pilot puriri * Pilot miro ** 

0.6-1.5 405 38 

1.6-2.5 952 47 

2.6-3.5 1828 57 

3.6-4.5 2104 94 

4.6-5.5 4005 0 

5.6-6.5 531 66 

6.6-7.5 0 – 

7.6-8.5 0 – 

8.6-9.5 0 – 

9.6-10.5 0 – 

10.6-11.5 0 – 

11.6-12.5 0 – 

* Ovules with soft seeds that fell across the whole collection period.  

** Green ovules with soft seeds up to mature-size, from December to March.  
 

8.3 Sampling annuli areas, trap no. per annuli area, and trap density  

Distance from 

tree 

Area of 1 m wide concentric annulus centred on 

the specified distance (m
2
) 

Number of traps in 

the annulus 

Trap no. 

per m
2
 

1 6.29 8 1.28 

2 12.58 12 0.95 

3 18.85 20 1.06 

4 25.13 28 1.11 

5 31.41 36 1.15 

6 37.69 44 1.17 

7 43.97 52 1.18 

8 50.26 60 1.19 

9 56.54 68 1.20 
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8.4 Mean numbers ± SE of passively dispersed intact fruit and actively dispersed depulped seeds in concentric 1 m annuli at the specified 
distance from puriri and miro trees (n = 3 trees per region)  

2007−2008 (W = Waitakere, H = Hunua, We = Wenderholm, middle M = miro, P = puriri, end M = seeds with mesocarp, D = actively 

dispersed depulped seeds).  

Distance from tree (m) WMM WMD HMM HMD WPM WPD WePM WePD 

0.5-1.5 432 ± 73 287 ± 119 608 ± 275 976 ± 828 293 ± 83 69 ± 46 101 ± 28 74 ± 44 

1.6-2.5 575 ± 80 206 ± 83 749 ± 501 1218 ± 998 301 ± 170 140 ± 120 49 ± 14 77 ± 37 

2.6-3.5 348 ± 73 108 ± 25 557 ± 339 652 ± 469 399 ± 162 63 ± 44 114 ± 58 171 ± 83 

3.6-4.5 139 ± 60 96 ± 29 366 ± 305 798 ± 593 402 ± 176 72 ± 37 114 ± 21 336 ± 189 

4.6-5.5 75 ± 54 22 ± 12 324 ± 279 468 ± 204 408 ± 192 66 ± 22 88 ± 23 233 ± 120 

5.6-6.5 16 ± 8 52 ± 17 77 ± 77 376 ± 180 425 ± 162 23 ± 11 68 ± 44 159 ± 125 

6.6-7.5 – – – – 192 ± 76 57 ± 11 68 ± 60 118 ± 84 

7.6-8.5 – – – – 134 ± 56 6 ± 6 48 ± 12 19 ± 7 

8.6-9.5 – – – – 100 ± 68 41 ± 14 70 ± 30 10 ± 4 

 

2008−2009 

Distance from tree (m) WMM WMD HMM HMD WPM WPD WePM WePD 

0.5-1.5 199 ± 40 323 ± 188 603 ± 200 827 ± 550 96 ± 37 133 ± 125 21 ± 14 64 ± 42 

1.6-2.5 216 ± 36 186 ± 77 1169 ± 573 1155 ± 404 120 ± 6 63 ± 43 42 ± 24 77 ± 43 

2.6-3.5 260 ± 34 127 ± 42 975 ± 384 779 ± 352 146 ± 45 63 ± 44 76 ± 40 190 ± 162 

3.6-4.5 188 ± 28 58 ± 35 806 ± 389 948 ± 349 163 ± 55 96 ± 78 36 ± 10 192 ± 124 

4.6-5.5 41 ± 9 70 ± 40 612 ± 302 1074 ± 174 167 ± 26 60 ± 24 96 ± 49 217 ± 127 

5.6-6.5 16 ± 8 32 ± 32 176 ± 77 835 ± 78 52 ± 20 85 ± 77 187 ± 116 164 ± 86 

6.6-7.5 – – – – 68 ± 35 74 ± 50 92 ± 47 315 ± 159 

7.6-8.5 – – – – 22 ± 15  85 ± 69 66 ± 35 458 ± 286 

8.6-9.5 – – – – 53 ± 33 68 ± 68 101 ± 50 213 ± 105 
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8.5 AIC values for individual miro and puriri local seed shadows, and across all trees combined for 
each species, fitted by functions that have been used to describe seed dispersal  

2007−2008 

Tree LN (2) E (1) N (2) P (1) C (2) NB (2) W (2) Gam. (2) Geom. (1) 

FairyM 4874 6106 5030 5220 5676 – 4862 4830 6276 

FairyD 2592 3002 2800 2716 3110 2720 2630 2602 3076 

FairyT 7494 9106 7888 7938 8810 – 7544 7470 9352 

SpraggM 2640 3650 2986 3174 3000 – 2820 2682 3804 

SpraggD 974 1134 1092 1046 1182 1050 1010 992 1166 

SpraggT 3670 4798 4212 4244 4268 – 3918 3746 4976 

PilotmiroM 6240 7688 6714 6752 7326 – 6374 6270 7918 

PilotmiroD 3796 4482 4504 4248 4602 4250 4050 3936 4630 

PilotmiroT 10176 12262 11352 11080 12134 11088 10572 10340 12642 

SteepM 2806 3604 2872 3032 3218 3040 2792 2776 3700 

SteepD 2320 3308 2356 2576 2486 2582 2342 2302 3354 

SteepT 5430 6948 5450 5714 6034 5726 5346 5338 7084 

MiddleM 21682 25572 22018 22042 25082 22064 21348 21398 26062 

MiddleD 37442 43532 39454 38728 44110 – 37602 37338 44486 

MiddleT 59230 69118 61538 60812 69382 60836 59044 58846 70560 

HoleM 2198 2894 2702 2696 – 2700 2434 2318 3052 

HoleD 8048 8812 7466 7570 8348 7578 7466 7738 8902 

HoleT 8216 9354 17350 13452 9878 9582 9344 11052 12240 

PilotpuririM 13564 15236 13318 13232 15250 – 13068 13246 15412 

PilotpuririD 4068 4648 4470 4270 4646 4260 4166 4108 4720 

PilotpuririT 17288 19338 17426 17146 19780 17150 16920 17010 19574 

AratakiM 17462 19446 16688 16638 18354 16630 16558 16878 19570 

AratakiD 878 968 794 804 854 806 800 836 974 

AratakiT 16312 18152 15842 15700 17102 15694 15624 17716 20544 

CascadeM 4778 5004 4528 4604 5070 4558 4506 5736 6408 

CascadeD 1782 1900 1706 1728 1916 1710 1692 1726 1910 

CascadeT 6564 6904 6236 6336 6984 6268 6200 6334 6944 

PerimeterM 5926 6366 5696 5716 6380 5686 5636 5736 6408 

PerimeterD 6028 7350 5548 5862 5698 5868 5868 5760 7440 

PerimeterT 12198 13780 12030 11850 12652 11854 11796 11880 13906 

Puhoi1M 2684 2876 2688 2656 2936 2628 2606 2626 2904 

Puhoi1D 1268 1410 1204 1206 1360 1208 1198 1226 1418 

Puhoi1T 4004 4296 3940 3918 4340 3896 3854 3900 4332 

Puhoi2M 1622 1704 1616 1638 1764 1624 1572 1586 1714 

Puhoi2D 7066 8970 6324 6776 6916 – 6314 6722 9024 

Puhoi2T 8960 10674 8200 8412 8838 – 8228 8558 10738 

AllmiroM 16386 19088 17264 16958 19250 – 16456 16346 19508 

AllmiroD 6922 8298 7300 7270 8102 – 6972 6908 8504 

AllmiroT 9418 10766 9856 9646 11098 9652 9408 8174 9384 

AllpuririM 11354 12530 11040 10960 12166 10958 10874 11032 12630 

AllpuririD 7692 8392 7496 7450 8298 7438 7374 7476 8456 

AllpuririT 3730 4246 3614 3594 3950 3598 3570 3622 4284 

Yellow = smallest AIC values, blue = models which do not have the lowest AIC for any tree or seed type,  

M = with mesocarp, D = actively dispersed depulped seeds, T = total seeds, LN = log-normal,  

E = exponential, N = normal, P = Poisson (random), C = Cauchy, NB = negative binomial (aggregated),  

W = Weibull, Gam. = gamma, Geom. = geometric; (n) = no. of parameters in each model.  
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2008−2009 

Tree LN E N P C NB W Gam. Geom. 

FairyM 3326 4154 3220 3414 3620 3420 3180 3234 4236 

FairyD 3230 3828 3212 3226 3646 3232 3144 3170 3884 

FairyT 6586 7990 6534 6666 7296 6678 6406 6450 8124 

SpraggM 3232 3892 3354 3394 3826 – 3222 3208 4004 

SpraggD 1708 3014 2168 2764 – 2770 2022 1830 3270 

SpraggT 5536 7064 6462 6448 7062 6454 5932 5720 7382 

PilotmiroM 2424 2892 2392 2468 2782 2474 2340 2372 2958 

PilotmiroD 1454 1622 1558 1516 1812 1518 1466 1460 1664 

PilotmiroT 3906 4512 3976 3984 4642 – 3838 3860 4622 

SteepM 24560 30078 24746 25246 28208 25282 24148 24194 30638 

SteepD 21666 25844 21256 21472 24642 21482 20924 21216 26154 

SteepT 46756 56060 46868 47172 53522 47194 45804 460160 56910 

MiddleM 17204 20732 16378 16960 18778 16972 16232 16658 21016 

MiddleD 30254 34026 30826 30366 35264 – 29740 29868 34630 

MiddleT 48004 54798 47512 47462 54444 – 46430 46984 55678 

HoleM 3076 3914 3386 3438 3630 – 3194 3110 4050 

HoleD 9720 11810 19770 15158 – 11000 11642 10496 11908 

HoleT 17488 19512 16218 16496 18108 16514 16202 16824 19710 

PilotpuririM 2812 3218 2786 2764 3124 2768 2726 2750 3260 

PilotpuririD 812 896 800 792 914 794 784 794 904. 

PilotpuririT 3632 4116 3620 3576 4062 3578 3534 3562 4166 

AratakiM 5574 6138 5496 5426 5964 5424 5380 5434 6194 

AratakiD 9314 9590 9142 9394 10302 9088 8956 90660 9654 

AratakiT 14966 15740 14774 14874 16440 14612 14432 14592 15858 

CascadeM 3054 3052 3058 3018 3296 3008 2990 3000 3450 

CascadeD 492 674 496 510 554 – 494 490 676 

CascadeT 3768 4266 3722 3684 4046 3682 3660 3690 42900 

PerimeterM 6254 7258 5636 5758 5984 5766 5660 5958 7288 

PerimeterD 19334 22088 17870 18088 20048 18102 17868 18582 22180 

PerimeterT 25594 29344 23516 23846 26168 23868 23538 24546 29468 

Puhoi1M 1848 2224 1844 1834 2040 1838 1814 1818 2244 

Puhoi1D 2020 2206 2014 1992 2206 1984 1964 1980 2224 

Puhoi1T 3896 4428 3880 3826 4248 3828 3798 3820 4466 

Puhoi2M 1402 2318 1366 1596 1594 – 1354 1386 2324 

Puhoi2D 4842 7368 4538 5148 5018 – 4432 4716 7388 

Puhoi2T 6258 9686 5906 6742 6616 – 5782 6110 9712 

AllmiroM 3022 3654 3010 3104 3452 3110 2938 2964 3738 

AllmiroD 2524 2936 2884 2754 3096 2756 2640 2586 3028 

AllmiroT 5612 6590 5940 5872 6718 – 5648 5606 6764 

AllpuririM 3630 3910 3580 3558 3962 3540 3502 3540 3942 

AllpuririD 5062 5552 4718 4750 5244 4750 4718 4858 5580 

AllpuririT 7508 8034 7440 7416 8216 7340 7260 7332 8098 
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8.6 Mean numbers of actively dispersed depulped seeds from other native ‘fleshy’ large-fruited tree 
species, deposited in sampling areas at the study trees in regions across two seasons (n = 3 trees 
× 2 seasons)  

Region and tree species  karaka miro puriri taraire tawa 

Waitakere puriri 16 ± 13 91 ± 23 − 16 ± 6 21 ± 12 

Wenderholm puriri 77 ± 43 0 − 51 ± 23 3 ± 3 

Waitakere miro 0 −  8 ± 5 0 0 

Hunua miro 5 ± 3 − 19 ± 5 93 ± 50  123 ± 63 
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8.7 Main directions of seed rain (and % of seeds in that direction) at trees across two or three seasons  

Trial PP PP1 PP2 PilP CP AP PM FM SM SMH MM MH 

Pilot 06−07 (M) – – – N (40) 

W (44) 
– – E (63) – – – – – 

Pilot 06−07 (D) – – – N (100) – – N (34) 

W (32) 
– – – – – 

Pilot 07−08 (M) – – – N (25) 

W (49) 
– – None – – – – – 

Pilot 07−08 (D) – – – N (92) – – None – – – – – 

Pilot 08−09 (M) – – – N (42) 

W (42) 
– – N (48) – – – – – 

Pilot 08−09 (D) – – – No seeds – – W (76) – – – – – 
Main trial  

07−08 (M) 

W (67) Equal Insufficient 

seeds 

N (34) 

W (44) 

Equal N (55) 

E (26) 

N (37) 

E (41) 

Equal Equal N (54) 

E (28) 

N (41) 

E (37) 

Equal 

Main trial  

07−08 (D) 

N (72) Equal N (27) E (39)  

W (31) 

N (30) 

W (37) 

S (42) 

E (42) 

Equal W (69) N (46) E (34) N (51) 

E (36) 

N (63) Equal 

Main trial 

08−09 (M) 

W (92) W (68) N (96) W (39) W (34) 

E (31) 

N (46) 

W (27) 

N (48) 

E (43) 

N (40) 

E (35) 

E (40) N (45) 

E (37) 

E (57) S (37) 

W (33) 

Main trial 

08−09 (D) 

N (80) 

W (20) 

N (34) E (67) – E (56) N (35) 

W (58) 

W (67) N (42) 

 

S (55) N (56) 

E (34) 

N (68) W (82) 

M = seeds with mesocarp, D = actively dispersed depulped seeds, Equal = equal distribution in all directions, Pilot = pilot trials. 

See Section 2 for explanations of tree name abbreviations. 
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8.8 Original no. of seedlings at each tree and no. of seedlings remaining at 1.75 years 

Tree Original no. of 

seedlings 

No. of surviving 

seedlings 

PilP  2 2 

CP  1 1 

AP  15 13 

PP  10 3 

PP1  14 10 

PP2  65 60 

FM  10 3 

SM  9 2 

PM  34 12 

SMH  10 7 

MM  14 8 

MH  6 5 

 

8.9 % of each tree species having the specified native large-fruited seedling species under their 
canopy in regions, and number of seedlings under canopies across all regions  

% of each tree species having the specified native seedlings in Waitakere (see Section 5.5.1 for the 

combined results across all regions).  

Tree (n) puriri 

seedling 

miro 

seedling 

taraire 

seedling 

tawa 

seedling 

karaka 

seedling 

puriri (8) 88 0 13 13 38 

♀ miro (12) 33 67 0 25 0 

taraire (0) – – – – – 

tawa (11) 27 9 18 9 9 

karaka (0) – – – – – 

 

% of each tree species having the specified native seedlings in Hunua.  

Tree (n) puriri 

seedling 

miro 

seedling 

taraire 

seedling 

tawa 

seedling 

karaka 

seedling 

puriri (1) 100 0 100 0 0 

♀ miro (8) 25 38 88 63 0 

taraire (2) 50 50 100 50 0 

tawa (18) 0 17 67 33 0 

karaka (0) – – – – – 

 

% of each tree species having the specified native seedlings in Wenderholm.  

Tree (n) puriri 

seedling 

miro 

seedling 

taraire 

seedling 

tawa 

seedling 

karaka 

seedling 

puriri (23) 65 0 74 4 96 

♀ miro (0) – – – – – 

taraire (31) 16 0 42 0 100 

tawa (1) 0 0 0 0 100 

karaka (32) 34 0 25 0 97 
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Estimated numbers of seedlings under canopies across all regions.  

Tree (n) puriri seedling miro seedling taraire seedling tawa seedling karaka seedling 

puriri (32) 0-5  0 0-15  0-1  0-200  

♀ miro (20) 0-1  0-14  0-15  0-4  0 

taraire (33) 0-5  0-1  0-100  0-1  0-250  

tawa (30) 0-1  0-1  0-10  0-3  0-30  

karaka (32) 0-30  0 0-110  0 0-1000  

 

8.10 Hemiphaga novaeseelandiae (kereru) counts, perpendicular distances, and relative densities at 
trees in two seasons  

Kereru counts and perpendicular distances per tree (n = 3 counts) in 2007−2008 (stratum 1 = Wenderholm 

puriri, 2 = Waitakere puriri, 3 = Waitakere miro, 4 = Hunua miro; each number, including 0, represents 1 

counted kereru at that specified perpendicular distance from the transect; – = no kereru observed). 

Tree  

(stratum) 

Perpendicular distances 

(count 1) 

Perpendicular distances 

(count 2) 

Perpendicular distances 

(count 3) 

PP (1A) 0 0, 7, 7 15, 10 

PP1 (1B)  – 0 7 

PP2 (1C)  0 7.5, 4.5, 0.75 0 

AP (2A) 50 0 20 

PilP (2B) 0.5 – – 

CP (2C) 2, 21 0, 30 5 

PM (3A)  – 0 12 

FM (3B) 0 20 – 

SM (3C)  – – 0.5 

SMH (4A) 0, 0.5 4, 3.5 0, 30 

MM (4B) – 0, 0.5, 20 – 

MH (4C) 0, 3 20, 15, 0 – 

 

Kereru densities per tree ± SE (n = 3 counts) in 2007−2008 (– = no SE since only 1 kereru was counted).  

Stratum kereru density SE 

1A 21.6 8.1 

1B 14.3 6.4 

1C 41.5 13.1 

2A 3.0 1.3 

2B 2.98 – 

2C 9.3 3.2 

3A 8.3 3.7 

3B 5.0 2.2 

3C 2.3 – 

4A 32.1 15.6 

4B 7.5 3.1 

4C 13.3 4.7 
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Kereru counts and perpendicular distances per tree (n = 6 counts) in 2008−2009. 

Tree (stratum) Distances (count 1) 2 3 4 5 6 

PP (1A) 0, 0, 29.5 0, 60 0, 20 12 0, 30 100 

PP1 (1B)  20 59.75 50 – 10 0 

PP2 (1C)  – 60 0, 40.5 – 0 0, 10 

AP (2A) – 100 0 – 0 29 

PilP (2B) 5 0 9.5 – – 15 

CP (2C) 20 100 – 100 0 – 

PM (3A)  – – – 0 0, 0, 0, 90  50.5 

FM (3B) – – – 50 100 – 

SM (3C)  – – – – 12 – 

SMH (4A) 40 – 5, 30 18 29.5 0, 7, 30 

MM (4B) 0 5 30 0, 10 0, 0 0, 19.5 

MH (4C) 5 – 0, 30.5 0, 0, 20 – 30, 50 

 

Kereru densities per tree ± SE (n = 6 counts) in 2008−2009  

Stratum kereru density SE 

1A 16.8 4.8 

1B 4.2 1.5 

1C 12.0 5.9 

2A 2.5 0.8 

2B 13.3 5.7 

2C 2.0 0.6 

3A 8.3 2.98 

3B 1.0 0.5 

3C 4.2 – 

4A 10.0 3.5 

4B 43.2 14.97 

4C 11.4 2.9 

 

8.11 Mean length (mm) of actively dispersed depulped seeds and seeds from intact passively 
dispersed fruit with mesocarp ± SE (n seeds) in individual study trees and across regions  

Individual trees. 

Tree Mean length of depulped seeds  Mean length of seeds from intact fruit  

PP1 12.5 ± 0.4 (27) 11.6 ± 0.4 (28) 

PP2 12.3 ± 0.3 (62) 12.4 ± 0.2 (31) 

PP 13.4 ± 0.1 (222) 12.7 ± 0.2 (78) 

PilP 10.6 ± 0.7 (9) 10.5 ± 0.2 (56) 

CP 13.5 ± 0.4 (9) 13.1 ± 0.2 (33) 

AP 12.8 ± 0.1 (105) 11.9 ± 0.2 (60) 

FM 13.2 ± 0.2 (37) 13.4 ± 0.1 (51) 

PM 13.3 ± 0.2 (44) 12.9 ± 0.1 (82) 

SM 13.3 ± 0.1 (66) 13.1 ± 0.1 (55) 

MH 13.8 ± 0.1 (159) 13.2 ± 0.1 (51) 

SMH 14.1 ± 0.1 (237) 13.6 ± 0.1 (248) 

MM 13.9 ± 0.1 (293) 14.4 ± 0.1 (215) 
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Regions (n = 3 trees; P = puriri, M = miro). 

Region and tree species Mean length of depulped seeds  Mean length of seeds from intact fruit  

Wenderholm P 12.7 ± 0.3 12.2 ± 0.3 

Waitakere P 12.3 ± 0.9 11.8 ± 0.7 

Waitakere M 13.3 ± 0.04 13.2 ± 0.1 

Hunua M 13.9 ± 0.1 13.7 ± 0.4 

 

8.12 Endosperm soundness and seed flotation test  

Endosperm health in intact puriri fruit (with mesocarp) which either floated or sank (all of these seeds 

sank once the mesocarp was removed by hand; degraded puriri endosperm = powdery, discoloured, 

dehydrated, or with large cavities). 

No. of fruit & float 

result (tree) 

% with healthy 

endosperm  

% with absent or 

degraded endosperm  

% with cavities in seed  

21 Sank (PP)  100 0 0 

16 Sank (PilP)  96 4 14 

23 Floated (PilP) 13 87 52 

 

Endosperm health in intact miro fruit (with mesocarp) which either floated or sank (all of these seeds sank 

before and after the mesocarp was removed by hand; degraded miro endosperm = brown, green, or 

dehydrated). 

No. of fruit & float 

result (tree) 

% with healthy 

endosperm 

% with absent or 

degraded endosperm 

% with cavities in seed  

16 Sank (FM) 100 0 0 

8 Sank (PM) 87.5 12.5 0 

13 Sank (SM) 100 0 0 

32 Sank (SMH)  96.9 3.1 0 

69 Sank (MM) 94.2 5.8 0 

20 Sank (MH) 70.0 30.0 0 

 

Endosperm health in actively dispersed depulped seeds (with no external damage) which either sank or 

floated. 

Tree % Healthy endosperm in 

seeds that sank  

(n seeds) 

% Healthy endosperm 

in seeds that floated  

(n seeds) 

PP 75.4 (61) 0 (5) 

PM 100 (1) None floated 

SM 68.8 (16) None floated 

MH 77.27 (17) None floated 

SMH 76.67 (23) None floated 

MM 93.3 (30) None floated 

Random miro selection (season 1) 90 (10) 10 (10) 

FM (from seed-bank) 90 (10) 0 (11) 
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8.13 % Predation (removal) of seeds and fruit in traps in one month at peak fruiting  

Tree % of actively dispersed 

depulped seeds removed  

(n = 40 seeds) 

% of intact fruit with 

mesocarp removed  

(n = 40 seeds) 

CP 5 0 

PilP 0 0 

AP 5 0 

PP1 0 0 

PP2 0 0 

PP 0 0 

MH 0 0 

SMH 0 0 

MM 0 0 

PM 100 100 

SM 55 20 

FM 15 0 

 

8.14 Tree canopy openness (transmitted gap light) at individual trees   

Tree % Transmitted gap light 

(pixel value = 246) 

% Transmitted gap light 

(pixel value = 243) 

AP 30.71 47.25 

CP 45.23 44.83 

PilP 23.97 16.12 

PP1 28.81 14.71 

PP2 33.82 26.19 

PP 31.95 18.16 

FM 54.79 48.47 

SM 17.24 16.90 

PM 26.44 29.95 

MH 36.55 29.52 

MM 20.29 15.33 

SMH 35.82 34.26 

 
8.15 Tree canopy edge distance (m) from tree trunk at 30 degree intervals (n = 12) 

Tree 0/360 30 60 90 120 150 180 210 240 270 300 330 Mean SE  

FM 3.6 4.2 4.5 5 4.6 4.4 4.5 4 3.1 4 3.3 3.6 4.07 0.16 

PM 4.8 3 2.5 2 2.2 2.4 1.5 2 2.8 3.5 3.6 4.9 2.93 0.30 

SM 2.3 2.6 2.6 2.7 3.5 3.3 3.4 3.6 2.9 2.6 2.9 2 2.87 0.14 

SMH 1.6 2.3 2.8 1.7 3.6 2.6 2 2.2 2.1 3.2 3 2.4 2.46 0.18 

MM 3.5 3.2 2.6 4.6 3 2.8 3.4 2.4 2.6 1.7 2.2 2.7 2.89 0.21 

MH 2.2 2.2 2.5 2.4 2 2.4 2.2 2 3.5 2.1 2.9 3.1 2.46 0.14 

CP 4.5 5.3 7 7 6 5.9 7.7 8.4 7.9 6.4 8.6 6.6 6.78 0.34 

PilP 5 3 2 1 1.5 1 3 4 4.5 6.25 6 5.5 3.56 0.55 

AP 9 8 5 7.5 6.5 8 3 4 6.5 7 7 8 6.63 0.52 

PP 7 6 3.5 3.1 1.8 4.5 4.7 4.6 5.9 6.2 6.3 6.1 4.98 0.45 

PP1 5.5 5 5.2 4.9 4.7 4.8 4.8 3.4 8.5 7.5 8.5 5 5.65 0.47 

PP2 8.5 8 5 5.5 4.5 3 3 3.5 4 5.5 4.5 4.5 4.96 0.51 

Section 4.6 has mean canopy size per region. 
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8.16 DBH, GPS location, accuracy, and elevation of the study trees  

Tree DBH 

(cm) 

Location Accuracy  

(m) 

Elevation  

(m) 

PP 70 E2663954, N6516839 6 139 

PP1 70 E2663442, N6516738 11 110 

PP2 45 E2663295, N6516793 13 119 

CP 81 E2646522, N6478178 11 92 

PilP 60 E2653231, N6471866 8 330 

AP 58 E2653228, N6272055 11 162 

PM 25 E2647938, N6475881 8 384 

FM 57 E2647829, N6475033 10 360 

SM 40 E2647902, N6475845 8 379 

SMH 25 E2697811, N6457665 8 171 

MM 33 E2697715, N6457403 7 199 

MH 27 E2697741, N6457365 8 200 

Section 4.6 has mean DBH values per region. 

 

8.17 The effects of changes of model parameters on the mean scale and shape parameters (± SE) in 
the spatial simulation model using 30 replicates of 14 days each  

Scale: baseline value = 190.82 ± 1.11 m.   

Baseline model parameter (BMP) BMP - 25%  BMP + 25%  

GPT αgp = 4.06  176.28 ± 0.53 204.17 ± 1.03 

GPT βgp = 0.04  210.58 ± 1.18 179.22 ± 0.91 

maxFruit = 2500 191.96 ± 0.70 189.78 ± 0.92 

Foraging time = 120 min. 188.36 ± 0.95 190.14 ± 0.86 

Perching time αt = 0.67 209.89 ± 1.07 176.94 ± 0.65 

Perching time βt = 0.02 175.89 ± 1.05 205.82 ± 0.99 

Fruit regrowth = 50 189.81 ± 0.83 191.87 ± 1.16 

Fruit attractiveness af = 0.001 190.11 ± 1.08   189.50 ± 0.81 

Fruit attractiveness bf = 2 189.99 ± 0.95 188.42 ± 1.02 

Distance attractiveness ad = 0.00005 221.05 ± 0.98 170.51 ± 0.87 

Distance attractiveness bd = 2 499.62 ± 1.78 70.55 ± 0.44 

Crop size of kereru = 30 190.08 ± 0.98 192.03 ± 0.87 

No. of fruiting trees = 1200 195.50 ± 0.93 197.83 ± 1.00 

No. roost trees = 100 189.23 ± 0.92 190.88 ± 0.76 

Random new tree = 0.010 185.80 ± 1.15 197.22 ± 0.78 

RelRoostAttract = 0.6 191.20 ± 0.81 192.51 ± 1.06 
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Shape: baseline value = 1.168 ± 0.004.  

Baseline model parameter (BMP) BMP - 25%  BMP + 25%  

GPT αgp = 4.06     1.174 ± 0.005 1.164 ± 0.005 

GPT βgp = 0.04 1.167 ± 0.003 1.169 ± 0.003 

maxFruit = 2500 1.177 ± 0.004 1.171 ± 0.004 

Foraging time = 120 min. 1.166 ± 0.005 1.171 ± 0.005 

Perching time αt = 0.67 1.160 ± 0.004 1.192 ± 0.004 

Perching time βt = 0.02 1.173 ± 0.004 1.178 ± 0.004 

Fruit regrowth = 50 1.174 ± 0.004 1.169 ± 0.004 

Fruit attractiveness af = 0.001 1.174 ± 0.004 1.168 ± 0.004 

Fruit attractiveness bf = 2 1.175 ± 0.005 1.162 ± 0.005 

Distance attractiveness ad = 0.00005 1.244 ± 0.004 1.111 ± 0.003 

Distance attractiveness bd = 2 1.710 ± 0.005 0.789 ± 0.002 

Crop size of kereru = 30 1.171 ± 0.004 1.168 ± 0.004 

No. of fruiting trees = 1200 1.129 ± 0.004 1.154 ± 0.004 

No. roost trees = 100 1.167 ± 0.004 1.169 ± 0.004 

Random new tree = 0.010 1.217 ± 0.004 1.143 ± 0.003 

RelRoostAttract = 0.6 1.172 ± 0.004 1.167 ± 0.003 

 

8.18 Mean scale and shape parameters (± SE) for n = 30 replicate runs of 14 days each for puriri and 
miro in the NetLogo simulation model 

Puriri scale parameters.  

kereru 
ha

-1  
Standard deviation of tree aggregation 

10 20 50 100 200 

0.1 135.010 ± 3.011 151.414 ± 2.901  192.666 ± 3.068 221.590 ± 2.851 230.574 ± 3.174 

0.25 134.011 ± 1.694 152.480 ± 1.580 192.893 ± 2.419 218.800 ± 2.390 230.404 ± 1.303 

0.5 135.516 ± 1.427 151.109 ± 1.701 188.952 ± 1.614 219.521 ± 1.224 230.672 ± 1.457 

1 134.208 ± 1.372 151.882 ± 1.067 190.558 ± 1.308 221.678 ± 0.723 232.471 ± 0.750 

2 135.454 ± 1.146 151.334 ± 1.011 192.261 ± 1.218 220.159 ± 0.525 233.688 ± 0.688 

3 135.757 ± 0.975 150.569 ± 1.069 191.880 ± 0.847 222.353 ± 0.618 233.274 ± 0.489 

4 137.182 ± 0.939 151.453 ± 0.871 192.368 ± 0.828 221.415 ± 0.615 233.840 ± 0.648 

10 139.027 ± 0.839 155.375 ± 0.794 196.273 ± 0.559 225.189 ± 0.542 235.827 ± 0.329 

 

Puriri shape parameters. 

kereru 
ha

-1 
Standard deviation of tree aggregation 

10 20 50 100 200 

0.1 0.897 ± 0.011 1.006 ± 0.015 1.175 ± 0.016 1.283 ± 0.017 1.354 ± 0.020 

0.25 0.895 ± 0.007 1.008 ± 0.008 1.178 ± 0.014 1.282 ± 0.011  1.293 ± 0.012 

0.5 0.905 ± 0.006 0.992 ± 0.005 1.182 ± 0.007 1.272 ± 0.007 1.294 ± 0.009 

1 0.897 ± 0.005 1.003 ± 0.005 1.170 ± 0.005 1.271 ± 0.006 1.311 ± 0.005 

2 0.895 ± 0.005 1.002 ± 0.005 1.164 ± 0.004 1.270 ± 0.004 1.290 ± 0.004 

3 0.895 ± 0.004 0.999 ± 0.003 1.175 ± 0.003 1.278 ± 0.004 1.300 ± 0.003 

4 0.899 ± 0.004 0.991 ± 0.004 1.175 ± 0.004 1.276 ± 0.003 1.295 ± 0.003 

10 0.903 ± 0.003 1.008 ± 0.003 1.184 ± 0.002 1.279 ± 0.002 1.305 ± 0.002 
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Miro scale parameters.  

kereru 
ha

-1 
Standard deviation of tree aggregation 

10 20 50 100 200 

0.1 130.327 ± 2.812 147.859 ± 2.599 190.770 ± 3.052 213.391 ± 2.815 231.776 ± 3.057 

0.25 132.848 ± 1.771 151.618 ± 1.492 189.880 ± 2.034 217.474 ± 1.721 227.943 ± 1.616 

0.5 131.004 ± 1.107 151.568 ± 1.440 185.133 ± 1.320 217.901 ± 1.523 226.748 ± 1.088 

1 131.573 ± 1.075 147.749 ± 1.235 187.421 ± 1.271 217.152 ± 0.734 227.220 ± 0.860 

2 133.276 ± 0.840 147.039 ± 1.032 185.745 ± 0.850 217.140 ± 0.896 227.307 ± 0.771 

3 130.821 ± 0.846 147.545 ± 0.970 186.253 ± 0.846 216.679 ± 0.715 227.559 ± 0.575 

4 131.187 ± 0.979 149.330 ± 1.020 185.027 ± 0.793 214.950 ± 0.604 227.765 ± 0.640 

10 132.779 ± 1.166 150.093 ± 0.736 187.596 ± 0.624 217.128 ± 0.486 228.286 ± 0.389 

 

Miro shape parameters. 

kereru 
ha

-1 
Standard deviation of tree aggregation 

10 20 50 100 200 

0.1 0.909 ± 0.014  1.023 ± 0.016 1.186 ± 0.015 1.292 ± 0.016 1.312 ± 0.016 

0.25 0.918 ± 0.009 1.007 ± 0.009 1.187 ± 0.012 1.302 ± 0.012 1.314 ± 0.010 

0.5 0.896 ± 0.006 1.016 ± 0.007 1.187 ± 0.008 1.288 ± 0.007 1.298 ± 0.008 

1 0.903 ± 0.005 1.013 ± 0.005 1.180 ± 0.005 1.287 ± 0.007 1.309 ± 0.006 

2 0.906 ± 0.004 0.998 ± 0.003 1.188 ± 0.005 1.277 ± 0.004 1.300 ± 0.005 

3 0.898 ± 0.003 1.011 ± 0.004 1.179 ± 0.004 1.272 ± 0.004 1.311 ± 0.003 

4 0.892 ± 0.003 1.005 ± 0.004 1.171 ± 0.004 1.283 ± 0.004 1.303 ± 0.003 

10 0.897 ± 0.003 1.007 ± 0.003 1.189 ± 0.003 1.282 ± 0.002 1.307 ± 0.002 

 

8.19 Total number of seeds dispersed and % of seeds deposited beyond the nearest fruiting tree 
neighbour over 14 days across 400 ha in the NetLogo simulation model  

 

Puriri seed numbers (column headings are SD of tree aggregation). 

Kereru ha
-1

 10 20 50 100 200 

0.1 2027 2040 2063 1834 1933 

0.25 4972 5297 4841 5198 5008 

0.5 10214 10193 9885 9881 9645 

1 20134 20045 20118 19742 19836 

2 40336 39923 40184 39830 40679 

3 60770 60390 60618 60538 60043 

4 80554 80664 80337 79666 79444 

10 199931 198848 197950 198574 198311 

 

% of puriri seeds deposited beyond the nearest fruiting tree neighbour. 

Kereru ha
-1

 10 20 50 100 200 

0.1 90.08 93.04 93.60 94.92 96.74 

0.25 88.86 90.60 95.68 96.83 96.86 

0.5 88.56 93.24 94.93 96.27 96.30 

1 89.46 93.89 95.63 96.68 95.58 

2 89.40 93.62 95.33 96.06 95.88 

3 90.03 94.26 95.82 96.16 95.78 

4 89.51 93.13 95.60 96.04 96.20 

10 90.38 93.16 95.60 96.12 96.20 
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Miro seed numbers. 

Kereru ha
-1

 10 20 50 100 200 

0.1 1983 1970 2109 1953 2219 

0.25 5059 5109 4991 5320 5005 

0.5 10069 10254 10121 10346 9988 

1 20870 20259 20237 20188 20670 

2 42267 41621 41143 40612 40936 

3 62120 62200 61667 61207 61181 

4 83230 82715 82152 80899 81613 

10 206599 206110 204357 204649 205611 

 

% of miro seeds deposited beyond the nearest fruiting tree neighbour. 

Kereru ha
-1

 10 20 50 100 200 

0.1 88.75 89.49 96.02 94.77 92.61 

0.25 89.09 93.33 94.75 94.04 95.43 

0.5 90.37 92.70 95.10 94.35 94.28 

1 89.31 92.47 94.78 94.15 94.33 

2 90.06 93.22 94.78 94.44 94.74 

3 89.37 93.59 95.23 94.21 94.20 

4 90.26 92.89 95.41 93.92 94.37 

10 90.38 93.46 95.50 94.41 94.30 

 

8.20 Seed germination trial 

A trial is being conducted to determine whether there is a germination benefit to seeds which are actively 

dispersed by kereru (without mesocarp) vs. passively dispersed intact fruit (with mesocarp).  

Thirty six miro and puriri seeds of each type with no visible damage were randomly selected across 

all trees and planted on the surface of damp, sterile potting mix in plastic pots in June 2009. As in Clout & 

Tilley (1992), artificial treatment (i.e. mesocarp removal by hand) was not included in the experiments 

because the trial is concerned only with natural fates of fruits (i.e. eaten or uneaten), and subsequent 

consequences for germination. Robertson et al. (2006) also used intact fruit in germination trials to predict 

what might happen if birds stopped feeding on the fruit. The seeds were spaced approximately 2 cm apart 

and were pressed into the surface of the potting mix, which filled each pot (5 × 5 cm wide) to a depth of c. 

7 cm:  

 

Schedule of replicated pots with seed-types for the puriri and miro germination trial. 

Tree species Actively dispersed depulped seeds Intact fruit with mesocarp 

puriri 6 pots, each with 6 seeds 6 pots, each with 6 fruit 

miro 6 pots, each with 6 seeds 6 pots, each with 6 fruit 

  

The pots are being watered and rotated daily, weeded, and covered with shade-cloth over summer to 

prevent desiccation. Leaf litter, obtained in the field from under each tree species’ canopy, has recently 
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been applied. Germination is defined as the appearance of a rootlet following the splitting of the endocarp 

(Clout & Tilley 1992). The pots are being examined monthly for germination and germinated seeds and 

seedlings will be removed at each inspection.        
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