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CHAPTER 4.

4.0 WETA BOXES AND RODENT TRACKING TUNNELS AS

METHODS TO MONITOR WETA POPULATIONS.

4.1 BACKGROUND.

The use of pitfall and other types of invertebrate kill traps used for

population studies clearly will have an impact on the invertebrate fauna of a

site (Enge 2001; New 1999). Although this impact may be trivial at the

population level, from an ecological perspective it is desirable to be able to

sample a population without having to kill the animals involved. This chapter

aims to describe the advantages and disadvantages of two methods that can

be used to sample invertebrate (in particular weta) populations without

needing to kill them. Weta were identified as being prime candidates for

study in chapter 1 and 2 of this thesis. This chapter also aims compare these

non-lethal methods with results of pitfall traps from chapter 3, evaluating the

abundance of some invertebrate species between the three study areas.

4.2 INTRODUCTION.

Weta boxes are a relatively recently developed method used to assess and

study weta populations in New Zealand (Trewick & Morgan-Richards 2000

C. Bleakley unpub data.). They are being used with increasing frequency as

a scientific and educational tool (N. Coad pers. comm.). Weta are known to

occupy and return to favoured roost holes in trees, rotten logs and so on.

Adult male tree weta (Hemideina spp) use larger roost holes to contain and

defend ‘harems’ of female weta (Trewick & Morgan-Richards 1995, 2000).

Each box or ‘condo’ is essentially an artificial roost site for weta with means

for viewing the animals present without disturbing or harming them. Trewick

& Morgan-Richards (2000) designed a large and complex artificial roost box

featuring multiple chambers cut into a length of wood. It was found that it

took a long time (months) for animals (weta, slaters, spiders, cockroaches
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and others) to begin to use roosts and thus for meaningful data to be

obtained. C. Bleakley (unpub data) used a more simplified design while

studying weta. It was again found that animals took months to occupy boxes.

Rodent tracking tunnels are a widely used method to estimate rodent and

mustelid abundances in managed forests in New Zealand (Brown et al. 1998;

Brown et al. 1996; Choquenot et al. 2001; Dilks et al. 1996; Innes et al.

1995; Innes & Skipworth 1983; King & Edgar 1977; Murphy et al. 1998b;

Murphy et al. 1999; Ragg & Moller 2000; Ratz 1997; Ruscoe et al. 2001).

Internationally, the method does not appear to be widely used, as a literature

search found only a single published article from Hawaii (Lindsey et al.

1999). The method is currently used at Trounson Kauri Park and Katui

Scenic Reserve by the Department of Conservation to monitor rodents and

stoats, with Katui as the non-treatment control site. It has been found that

larger weta (individuals greater than approximately 1 gram, such as adult or

sub-adult tree weta (Hemideina spp) and cave weta (Gymnoplectron spp.))

will also leave distinctive footprints in tracking tunnels (N. Coad pers.

comm.). Tracking tunnels can therefore also be used to estimate abundances

of the larger individuals of these two weta species.

4.3 METHODS.

4.3.1 WETA BOXES.

Weta boxes were made to a pattern modified from a design developed by C

Bleakley (pers. comm.) (Figure 4.1). Each box was a block of wood 85mm

by 40mm. Three 12mm holes were drilled parallel to each other into the base

to 3/4 of the length of the block. Two of these holes were touching one

another the third had 5mm separation. These holes were opened up on one

side of the block, and the single hole had a chamber drilled into its end. This

effectively produced two chambers, one 12mm wide with a larger chamber at

the end, the other 24mm wide. Both chambers opened to one side and at one



121

end of the block. A clear acetylene sheet was stapled over the side that the

two chambers opened on, and a piece of particle-board placed over it to act

as a cover. The particle-board was screwed in one corner to allow it to pivot

open for viewing. The clear acetylene sheet would remain in place over the

chambers to permit viewing whilst preventing animals from escaping. A roof

made from plastic sheet was attached to the top to divert rainfall.

Figure 4.1. Scale diagram of Weta box design used in this project.
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Initially these weta boxes were designed in an attempt to monitor the

distance from which weta might travel to bait stations containing toxic bait.

It was hoped that animals occupying boxes could be marked in such a way

that they could be positively identified on the video recording equipment

(described in chapter 2) if they visited a bait station. Thus, an individual weta

that had been recorded and marked inside a weta box could have its

behaviour and visitation activity at the nearby bait station measured and

quantified.

Each site consisted of 12 weta boxes attached to trees 200mm above ground

level (Plate 9). Four boxes were placed in a circle pattern corresponding to

the 4 points of the compass, centred on the bait station at a distance of 3

metres. A second set of 4 boxes was placed in an identical manner, at a

distance of 10 metres. The last set of four boxes was set in the same way at a

distance of 20 metres. This produced effectively three circles of boxes at 3,

10 and 20 metre distances respectively (Figure 4.2).

 Plate 9. Weta box attached to tree at Wenderholm Regional Park.
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Figure 4.2 Arrangement of weta boxes around standard ‘Phil-Proof’ bait stations at

Trounson Kauri Park, Katui Scenic Reserve and Wenderholm Regional Park.

Two sets of 12 boxes were each set up around empty bait stations at

Trounson (stations AG100, and AH200, Figure 2.2), and Katui (stations K3

and K4, Figure 2.3) in August and September 2000. They were removed on

July 16, 2001. Two sets of 12 boxes were set up at Wenderholm (stations W3

and W6, Figure 2.4) on December 4, 2000 and were removed in December

2001. Boxes were checked monthly at each site during the entire monitoring

period, with the exception of the last recording date at Trounson and

Wenderholm, where boxes had been left for 14 weeks and 22 weeks

respectively since previously being checked.

Once boxes had become occupied by a sufficient number of weta, animals

could be marked with white water-based correction fluid. This would allow

repeat occupancy by individual weta to be monitored over time. Marks were
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unique to each individual animal, and were made on the pronotum and/or

abdominal segments.

4.3.2 TRACKING TUNNELS.

100 tracking tunnels were set at 10 metre intervals in extended lines at both

Trounson Park and Katui Scenic Reserve by the Department of Conservation

in 1997. These tunnels are used primarily to assess and compare rodent and

mustelid numbers between the two areas. Each tunnel is made from plastic

sheet folded into a trapezoid and anchored to the ground. Inside each is an

ink-pad in the centre and strips of cardboard at both ends (Figure 4.3) (King

& Edgar 1977). Animals entering the tunnels leave ink footprints across the

cardboard strip, which can be later identified. Data from 1997 to 2001 from

Trounson and Katui was obtained from the Department of Conservation.

This data was re-analysed with an emphasis on the tracking rate of weta.

Figure 4.3 Diagram of the rodent tracking tunnel design used at Trounson Kauri Park and

Katui Scenic Reserve (Modified from King & Edgar 1977)).
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4.3.3 STATISTICAL ANALYSIS.

Results for each sampling method were tallied and summary statistics are

presented.

Data were statistically analysed using ANOVA and Tukey tests to establish

the differences and trends in occupancy and tracking rates between different

localities, seasons and over time. The date that boxes or tunnels were

checked was defined as being a single statistical ‘observation’ (or ‘n’). If

necessary data was transformed using log(x+1) function, where appropriate,

to normalise it for ANOVA tests. Statistical significance is expressed with

the word ‘significantly’ and the degrees of freedom, F and P values are given

in brackets. Minimum level of statistical significance was when P <0.05.

Correlation coefficients (r) were calculated for associations with annual

temperature and rainfall for tracking tunnel data only. Negative correlations

are stated as such with a negative r-value. Meteorological data used was

from the Trounson/Katui region (Figure 1.8). All meteorological data was

supplied by the National Institute of Water and Atmospheric Research

(N.I.W.A).

4.4 RESULTS.

4.4.1 WETA BOXES.

Tree weta, ground weta (Hemiandrus spp) and cave weta all readily took to

occupying weta boxes, after an initial settling in period (total weta counts;

Trounson =380, Katui =59, Wenderholm =158). By the conclusion of the

study many boxes were being occupied by up to six animals, ranging in size

from 5mm juvenile Gymnoplectron up to large adult tree weta (Hemideina

thoracica)  (Plate 10).

Other invertebrates found to occupy boxes included spiders (Araneae)

(=122), slaters (Isopoda) (=103), cockroaches (Celatoblatta spp) (=55), click

beetles (Elateridae) (=4), and millipedes (Diplopoda) (=4). Raw data is

shown in appendix XVIII
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Plate 10. Two weta boxes from Wenderholm Regional Park. Boxes are opened to show large

female tree weta (Hemideina thoracica) occupying the left chambers of each box. A large

vagrant spider (Miturga spp) is occupying the right chamber of the right box.

Summary statistics for box occupancy by each group observed at different

sites is shown in table 4.1.

Table 4.1. Summary statistics for weta box occupancy by invertebrate groups at Trounson

Kauri Park, Katui Scenic Reserve and Wenderholm Regional Park.

Site. Group.
Obser-

vations.
Mean. Median.

Standard

Error.

Lower

Quartile.

Upper

Quartile.
Range.

Trounson. Weta 15 25.3 26.0 3.3 15.0 36.0 1-44

Cockroaches 15 2.5 2.0 0.7 0.0 4.0 0-8

Spiders 15 1.9 1.0 0.7 0.0 2.0 0-8

Slaters 15 4.3 2.0 1.4 0.5 6.5 0-19

Weta 15 25.3 26.0 3.3 15.0 36.0 1-44

Katui. Weta 12 3.7 4.0 0.6 2.5 5.0 0-7

Cockroaches 12 0.5 0.0 0.2 0.0 1.0 0-2

Spiders 12 5.1 6.0 0.8 2.0 7.0 0-8

Slaters 12 2.3 0.0 1.0 0.0 3.3 0-12

Weta 12 3.7 4.0 0.6 2.5 5.0 0-7

Wenderholm. Weta 9 8.8 8.0 2.0 6.0 10.0 0-22

Cockroaches 9 1.1 0.0 0.6 0.0 1.0 0-5

Spiders 9 2.6 2.0 0.6 1.0 3.0 1-7

Slaters 9 0.4 0.0 0.3 0.0 0.0 0-3

Weta 9 8.8 8.0 2.0 6.0 10.0 0-22
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Occupancy of weta boxes by invertebrates was expressed as a percentage of

available boxes, and was graphed (figure 4.4). This shows the change in

occupancy over time. Spatial variation in box occupancy levels among

invertebrate groups at each site is shown in figure 4.5.

The occupancy of individual boxes did not appear to be random. On

sequential visits, boxes that had previously been occupied by any

invertebrate tended to be occupied again, often by the same taxon or even the

same individual. Weta that had been marked using correction fluid were

often recorded occupying the same box, sometimes the same chamber, in a

subsequent visit.

The number of marked weta recorded in boxes declined rapidly in

subsequent checks. At Trounson, 37 weta were initially marked in weta

boxes. Four weeks later nine weta occupying boxes were recorded as

carrying marks. Eight weeks later only one weta was recorded carrying a

mark. At Wenderholm, 24 weta were initially marked. Four weeks later only

four weta occupying boxes were recorded carrying marks. Eight weeks later,

none were recorded carrying a mark. Marks on most weta showed signs of

deterioration after four weeks at all sites.

Unfortunately, it was found to be impossible to identify marked weta on the

video-recording equipment. Resolution and focus problems coupled with

glare from the white plastic of the bait station prevented the positive

identification of any weta carrying marks, let alone a specific animal from a

particular box.

The physical location of each box appeared to influence whether they were

occupied. Some boxes were occupied almost immediately and continued to

be for the entire trial. Other boxes remained entirely unoccupied by any

invertebrate taxon for the duration of the trial.
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Figure 4.4. Temporal variation in the use of weta boxes by invertebrates at Trounson Kauri

Park, Katui Scenic Reserve and Wenderholm Regional Park. Box use is expressed as

percentage of available boxes.

Figure 4.5. Spatial variation in relative weta box occupancy levels among invertebrate

species at Trounson Kauri Park, Katui Scenic Reserve and Wenderholm Regional Park.
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Statistical analysis on occupancy rates was done using ANOVA tests. It is

evident from figure 4.4 that there was a clear change in occupancy over time.

For this reason data for each invertebrate group was separated into four

blocks (made up of three month ‘trimesters’ of data) from the date boxes

were set up at each site. This allowed a temporal analysis of the occupancy

of each invertebrate group. Data was found to be skewed and so was

transformed using log(x+1) to normalise it. ANOVA tests are summarised in

table 4.2 below

Table 4.2. Summary of ANOVA tests for invertebrates recorded occupying boxes at

Trounson Kauri Park, Katui Scenic Reserve and Wenderholm Regional Park.

Species.
Source of

variation.

Degrees of

Freedom.
F-value. Pr > F.

Wetas Site 2,35 21.24 0.0001

Trimester 3,35 7.22 0.0011

Site vs Trimester 4,35 0.31 0.8662

Cockroaches Site 2,35 4.74 0.0176

Trimester 3,35 3.09 0.0446

Site vs Trimester 4,35 5.31 0.0029

Spiders Site 2,35 5.30 0.0117

Trimester 3,35 1.16 0.3449

Site vs Trimester 4,35 0.47 0.7606

Slaters Site 2,35 7.89 0.0021

Trimester 3,35 9.49 0.0002

Site vs Trimester 4,35 5.02 0.0039

Significantly more boxes were occupied by weta at Trounson Kauri Park and

Wenderholm Regional Park, than Katui Scenic Reserve (F2,26=21.24, P

=0.0001). There was no significant difference between Trounson and

Wenderholm. Significantly fewer weta occupied boxes during the first

trimester compared to the third and forth trimester (F3,26=7.22, P =0.0011).

There were no other significant differences between trimesters for weta.

Significantly more cockroaches occupied boxes at Trounson compared to

Katui (F2,26=4.74, P =0.0176). There was no significant difference between

Wenderholm and both other sites. Significantly more cockroaches occupied

boxes during the forth trimester compared to the first and second trimester
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(F3,26=3.09, P =0.0446). There were no other significant differences between

trimesters for cockroaches.

Significantly more spiders occupied boxes at Katui than at Trounson

(F2,26=5.30, P  =0.0117). There was no significant difference between

Wenderholm and both other sites. There was no significant difference

between each of the four trimesters for spiders.

Significantly more slaters occupied boxes at Trounson than at Wenderholm

(F2,26=7.89, P =0.0021). There was no significant difference between Katui

and both other sites. Significantly more slaters occupied boxes during the

forth trimester compared to the first, second and third trimester (F3,26=9.49, P

=0.0002). There were no other significant differences between the first,

second and third trimesters for slaters.

4.4.2 TRACKING TUNNELS.

Weta were commonly recorded passing though tracking tunnels at both

Trounson Kauri Park and Katui Scenic Reserve. Footprints left by weta were

very distinctive and very easy to identify (Figure 4.6). Raw data is presented

in appendix XIX. Data was corrected by excluding tunnels that had tracking

information voided by interference (i.e. removal or damage) to the recording

paper by possums, rats or other animals. Data was then expressed as

corrected percentage of tunnels tracked. Summary statistical information is

presented in Table 4.3.

Tracking data from September 1997 to August 2002 is shown in Figure 4.7.

This shows that rates varied considerably, from zero up to 98% of tunnels

were recorded as being tracked.
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Figure 4.6. Typical footprints left by weta in tracking tunnels. Top left (a) is a typical

example showing the two smaller spots left by the tarsal claws, and the larger triangular

shaped spot left by the final tarsal pad. Top right (b) shows a heavily inked example where

spots are connected by excess ink and the second to last tarsal pad has also left an ink mark

connected to the point of the triangle made by the last tarsal pad. Bottom left (c) and right

(d) show print examples made by animals that were either lighter or had less ink adhered to

tarsal segments. Scale as shown is the same for all Figures.

Table 4.3. Summary statistics for weta tracks recorded in rodent tracking tunnels at

Trounson Kauri Park and Katui Scenic Reserve. Data is expressed as corrected percentage of

tunnels tracked.

Site. Season.
Obser-

vations.
Mean. Median.

Standard

Error.

Lower

Quartile.

Upper

Quartile.
Range.

Trounson. Autumn 13 45.3 47.0 8.9 12.0 69.0 5-98

Spring 9 36.0 33.0 7.9 14.1 50.0 9-70

Summer 9 81.8 86.0 4.9 78.0 88.9 51-97

Winter 12 39.5 42.5 8.2 13.3 66.5 1-74

Overall 43 49.4 50.0 4.7 17.5 72.4 1-98

Katui. Autumn 12 25.5 11.5 6.9 7.5 50.5 0-57

Spring 8 5.5 2.7 3.3 0.8 4.4 0-28.21

Summer 9 23.6 17.2 7.3 9.8 24.0 6.25-74.19

Winter 12 10.8 7.1 2.9 3.9 14.3 0-30

Overall 41 16.9 9.0 3.0 4.0 24.0 0-74.19
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Figure 4.7. Mean percentage of tunnels tracked per line by weta at Trounson Kauri Park and

Katui Scenic Reserve. (Bars indicate ± 95% confidence intervals).

Data was analysed using ANOVA to determine differences between sites and

seasons. Significantly more weta were tracked at Trounson than at Katui

(F1,83=32.26, P =0.0001).

As can be seen in figure 4.2, peaks in tracking rates generally coincided with

warmer months, while dips generally coincided with colder months. Seasonal

comparisons using ANOVA tests found that significantly more weta were

tracked during summer than during any other season (F3,84=4.52, P =0.0055).

There were no other significant differences between seasons. These seasonal

results were also confirmed by correlations with meteorological data.

Trounson had a significant correlation with temperature (r = 0.75, d.f. =12, P

<0.01), but no significant correlation with rainfall. Katui also had a

significant correlation with temperature (r = 0.56, d.f. =12, P <0.05), and

again no significant correlation with rainfall. Plots of these correlations are

shown in appendix XX.
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4.5 CONCLUSIONS.

4.5.1 WETA BOXES.

It is clear that some species of invertebrates, particularly weta, found the

weta box design used in this study to be a suitable substitute to natural roost

sites. Invertebrates readily took to occupying boxes, after an initial settling in

period of approximately four to six months. After this the occupancy of

boxes at each of the three study sites showed some significant differences.

This was clearly illustrated in both Figures 4.4 and 4.5, and in the significant

differences in invertebrate occupancy calculated in the ANOVA tests. Weta

occupancies were significant lower at Katui compared to Trounson and

Wenderholm. This result is most likely a reflection of a difference in weta

populations between the three areas as discussed below. Cockroaches were

also found in boxes significantly more often at Trounson than at Katui. In

contrast, spiders were found to occupy boxes significantly more often at

Katui than at Trounson. Slaters were found to occupy boxes more often at

Trounson than at Wenderholm. It is likely that the differences in occupancy

reflect the differences in invertebrate populations to a certain extent. It is also

likely that there is a level of inter-specific competition for boxes. The

presence of one species of invertebrate in a given chamber of a box may

have discouraged other invertebrate species from occupy the same chamber.

The absence of weta and cockroaches in boxes at Katui may have allowed a

higher occupancy by spiders and slaters, as these animals had more boxes

(and therefore chambers) available for colonisation.

The number of marked weta occupying boxes decreased over time. This was

most likely due to two reasons. Firstly, the animals simply did not return to

the box. This could have been because the animal had died, been eaten, or

simply moved to another roost hole. Secondly, the mark could have worn off,

or been lost when the animal moulted its skin. It was noted that marks on

some weta showed signs of deterioration after four weeks.
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The failure of the video-recording system to positively identify marked weta

was something of a disappointment. Had this method worked it would have

been possible to determine how far and how frequently weta would travel

from roost sites and visit bait stations. The problem with the method was that

the video system simply was not sensitive enough to detect the small marks

on weta. Fine focusing problems and glare from bait stations also caused

interference. This is graphically illustrated in the still frames from the video

footage (Plates 6 and 7 from chapter 2). Although these still frames have lost

some resolution in the process of being digitised for placement in this thesis,

they still give an idea of the difficulty in determining whether the weta

present was carrying any kind of white mark, let alone one individual to that

animal.

From the data collected in this research, it is evident that weta boxes are a

reliable method for sampling weta populations. There are, however, three

major limitations to the method. Figure 4.4 shows the time taken for

invertebrate occupancy to increase and then flatten off to stable levels. This

was also shown in the ANOVA tests on the difference in occupancy over the

four ‘trimesters’ of the trial. The general result was that occupancy increases

significantly over the four trimesters. It is clear that it takes approximately

four to six months for occupancy rates to level off. This delay in stable

occupancy was similar to that found by C Bleakley (pers. comm.) and

Trewick & Morgan-Richards (2000).

The second limitation is the physical location of the boxes. Some individual

boxes were observed to be unoccupied by invertebrates during the entire

trial. Although this observation may have been due to random factors, it is

likely that these boxes were located in places that made them unattractive to

invertebrates. Temperature, humidity, sheltering effect, tree species and

height from ground level could be the possible cause of this unattractiveness.

Weta are known to favour certain tree species for roosting, as well as having

preferences in the environmental conditions of the cavities that they occupy

(Trewick & Morgan-Richards 2000). Some of the unoccupied boxes in this
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study were observed to be constantly damp from rainfall run-off coming

from the tree they were attached too. Others were attached to fallen trees in a

way that may have made them less accessible. Efforts were made to

reposition these boxes in a more suitable location

The final limitation is the design of the weta box. C Bleakley (unpub data.)

found there was a definite preference by weta as to the diameter, angle to the

ground and depth of the chambers in each box. Chamber diameter and size

obviously limit the size and number of animals that can occupy it. Weta also

seemed to prefer chambers that were angled vertically or to around 30

degrees from vertical. In this study, all chambers were effectively vertical,

with two different diameter openings. These dimensions, however, could

have been unattractive to particular animals.

These limitations can easily be compensated for. Firstly, a large number of

boxes need to be used to provide enough data to allow for random error.

Secondly, these boxes should all be of identical manufacture, with chambers

cut vertically or near vertical. These chambers need to be big enough to

allow all sizes of weta to roost, from a single large weta to multiple smaller

weta. Boxes need to be positioned carefully to ensure they are placed in

locations that allow easy access and suitable environmental conditions for

weta. Any boxes found to be consistently unoccupied need to be

repositioned. Boxes must also be placed in the areas to be sampled many

months before any robust comparative data can be taken or any seasonal

correlations made. All of these recommendations were also made by C

Bleakley (pers. comm.) and Trewick & Morgan-Richards (2000).

One last aspect of weta boxes that needs to be considered is of an ecological

theory nature. What is it that weta boxes actually measure? It is clear that

there is substantial difference between the way weta boxes measure

invertebrate abundance compared to pitfall traps, tracking tunnels and video

monitoring. The catch or recording rate of the latter three methods is highly

dependant on two aspects; firstly the population of any given invertebrate
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group in an area, and secondly the activity of that same invertebrate group.

Tracking tunnels, pitfall traps and video monitoring require the invertebrate

to be physically active (i.e. the invertebrate must physically walk through the

tunnel, into the trap or onto the screen). Anything that influences the activity

of invertebrates will clearly affect the results of these three methods. Climate

has a very strong influence on invertebrate activity and this is illustrated in

the low catch rates of invertebrates in pitfalls during winter (shown in

chapter 3), the low tracking rate in tunnels during winter (shown in this

chapter) and the lower number of sightings recorded on video (chapter 2). In

contrast, weta boxes are far less dependent on invertebrate activity. In fact, it

could be suggested that weta boxes actually measure the inactivity of an

animal. Clearly, an invertebrate using a box as refuge during daylight hours

is equally likely to do so regardless of the inclement weather, climate or

season. Thus, it can be expected that there would be little or no seasonal

fluctuation recorded in box occupancy, and this is shown in figure 4.4.

Obviously there is a certain amount of activity required by invertebrates for

boxes to obtain data, the physical locating and entering of a box is the most

obvious. Climate could also influence the behavioural preference to occupy

boxes, which may result in some kind of seasonal fluctuation. However, this

seasonal fluctuation will not necessarily be the same pattern as that observed

in traps, tunnels and video monitoring (for example, animals could

potentially be recorded in higher numbers in boxes during winter, rather than

lower, due to differences in box occupancy preference during different

seasons). What is clear, however, is that boxes work in a different way to

pitfall traps, tracking tunnels and video monitoring, and this must be

carefully considered when they are used and results interpreted and

compared to other methods.

4.5.2 TRACKING TUNNELS.

Results show that tracking tunnels are also a suitable method to assess

relative weta numbers. Weta footprints are clearly visible on recording
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sheets, and numbers of tunnels tracked can be used to express a tracking

percentage for a particular date. Over time this produces a data set, which

can be compared to other areas with tracking tunnels set up in an identical

way. This is illustrated by examining figure 4.7, where tracking rate at

Trounson can be seen to be consistently higher than that from Katui. An

ANOVA test proved that this was indeed significant. It is evident that the

method is also sensitive enough to detect seasonal fluctuations. Looking

again at figure 4.7 shows peaks in activity generally during warmer months

and vice versa. Correlations with temperature again proved that this was

significant, and the ANOVA test showed a significantly higher tracking rate

in summer.

Like weta boxes, there are still limitations to this method. Weta are at or near

the lower weight limit required to leave an ink footprint. Testing by N. Coad

(pers. comm.) found that the minimum weight of weta needed to leave a

footprint was about 1 gram. This means that results will be very sensitive to

factors that influence footprint making. Differences in the amount, dilution

and type of ink used could affect how much ink is deposited on weta tarsi

and therefore onto the paper. Many different workers collected the data from

Trounson and Katui over four years. Each of these workers would likely

have used differing amounts, dilutions and possibly types of ink. Examining

the raw data sheets shows at least one months data was voided because of

insufficient ink application (this data point was not used in the analysis, or in

figure 4.7)

Different types and grades of paper could absorb ink at different speeds,

thereby influencing results. Paper was of at least three different types for this

study. Humidity and moisture content could also influence ink uptake and

paper absorbency.

It is also evident that only larger weta will leave prints, meaning the method

does not sample smaller weta.

Lastly, the differences in tracking rates may be a result of external

influences. It is known that the presence of a high population of rats
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influences the tracking rate of mice in an area. Brown et al. (1996) found that

the removal of rats through trapping resulted in an immediate increase in

tracking rates of mice. It was postulated that behavioural interference by rats

excluded mice from tracking tunnels. The rapid removal of rats resulted in a

significant correlated increase in mouse tracking over a five-day period. Rats

are present at Katui in higher numbers than at Trounson (Figure 1.9 and

Department of Conservation 2000). It is postulated that high rodent numbers

could exclude weta from tracking tunnels through behavioural interference in

a similar way. The presence of rodents is known to alter invertebrate

behaviour (Bremner et al. 1989).

Clearly, in order for this method to be reliable there needs to be consistency

in methods used. Tunnel design, type, dilution and amount of ink used, paper

type and weather conditions all need to be as identical as possible.

There are, however, clear advantages to this method. As tracking tunnels are

widely used in many conservation projects, it would be relatively simple to

re-examine existing recording papers for weta prints. From this information,

assessment could be made as to relative tracking rates between areas for as

long as tunnels were used. Obviously, care must be taken to make sure there

is consistency in methods as explained above. This method also does not

require the expense and time involved in the construction and setting up of

additional equipment that alternative methods require. All that is needed is

the minimal training of data collectors to ensure they are able to identify

weta prints, and the time to re-examine tracking papers.

In summary, it is evident that both weta boxes and tracking tunnels can be

used to monitor relative weta abundances. Each method has its own

advantages and disadvantages, however once established, both methods are

relatively simple to operate. In addition, it is clear that the single overriding

advantage of these methods is that both do not involve the killing of

invertebrates in order to sample them. Pitfall trapping and other kill methods

can have a definite impact on the invertebrate fauna of a site, and from an



139

ecological perspective this is clearly undesirable (Enge 2001; New 1999).

Care needs to be taken in the interpretation of weta box information and it’s

comparison to other invertebrate monitoring methods. Weta box data are far

less dependent on invertebrate activity than data from tracking tunnels, pitfall

traps and video monitoring. This means that boxes will show temporal

activity patterns that differ markedly from these other three methods. In

particular, it is unlikely that weta boxes will show the large seasonal changes

in abundance evident in pitfall traps, tracking tunnels and video monitoring.

Indeed examination of figure 4.4 shows that there is no apparent decrease in

box occupancy during colder months, a result which contrasts strongly with

tracking data shown in figure 4.7. This means that it is unsafe to directly

compare data from boxes to other methods on anything other than a general

scale.

In general, the results from both weta boxes and tracking tunnels confirm

results from the video-recorded activity of weta (Chapter 2) and the pitfall

trap catch rate of weta (Chapter 3). Video monitoring showed a significantly

higher number of weta at bait stations at Trounson compared to Katui. Weta

activity levels were also significantly lower during winter months (Chapter

2). Pitfall trapped weta were present in significantly higher numbers at

Trounson. Pitfall trapped weta were also captured in significantly lower

numbers during winter, and had a significant positive correlation with

temperature (Chapter 3).

The significantly higher numbers of weta in boxes and tracked at Trounson

and Wenderholm compared to Katui was likely the result of the reduction in

rat and possum numbers at these sites through pest control (Figure 1.9,

Department of Conservation 2000; Regional Park Service 1995). Further

details of this were discussed in chapters 1, 2 and 3 and need not be repeated

here.
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CHAPTER 5.

5.0 BRODIFACOUM RESIDUES IN INVERTEBRATES FROM

TROUNSON KAURI PARK.

5.1 BACKGROUND.

In order to assess secondary poisoning risks to bird species it is clear that

information is needed on the level of brodifacoum that forest invertebrates

may carry. What also needs to be known is how quickly these residues, if

any, accumulate in invertebrates, and how quickly they are eliminated. This

chapter aims to examine brodifacoum contamination, accumulation and

excretion in forest invertebrates, and to put this contamination in the context

of exposure to insectivorous birds.

5.2 INTRODUCTION.

In New Zealand, there has been little research done on the accumulation and

excretion of brodifacoum residues in invertebrate species.

Wright & Eason (1991) collected beetles (Holcaspis stewartensis and

Mecodema spp) from inside bait stations loaded with Talon 50WB (50ppm

brodifacoum). Twenty-two beetles were collected and residues ranging from

0.28 !g/g to 3.3 !g/g brodifacoum were found in five.

Ogilvie et al. (1997) tested tree weta (Hemideina thoracica), cockroaches

(Blattidae) and cave weta (Gymnoplectron spp) collected by hand after an

aerial poison drop of Talon 20P (20ppm brodifacoum). 4.3 !g/g of

brodifacoum was found in a single cave weta collected on a poison bait

pellet.

Low brodifacoum residues of 0.12 !g/g and 0.04 !g/g have been recorded in

slugs (Gastropoda) and cockroaches respectively, again after an aerial

application of Talon 20P (Booth et al. 2001; Morgan & Wright 1996).
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Other New Zealand studies have recorded insect species (tree weta

(Hemideina spp), cave weta, beetles (Coleoptera) and cockroaches entering

poison bait stations and evidently grazing toxic baits (Notman 1989; Sherley

et al. 1999; Spurr & Drew 1999; Wakelin 2000).

Because of the brodifacoum residues recorded and the sighting of individuals

on or around toxic bait, invertebrates are considered to have a high potential

to be a vector of secondary poisoning in native birds (Booth et al. 2001;

Eason et al. 2002; Eason & Spurr 1995a; Spurr 1996a; Wright & Eason

1991).

It is not known precisely what level of brodifacoum invertebrates may

accumulate in their tissues, or how far contaminated individuals will travel

after feeding. Further research on this has been recommended by many

authors (Booth et al. 2001; Eason & Spurr 1995a; Morgan & Wright 1996;

Spurr 1996a; Wright & Eason 1991; Eason et al. 2002).

In contrast to invertebrates, there is a plethora of evidence of brodifacoum

residues in mammals and birds. Residues of brodifacoum have been found in

many indigenous New Zealand birds. These include; brown kiwi (Apteryx

australis mantelli) (Robertson et al. 1999), ruru (Ninox novaeseelandiae)

(Murphy et al. 1998a; Ogilvie et al. 1997), kakariki (Cyanoramphus

novaezelandiae) (Ogilvie et al. 1997), pukeko (Porphyrio porhyrio

melanotus) (Dowding et al. 1999), paradise shelducks (Tadorna variegata)

(Dowding et al. 1999; Rammell et al. 1984), harrier hawk (Circus

approximans ) (Rammell et al. 1984), North Island saddle backs

(Philesturnus carunculatus rufusater) (Eason & Spurr 1995a) and other birds

(Dowding et al. 1999).

Residues have also been found in many introduced mammals in New

Zealand. These include; pigs (Sus scrofa) (Eason et al. 1999; Eason et al.

2001), possums (Trichosurus vulpecula) (Eason et al. 1996; Meenken et al.

1999), stoats (Mustela erminea), (Alterio 1996; Brown et al. 1998; Gillies &
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Pierce 1999) ferrets (Mustela furo) (Alterio 1996), cats (Felis catus) (Alterio

1996; Gillies & Pierce 1999; Murphy et al. 1998b; Rammell et al. 1984) and

rabbits (Rammell et al. 1984).

Internationally, residues of brodifacoum have been found in polecats

(Mustela putorius) (Shore et al. 1996), stoats, weasels (Mustela nivalis)

(McDonald et al. 1998), barn owls (Tyto alba) (Eadsforth et al. 1996;

Newton et al. 1990), eastern screech-owls (Otus asio) (Hegdal & Colvin

1988) and other animals (Hegdal & Colvin 1988; Stone et al. 1999).

5.3 METHODS.

5.3.1 SAMPLING METHODS.

Most of the invertebrates used to test for brodifacoum residues were those

which were captured in pitfall traps (figure 3.2) set up around bait stations at

Trounson Kauri Park as described in chapter 3 methods (sites AF100,

AG200, AH100, AH200, AH300, AI200, AJ100, B1, C1 and E1; figure 2.2).

Additional invertebrates were captured live inside bait stations located

around the board-walk area of Trounson Kauri Park (figures 1.4 and 2.2) that

had been loaded with ‘Pest-Off’ bait.

In order to address the ‘radius of effect’ of bait stations, invertebrates used

for residue analysis were sampled at three distances from the source of toxin;

zero metres (i.e. from inside bait stations), 3 metres (from the 3 metre ring of

pitfall traps) and 10 metres (from the 10 metre ring of pitfall traps) (see

Chapter 3 methods and figure 3.1).

5.3.2 FIRST RESIDUE SAMPLES.

Pilot samples were taken on the 15
th

 December 1998, the 24
th

 February, and

the 30
th

 June 1999 to test methodology. From July to December 1999, two

large field trials took place during which many samples were taken. The first

trial took place from 8
th

 August to 14
th

 September. Because of the low
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invertebrate catch rates in pitfall traps recorded in previous trials, samples

were taken every 14 days. The second trial took place from 9
th

 November to

14
th

 December. As invertebrate catch rates had improved due to warmer

weather, samples were taken every 7 days.

During all of these trials, 400 grams of poison bait was loaded in bait stations

and refilled each time sampling took place. The toxic bait pellets used were

‘Pest-Off’ Possum Pellets (20ppm brodifacoum), manufactured by Animal

Control Products (ACP) Ltd as described previously. The baits were made

from ground cereal compressed into cylindrical pellets. The pellets were

approximately 12mm diameter by 20mm length. Pellet length normally

varied between approximately 10 to 15 mm. Bait pellets were coated in a

layer (approximately 0.5 to 1.0 mm thick) of paraffin wax.

5.3.3 PRE-BAITING, BAITED, AND POST-BAITING TRIAL (BEFORE, DURING AND

AFTER TRIAL).

From January 17
th

 to May 22
nd

, 2000, a major field trial was undertaken to

assess brodifacoum residues in invertebrates before (pre-baiting), during

(baited) and after (post-baiting) a simulated poison pulse. Pitfall traps were

set up, as described in chapter 3 methods, and samples were taken every 7

days for the full period of the trial (18 weeks). No poison bait was loaded

into bait stations for the first six weeks of the trial. ‘Pest-Off’ bait was then

loaded into bait stations and refilled when required every week for six weeks.

Bait was then removed and bait stations were left empty for six weeks. The

provisioning of bait stations was designed to simulate normal Department of

Conservation and Auckland Regional Council management procedures. The

amount of poison bait used, the frequency and duration of application is

consistent with the standard practice of both organizations.

5.3.4 SOIL SAMPLES.

Soil samples were also taken from close to bait stations to determine if soil

contamination was a potential source of brodifacoum available to
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invertebrates other than toxic bait from bait stations. Observations identified

fragments of bait in the humus and leaf litter around the base of many bait

stations. This distribution of fragments was primarily caused by pest

mammal activity at the bait station.

Ten grams of soil was taken from directly below five bait stations. Samples

were also taken at one metre distance and at three metres distance from the

bait station. Samples were taken on 10
th

 of April 2000, the last week that

‘Pest-Off’ bait had been loaded in bait stations for the ‘before, during and

after trial’ outlined above.

5.3.5 RESIDUE TESTING METHODS.

To test for the presence of brodifacoum a minimum of 1 gram fresh weight

of material is required. For this reason, invertebrate samples taken from each

pitfall trap site and bait station were pooled. Soil samples were large enough

to be tested individually.

Invertebrates captured from each distance were sorted down to order. They

were then pooled into four different groups (wetas, cockroaches, beetles and

all others). Weta, cockroaches and beetles were sampled as they were

identified as being prime candidates for study in chapter 2 and in the

literature review as discussed in chapter 1 of this thesis. The ‘All others’

group was a combination of all the remaining invertebrates captured, and

included spiders (Arachnida), worms (Annelida), sand-hoppers

(Amphipoda), harvestmen (Opiliones), centipedes (Chilopoda), millipedes

(Diplopoda) and other minor genera. This combining of these genera into

one sample group was necessary due to the low number of captures for each

of these invertebrates, and the required minimum testing weight of 1 gram.

Occasionally an individual animal captured, such as an adult tree weta, was

large enough to be tested by itself.
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Samples were bagged and frozen in preparation for residue testing. Samples

were sent for analysis to the Toxicology Laboratory at Landcare Research,

Gerald Street, Lincoln, New Zealand. Each sample was analysed using a

HPLC (High Performance Liquid Chromatography) method developed by

Landcare Research based on the work of Hunter (1983). The Least

Detectable Level (LDL) of the tests varied between 0.02 and 0.06 !g/g of

brodifacoum, depending on sample weight. The percentage recovery was

90% ± 2%.

5.3.6 STATISTICAL ANALYSIS.

Residue concentrations were statistically analysed using ANOVA and Tukey

tests to establish the difference between sample distances, seasons and the

levels before, during and after poison was laid. Data were analysed as two

separate data sets. The first set was samples taken up to 14
th

 December 1999.

The second data set was from the ‘before, during and after’ trial from

January 17
th

 to May 22
nd

, 2000. Each sample taken was defined as being a

single statistical ‘observation’ (or ‘n’). If necessary data was transformed

using log(x+1) function, where appropriate, to normalise it for ANOVA tests.

Statistical significance is expressed with the word ‘significantly’ and the

degrees of freedom, F and P values are given in brackets. Minimum level of

statistical significance was when P <0.05.

Correlation coefficients (r) were also calculated for associations with annual

temperature and rainfall. Negative correlations are stated as such with a

negative r-value. Significant correlations are noted in the text, and the

associated critical r-value for P =0.05 and P =0.01 levels of significance are

given. Meteorological data from the Trounson/Katui region and used for

correlations is shown in Figure 1.8 from chapter 1. All metrological data was

supplied by the National Institute of Water and Atmospheric Research

(N.I.W.A).
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5.4 RESULTS.

A total of 207 samples were sent for residue testing. The first 98 samples

were taken from the trapping that took place up to 14 December 1999. The

balance of 109 samples were from the ‘before, during and after trial’ that

took place from 17 January to May 22, 2000.

Weta samples consisted mainly of cave weta species with a few ground weta

(Hemiandrus sp) and tree weta specimens include.

Beetle samples consisted mainly of carabid ground beetles (probably

Laemostenus spp) with scarab beetles (Scarabaeidae), weevils

(Curculionidae) other genera.

Cockroach samples were almost all Celatoblatta spp.

The ‘All others’ samples were a mixture of the remaining genera as already

described. By fresh weight, they consisted mainly of worms, spiders, sand-

hoppers and harvestmen.

5.4.1 FIRST RESIDUE SAMPLES.

Of the initial 98 samples, 54 (55%) tested positive for brodifacoum residues.

Raw data is given in appendix XXI. The overall average residue

concentration (including zero results) was 0.51 !g/g (n=99).

Brodifacoum was detected in all four invertebrate groups tested (wetas,

beetles, cockroaches and all others) and at each of the three distances (Table

5.1).

Results indicate that many of the invertebrates in samples tested had either

fed on bait, on other invertebrates that had consumed bait, or had consumed

brodifacoum in some form. The highest brodifacoum residue in an individual

animal (5.93 !g/g, n=1) was detected in a single 4.3-g tree weta.

Overall, samples of invertebrates from inside bait stations recorded an

average residue level of 1.00 !g/g (n=21). This average decreased to 0.47

!g/g (n=39) in samples taken three metres from the bait station, and dropped

further to 0.29 !g/g (n=38) at 10 metres distance (Table 5.1).
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Table 5.1. Average Brodifacoum residues (!g/g) found in invertebrates captured at three

distances from full bait stations. Figures in brackets indicate ± Standard Error and number of

observations (n). -- = no data (sample size too small to test). LDL = Least Detectable Level

of 0.06 !g/g.

Distance from Bait Station.Taxa.

0m 3m 10m

Overall Average. Range.

Cockroaches. 0.76 (±0.13, n=20) -- -- 0.76 (±0.13, n=20) 0.21 - 2.34

Weta. 5.93 (n=1) 1.09 (±0.59, n=13) 0.24 (±0.09, n=13) 0.86 (±0.35, n=27) <LDL - 7.47

Beetles. -- 0.04 (±0.03, n=13) 0.38 (±0.27, n=13) 0.21 (±0.13, n=26) <LDL - 3.09

All others. -- 0.29 (±0.28, n=13) 0.23 (±0.16, n=13) 0.26(±0.16, n=26) <LDL - 3.61

Overall Average. 1.00 (±0.27, n=21) 0.47 (±0.22, n=39) 0.28 (±0.10, n=39) 0.51 (±0.12, n=99)

Data was analysed using ANOVA and Tukey tests to determine differences

between species, sampling distance and season. Data was found to be

skewed, and so it was transformed using log(x+1) to normalise it.

These tests found that cockroaches had significantly higher brodifacoum

residues than beetles and ‘all others’ (F3,134=7.46, P =0.0001).

The difference in residue levels at each of these three distances was also

statistically significant (F2,134=11.71, P =0.0001).

No significant correlation of brodifacoum levels with temperature or rainfall

was found. Samples taken during spring had significantly higher

concentrations of brodifacoum than those taken in summer and autumn

(F3,134=3.09, P =0.0301). There were no other significant differences in

residue levels between different seasons.

5.4.2 PRE-BAITING, BAITED, AND POST-BAITING TRIAL (BEFORE, DURING AND

AFTER TRIAL).

A total of 109 samples were taken and sent for analysis during this trial.

Thirty-six of these were collected in the six weeks before poison was laid

(pre-baiting), 37 during the six weeks that bait was loaded in stations

(baited), and 36 in the six weeks after bait had been removed (post-baiting).
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Of the initial 36 samples taken pre-baiting, only four (11%) tested positive

for brodifacoum residues. The average residue concentration (including zero

tests) for these samples was 0.04!g/g (n=36).

Concentrations of brodifacoum in each invertebrate group at each distance

sampled pre-baiting are listed in Table 5.2.

Table 5.2. Average Brodifacoum residues (!g/g) found in invertebrates captured at three

distances before bait stations were loaded (pre-baiting). Figures in brackets indicate ±

Standard Error and number of observations (n). -- = no data (sample size too small to test).

LDL = Least Detectable Level of 0.06 !g/g.

Distance from Bait Station.Taxa.

0m 3m 10m

Overall Average. Range.

Cockroaches. -- -- -- -- --

Weta. -- 0.00 (±0.00, n=6) 0.12 (±0.12, n=6) 0.06 (±0.06, n=12) <LDL - 0.71

Beetles. -- 0.09 (±0.06, n=6) 0.00 (±0.00, n=6) 0.04 (±0.03, n=12) <LDL - 0.32

All others. -- 0.00 (±0.00, n=6) 0.01 (±0.01, n=6) 0.01(±0.03, n=12) <LDL - 0.08

Overall Average. -- 0.03 (±0.02, n=18) 0.04 (±0.04, n=18) 0.04 (±0.01, n=36)

Samples taken during the time that stations were baited had an average of

0.15 !g/g brodifacoum (n=37). Twenty-six (70%) of the 37 samples tested

positive for brodifacoum. Concentrations of brodifacoum in each

invertebrate group at each distance sampled during the time that stations

were baited are listed in Table 5.3.

Table 5.3. Average Brodifacoum residues (!g/g) found in invertebrates captured at three

distances during the time stations were baited with brodifacoum bait Figures in brackets

indicate ± Standard Error and number of observations (n). -- = no data (sample size too small

to test). LDL = Least Detectable Level of 0.06 !g/g.

Distance from Bait Station.Taxa.

0m 3m 10m

Overall Average. Range.

Cockroaches. 0.16 (±0.04, n=4) -- -- 0.16 (±0.04, n=4) <LDL - 0.25

Weta. -- 0.22 (±0.10, n=6) 0.25 (±0.13, n=6) 0.23 (±0.08, n=12) <LDL - 0.82

Beetles. -- 0.19 (±0.10, n=6) 0.05 (±0.02, n=6) 0.13 (±0.06, n=12) <LDL - 0.51

All others. -- 0.03 (±0.02, n=6) 0.10 (±0.05, n=6) 0.06(±0.03, n=12) <LDL - 0.30

Overall Average. 0.16 (±0.04, n=4) 0.15 (±0.05, n=18) 0.14 (±0.05, n=18) 0.15 (±0.03, n=40)
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Samples taken post-baiting had an average of 0.07 !g/g brodifacoum (n=36).

Twelve (33%) of the 36 samples tested positive for brodifacoum.

Concentrations of brodifacoum in each invertebrate group at each distance

post-baiting are listed in Table 5.4.

Table 5.4. Average Brodifacoum residues (!g/g) found in invertebrates captured at three

distances after brodifacoum bait was removed from bait stations (post-baiting). Figures in

brackets indicate ± Standard Error and number of observations (n). -- = no data (sample size

too small to test). LDL = Least Detectable Level of 0.06 !g/g.

Distance from Bait Station.Taxa.

0m 3m 10m

Overall Average. Range.

Cockroaches. -- -- -- -- --

Weta. -- 0.12 (±0.08, n=6) 0.02 (±0.02, n=6) 0.07 (±0.04, n=12) <LDL - 0.38

Beetles. -- 0.19 (±0.11, n=6) 0.03 (±0.02, n=6) 0.11 (±0.06, n=12) <LDL - 0.71

All others. -- 0.03 (±0.03, n=6) 0.05 (±0.04, n=6) 0.04(±0.02, n=12) <LDL - 0.22

Overall Average. -- 0.11 (±0.05, n=18) 0.03 (±0.01, n=18) 0.07 (±0.02, n=36)

The average weekly brodifacoum concentration in invertebrates over the

course of this field trial was calculated and the results plotted in Figure 5.1.

Of note in figure 5.1 is the increase in concentration while bait stations are

loaded. These elevated levels declined slowly after bait pellets had been

removed. Also of note is the high level of variation, noticeable as the

fluctuations in the average trace line and in the size of the standard error.

This was due to the high variation in brodifacoum residues recorded in

samples.
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Figure 5.1. Average brodifacoum residues (!g/g) found in invertebrates sampled at three

distances pre-baiting (before), baited (during) and post-baiting (after), when bait stations

were loaded with 400g ‘Pest-Off’ (20ppm brodifacoum) bait. Least Detectable Level (LDL)

was 0.06 !g/g. (Bars indicate ± Standard Error).

Data was analysed using ANOVA and Tukey tests to determine differences

between species, sampling distance and before during and after baiting. Data

was found to be skewed, and so it was transformed using log(x+1) to

normalise it.

Brodifacoum concentrations in samples were significantly higher while

stations were baited than pre-baiting (F2,108=7.42, P =0.0010). There was no

significant difference in brodifacoum residues between samples taken post-

baiting, and between both baited and pre-baiting periods.

There was no significant difference in brodifacoum residue levels detected

between each of the invertebrate groups tested at any stage during this trial.

Nor was there any significant difference in the distance that samples were

taken.
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5.4.3 SOIL SAMPLES.

Results from soil samples were inconclusive due to technical problems in

residue testing by Landcare. The methods used were unable to extract the

toxin from soil satisfactorily and so did not produce clear results. It was

estimated by Landcare that any brodifacoum contamination was likely to be

below 0.5 !g/g. Observations of samples taken from under bait stations

found fragments and flakes of bait clearly visible, so some contamination

was evident.

5.5 CONCLUSIONS.

5.5.1 TOXIN LEVELS IN INVERTEBRATES

From the residue tests of samples taken, it is clear that some species of

invertebrate can carry considerable quantities of brodifacoum in their body

tissues. All invertebrate groups tested recorded notable levels of brodifacoum

in tissues at some point. It is also evident that invertebrates can disperse at

least 10 metres from the probable source of the brodifacoum (loaded bait

stations). The dispersal of invertebrates carrying toxin was found to be

distance dependent, as residue concentrations in samples decreased

significantly with increasing distance from bait station.

It is clear that the concentration of brodifacoum in invertebrate tissue is

largely dependent on the presence of toxic bait in bait stations. Results show

that residue levels increase significantly from background levels while a

poison pulse is underway. This increase was also very rapid, levels rising

within 2-3 weeks from close to zero to an average of 0.25 !g/g, with some

samples recording up to 0.82 !g/g. These residue levels began to decrease

once the toxic bait had been removed from bait stations, but invertebrates

continued to retain significantly elevated levels of brodifacoum in tissues

well after bait had been removed. Examination of figure 5.1 indicates that the
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return to normal ‘background’ (i.e. near zero) residue levels takes in excess

of four weeks.

Collectively these results indicate that loaded bait stations are the primary

source of brodifacoum contamination in invertebrates.

The background level of brodifacoum recorded in samples taken in the six

weeks before bait was loaded in bait stations merits further consideration. At

the time that the first of these samples was taken, no toxic bait containing

brodifacoum had been present in the bait stations for more than five weeks.

By the 21
st
 February 2000, toxin had not been present in bait stations for 10

weeks, but a single invertebrate sample taken on this date still showed

measurable levels of brodifacoum, albeit at trace levels (0.08 !g/g).

There are two possibilities that could explain this result. The first is that

invertebrates may accumulate and retain background levels of brodifacoum

in tissues (such as fat body) for in excess of 10 weeks (D. Cowley pers.

comm.). Invertebrates are known to accumulate fat-soluble compounds such

as some pesticides (Serrano et al. 1995; Wagman et al. 1999)

The second is that there is another source of brodifacoum available to

invertebrates other than from bait loaded in bait stations. There are a number

of possibilities for this alternate source of toxin. Rodents are known to hoard

toxic bait pellets in caches for later consumption (Taylor & Thomas 1989,

1993). This behaviour has been noted at Trounson Kauri Park (N. Coad pers.

comm.). The later demise of the rodent doing the hoarding means the bait is

left to decay and is therefore available to invertebrates.

Another possible source is bait fragments causing soil contamination around

the site of the bait station. This contamination comes from feeding activity

by pest mammals at the bait station. Possums consuming bait pellets were

noted dropping crumbs and fragments of bait pellets in and around bait

stations during video surveillance from chapter 2. Another possible source of

contamination was from the defecation of animals that have consumed bait.

Huckle et al. (1988) found that 18% to 59% of brodifacoum doses given to

rats are eliminated in faeces after 3 days. This faecal material containing
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brodifacoum could easily find its way into soil. Brodifacoum is not water-

soluble and has a half-life of over 12 weeks in soil (Eason & Wickstrom

2001; Ogilvie et al. 1997). These fragments and faecal material have the

potential to contaminate soil humus and leaf litter, or even be directly

consumed by invertebrates. Litter feeding animals, such as worms and sand-

hoppers, could ingest toxin mixed with their normal food supply.

This soil contamination would also make the toxin available to ground

dwelling invertebrates well after toxic bait is removed from bait stations.

Results from soil samples from this study were inconclusive due to technical

problems in residue testing. Observations of these samples taken from under

bait stations found that fragments of bait pellets were clearly visible. This

contamination was likely to be below 0.5 !g/g.

The final possible source is the secondary ingestion through food supply.

Invertebrates may become contaminated by scavenging carcasses of dead

vertebrates that have consumed toxin. Any toxin in the tissues of the carcass

would be passed on to the invertebrate consuming it. Vertebrates are also

known to accumulate brodifacoum residues in liver tissue (Eason et al. 1996;

Godfrey 1985; Laas et al. 1985). There have been reported instances of

secondary poisoning in vertebrates (eg. pigs (Sus scrofa)) that have

scavenged possum (Trichosurus vulpecula) carcases that have died from

brodifacoum poisoning (Eason et al. 1999; Eason et al. 2001). Flies, ants and

some beetle species are common consumers of dead animal carcasses. This

means that trace amounts of brodifacoum may become available to

invertebrate species feeding on carcases some time after toxic bait is

removed from bait stations, due to potential delays in the death and

decomposition of the vertebrate concerned.

In addition, it is possible that predatory invertebrates (such as carabid ground

beetles and spiders) could directly predate other invertebrates that had

consumed bait, such as weta and cockroaches. This would result in

brodifacoum residues being passed along to the predatory invertebrate.
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Weta samples showed a variable level of brodifacoum contamination, with

samples testing from below Least Detectable Limit (LDL) up to 7.47!g/g.

Weta samples also showed a very clear decrease in residue concentrations

the further from a bait station that they were taken.

Cockroaches sampled from inside bait stations also showed significant levels

of toxin, with every single sample tested showing positive for brodifacoum.

Individuals cockroaches observed at the time of sampling had green ‘Pest-

Off’ bait quite visible in their gut.

These observations indicate that some cockroaches and to a lesser extent

some weta essentially live inside full bait stations and therefore spend

considerable time in close proximity to toxic bait.

In contrast to weta, beetle samples did not show a decrease in residue

concentrations over distance. There was also a high variation in residue

concentrations in beetle samples. Most samples (64%) were below Least

Detectable Limit (LDL), but some showed residues as high as 3.09!g/g.

The ‘All others’ samples showed a variation in residues similar to the beetle

samples, with 65% of samples below LDL and other samples testing as high

as 3.61 !g/g.

This high variance of residue levels in samples is illustrated by observing the

Standard Error bars in figure 5.1. This variation can be understood by

looking at the capture efficiency of pitfall traps and the way in which

concentration was measured. Essentially the random chance of a particular

contaminated animal (one that has eaten bait) being captured by a pitfall trap

is the same whether that animal is large or small. This exaggerates the

difference in average residue concentrations, as the concentration is

measured in micrograms per gram. Therefore a single large contaminated

animal in a sample will cause the average residue concentration to be skewed

higher than for a sample with a single small contaminated animal, even if the

concentration of toxin is the same in each animal. Essentially, the residue

concentration of a particular sample is partly dependent on the mass of the

contaminated animals it includes.
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This is illustrated by looking at individual results. The second highest

concentration of toxin (5.93 !g/g) was found in a sample made up entirely of

a single medium sized (4.3g) tree weta. This contrasts to other samples from

similar conditions that were made up of many smaller wetas combined (up to

15 individuals) to make a sample of similar weight. These samples would

frequently score near or below the Least Detectable Limit (LDL) of 0.06

!g/g.

The large variation in residue levels recorded therefore suggests that the

actual number of invertebrates that consume bait is a small fraction of the

population, but some of those individuals that do consume bait can

accumulate large quantities of toxin. The relevance of this in terms of risk to

insectivorous birds is discussed in the next section.

This research has found brodifacoum residues recorded in pitfall-trapped

invertebrates to occur in more species and often at much higher

concentrations than in any previously published research.

The maximum brodifacoum residue level found in invertebrates from

previously published research was 4.3 !g/g, found in a single cave weta

collected on a poison bait pellet (Ogilvie et al. 1997). This is just over half

the highest level recorded here in a pooled weta sample (7.47 !g/g), and less

than the high individual weta result (5.93 !g/g). Other studies generally

found average concentrations of brodifacoum in pooled invertebrate samples

to be below ~0.3 !g/g (Booth et al. 2001; Morgan & Wright 1996; Wright &

Eason 1991). In comparison, invertebrates from this study had an overall

pooled average of 0.52 !g/g.

In addition, this study found residues in the ‘All others’ samples. These

samples pooled together captures of worms, spiders, harvestmen and sand-

hoppers into a single sample. Clearly, the pooling of these ‘All others’ taxa

into one sample means that it is possible that some of the taxa included did

not carry any brodifacoum residues, but were mixed into the sample with

other taxa that did. In any case, no previously published research has found

brodifacoum residues in any of the taxa included in the ‘All others’ samples

at all.
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5.5.2 SECONDARY POISONING RISKS TO BIRDS.

In order to establish the potential secondary poisoning risks to birds all

factors involved in the process need to be described and then applied to the

simple risk equation:

Risk = Hazard x Exposure.

First, the concentration of toxin found in weta samples is of interest and

warrants further examination with respect to the secondary poisoning of

possible avian predators. The highest single residue level of 7.47 !g/g was

recorded in a weta sample taken three metres from a bait station in August of

1999. The second highest residue level recorded was 5.93 !g/g, detected in a

single 4.3-gram tree weta captured inside a bait station in September of 1999.

To achieve this concentration, this weta must have consumed approximately

1.28-grams of ‘Pest-Off’ bait at 20ppm (20 !g/g) brodifacoum. The average

brodifacoum concentration found in weta was 0.86 !g/g. From these

concentrations, it can be calculated that the LD50 estimates of brodifacoum

contaminated weta for four bird species range from 32.7% to 721.9 % of

their daily food requirements (Table 5.5)

Table 5.5 Estimated amounts of brodifacoum-contaminated weta required to provide a LD50

of brodifacoum for four forest-dwelling insectivorous bird species at three different

concentrations of brodifacoum contamination (7.47 !g/g, 5.93 !g/g and 0.86 !g/g). LD50

estimates are given as both fresh weight (g), and percentage of the estimated daily food

intake, in brackets. Body mass and food intake figure are based on Lloyd & McQueen

(2000).

LD50 dose of weta (g (%))
Species

Body

mass (g)

Daily food

intake

(g/day)

LD50 of

Brodifacoum 7.47 !g/g 5.93 !g/g 0.86 !g/g

Blackbird (Turdus merula) 90 43.49 3† 36.14 (83.1) 45.5 (104.69) 313.95 (721.9)

Hedge Sparrow (Prunella modularis) 21 14.62 3† 8.43 (57.7) 10.6 (72.67) 73.26 (501.1)

Robin (Petroica australis) 35 21.44 3† 14.06 (65.6) 17.7 (82.59) 90.70 (569.5)

Morepork (Ninox novaeseelandiae) 175 71.56 1* 23.43 (32.7) 29.5 (41.24) 203.49 (284.4)

†LD50 estimates are based on Eason & Spurr (1995a).

*LD50 estimates are based on Stephenson et al. (1999).
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The confounding factor with brodifacoum toxicity is its bio-accumulation

and the effect of this over time. Brodifacoum has a two-phase elimination

process, with a short alpha half-life and a long secondary half-life in tissues,

particularly in the liver of vertebrates, which have high-affinity binding sites

(Eason & Spurr 1995a; Eason & Wickstrom 2001). This means that

brodifacoum poisoning is typified by a short-term acute poisoning phase,

followed by a potential long-term chronic phase (obviously only if the

animal survived the acute phase). The acute phase is characterised by

haemorrhage in blood vessels in the internal organs of the victim,

particularly the lungs, while the chronic long-term sub-lethal effects are

largely unknown (Chua & Friedenberg 1998; Eason & Spurr 1995a, 1995b;

Eason & Wickstrom 2001; Littin et al. 2002; Palmer et al. 1999). The

confounding factor of this the effect of small sub-lethal doses of brodifacoum

consumed over a long period time. These doses will still bio-accumulate in

the same way as a large dose and will potentially cause the same long-term

chronic effects (if any), however they will produce little noticeable acute

effect. Thus, the toxic effect to birds of consuming contaminated weta over

one day (as in table 5.5) will be markedly different to the consumption of the

same number of contaminated weta over a period of many weeks or months

(R. Shore pers. comm.). What this means is that the time taken to consume or

frequency of consumption of contaminated invertebrates is an important

factor affecting secondary poisoning risk.

Secondly, the time taken for brodifacoum residues to be excreted by

invertebrates is also a factor. Obviously, the faster this excretion happens the

lower the chance of an insectivorous bird encountering a contaminated

individual. This research found it takes at least four weeks in a field

situation. Excretion of brodifacoum by invertebrates is further examined in

chapter 6 of this thesis

Thirdly, as stated previously, it is likely that the actual number of

invertebrates that carry brodifacoum residues is a small fraction of the
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population, however those that do may carry considerable quantities of the

toxin. This will also clearly affect the chances of any given insectivorous

bird encountering a contaminated individual. A broad estimate can be

calculated for the potential land area containing contaminated invertebrates

during a pest control operations. At Trounson Park there are, on average, two

bait stations inside and area of 10000 m
2
 (100m x 100m). While bait stations

were loaded, brodifacoum contamination in all invertebrate groups was

found to average 0.56 !g/g out to a radius of 10 metres from a single bait

station. This gives an area of 628.31 m
2
 out of a total area of 10000 m

2

(6.28%) that contains invertebrates contaminated with an average of 0.56

!g/g brodifacoum. Obviously it is possible that contaminated individuals

may disperse further than 10 metres, however this figure of 6.28% of land

area with 0.56 !g/g brodifacoum does give a broad indication as to the

potential area of invertebrate contamination during pest control operation

with brodifacoum and the chance of any given insectivorous bird

encountering a contaminated individual.

Lastly, any assessment of the secondary poisoning in birds needs to also

include the feeding preferences of birds and the changes in their feeding

patterns over the course of a day, during different seasons, and in different

habitats.

Drawing all these factors together and applying the risk equation results in

this risk assessment.

Risk = Hazard x Exposure.

Where: Hazard = Level of contamination in invertebrates (and factors

affecting thereof).

Exposure = Chance of bird encountering and consuming

contaminated invertebrates (and factors affecting thereof).
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Thus:

Risk = (H1xH2xH3) x (E1xE2xE3)

Where: H1 = Concentration of brodifacoum residues in invertebrates.

H2 = Number of invertebrates actually carrying any given 

residue.

H3 = Time period that invertebrates will carry any given

residue.

E1 = Feeding preferences of bird species.

E2 = Frequency that bird consumes contaminated invertebrates.

E3 = Daily, seasonal and habitat changes relating to E1 and E2.



CHAPTER 6.

6.0 LABORATORY TRIALS ON THE PHYSIOLOGICAL

EFFECT OF BRODIFACOUM ON CAPTIVE LOCUSTS

(LOCUSTA MIGRATORIA).

6.1 BACKGROUND.

Any research on the effect of brodifacoum on invertebrates would not be

complete without the study of the physiological effect of this toxin on

invertebrates. This chapter aims to investigate the potential physiological

effect on captive invertebrates by examining the accumulation, excretion,

mortality and the effect on reproduction produced by brodifacoum dosages.

6.2 INTRODUCTION.

It is generally considered that brodifacoum is not insecticidal, as

invertebrates do not possess the same blood clotting physiological systems as

vertebrates do (Shirer 1992). However there is little published data on the

physiological effect and persistence of brodifacoum in invertebrates, both in

New Zealand and internationally.

The toxicity of brodifacoum has been investigated in the large headed tree

weta (Hemideina crassidens) by Landcare Research (Booth et al. 2001).

Weta were orally dosed up to 62.5 !g/g body weight with brodifacoum. No

mortality was observed over 3 weeks at this concentration, indicating that

brodifacoum does not exhibit insecticidal properties in this invertebrate

species. Weta were also dosed at 10 !g/g to evaluate persistence of

brodifacoum over time. Four days after dosing, brodifacoum residues had

declined to below the limit of detection (0.02 !g/g).

Poison bait consumption and toxicity of brodifacoum was also investigated

in a number of other non-target invertebrates, including two snail species
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(Pachnodus silhouettanus and Achatina fulica), a cockroach (Pycnoscelus

indicus) and a species of tenebrionid beetle (data by Gerlach & Florens,

published in Booth et al. (2001)). All species consumed bait, with no

mortality in the insect species. Both snail species, however, suffered 100%

mortality. The mechanism of action of the toxin did not appear to be because

of any anti-coagulant effect, but a result of collapse in osmotic balance. A

dose of 0.01-0.2 mg caused death in P. silhouettanus in 72 hours, while 0.04

mg of brodifacoum resulted in death of A. fulica in the same time.

Pain et al. (2000) investigated the toxicity of brodifacoum to the land crab

(Gecarcinus lagostoma) on Ascension Island. Captive crabs were fed Talon

20P pellets (20ppm brodifacoum) to simulate maximum exposure. Crabs

were found to readily consume bait, and there was no mortality resulting

from this consumption. Crab samples were examined for brodifacoum

residues. Low levels were found (! 0.13 "g/g) immediately after exposure.

No brodifacoum was detected in tissues after 1 month.

Internationally, a literature search found no articles on the toxicological

effect of brodifacoum in invertebrates. There are a plethora of articles on

brodifacoum toxicology and poisoning in vertebrates (Chua & Friedenberg

1998; Howald et al. 1999; Joermann 1998; Palmer et al. 1999; Petterino &

Paolo 2001).

It is clear from the lack of data on the physiological effects of brodifacoum

on invertebrates that further research is necessary. This has been

recommended by other authors (Booth et al. 2001).

6.3 METHODS.

6.3.1 TEST SUBJECTS.

To assess the physiological effects of brodifacoum on invertebrates in the

laboratory a test subject was needed. The subject needed to be an

invertebrate that was reasonably large, easily available and, if possible, the

same species as those found in the field situations.
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The Migratory Locust (Locusta migratoria) was selected as the best subject

available for these experiments. This locust is present in New Zealand and is

found throughout Northland, although it was not captured in field traps set

for this project. The adult locust is typically around 2-3 grams in weight,

making it well above the minimum fresh weight needed for residue testing.

As a member of Order Orthoptera, locusts are related to wetas, which were

found to be a prime candidate for study during the field component of this

project (Chapters 2 and 5). Clearly, a considerable number of animals would

be needed for the experiments in order to allow animals to be killed for

residue testing. Large numbers of captive-reared locusts were available from

Biosuppliers Live Insects, Birkenhead, Auckland, New Zealand.

An undescribed small weevil species (Curculionidae) was also used to assess

brodifacoum impact on insect fertility and fecundity. This animal was

obtained from Trounson Kauri Park accidentally, in circumstances that are

described below.

6.3.2 TOXIC BAIT USED.

The toxic bait pellets used for all experiments were ‘Pest-Off’ Possum

Pellets (20ppm brodifacoum) manufactured by Animal Control Products

(ACP) Ltd, Wanganui and Waimate, New Zealand. Bait was the same as that

used in field trials described in chapters 2, 3 and 5 of this thesis. Pellets were

made from ground cereal compressed into cylindrical pellets. Two different

pellet sizes were used. The first was the larger size pellet that was a cylinder

of approximately 18mm diameter by 25mm length. The second was the

smaller sized pellet of approximately 12mm diameter by 20mm length. Pellet

lengths of both sizes normally varied by approximately 10 to 20 mm. Bait

pellets were also coated in a layer (approximately 0.5 to 1.0 mm thick) of

paraffin wax.
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Non-toxic ‘Pre-Feed’ pellets were used for experimental controls. These

pellets were identical in composition and manufacture to toxic bait except

they contained no brodifacoum, and were not coated in wax.

6.3.3 TOXICITY EXPERIMENTS.

Four groups of 10 locusts each were put into plastic aquariums containing a

water supply and twiggy branches for roosting. In the first two aquariums

sliced ‘Pest-Off’ baits were placed in a glass petri dish. Large pellets were

placed in one aquarium, small pellets in the other. Pellets were sliced to

simulate broken, damaged and chewed bait typical of that occurring in bait

stations, to remove any bias due to wax coatings and to make access easier

for test subjects. In the third aquarium, sliced Pre-feed pellets were placed. In

the final aquarium, normal food (bran flakes and fresh cut grass) was placed.

Aquariums were placed in an incubator set to L:D (Light : Dark) ratio of

14:10. Temperature was set to 24C, although the light unit sometimes

heated the air up to 28C at the end of a light cycle. A container of water was

also placed in the incubator to maintain humidity. These conditions were set

to simulate spring or summertime and to encourage locust activity.

Locusts were monitored daily for 6 weeks, and activity and mortality noted.

Water, food and bait supplies were topped up when necessary. A small

amount of fresh cut green grass was put in all aquariums weekly to prevent

mortality due to possible diet deficiency in bait pellets.

During the course of these laboratory trials an accidental event occurred that

was used to illustrate the effect brodifacoum has on the fertility of insects. A

bag of used toxic bait taken from Trounson Kauri Park was stored in a sealed

plastic bag in a cupboard at the University of Auckland. Next to this used

bag was a second sealed plastic bag full of fresh toxic bait to be used for the

laboratory trials described in this chapter. Unbeknown to the author a

population of a small, undescribed weevil species had infested the used bait

while it was still in the field. Some individuals of this population were able
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to escape the bag before it was disposed of, by boring holes through the

plastic. These animals then bored further holes into the supply of fresh bait

and infested this for approximately 2 months. Upon discovery, the number of

holes in the bag, and the population of weevils in the fresh supply were

counted.

6.3.4 EXCRETION EXPERIMENTS.

These experiments were designed to test the excretion of accumulated

brodifacoum in invertebrates. This information can then be used to assess the

time that wild invertebrates identified as having brodifacoum residues

(Chapter 5) would be a potential secondary poisoning risk.

Four experiments were performed; each exposing locusts to brodifacoum in

toxic bait pellets and then taking samples at set periods after exposure. Each

experiment was performed in sequential order. The results from a particular

experiment were then used to assess the adjustments required to

methodology (mainly exposure time) necessary for the next experiment. This

was done in an attempt to produce residue levels in locust samples similar to

those found in field samples, as shown in chapter 5.

In the first experiment, 20 locusts were placed in two aquariums (10 locusts

in each) with water and a twiggy branch. Animals were then fed small sliced

‘Pest-Off’ pellets for 48 hours. Pellets were then removed and a locust from

each aquarium was removed, bagged and frozen to kill it. One locust was

removed from each aquarium on days 1, 2, 3, 4, 10, 15 after the pellets were

removed. Locusts were fed normal food (bran flakes and fresh cut grass)

during this time.

Aquariums were placed in an incubator as stated in the previous experiment.

Due to the overheating problem caused by the light unit, the L:D (Light :

Dark) ratio was set to 13:11, and temperature was set to 20C. Again, the

light unit heated the air up, however this time it went to a maximum of to

26C at the end of a light cycle.
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In the second experiment, 36 locusts were placed in two aquariums and into

the incubator in the same way as the first experiment. Animals were starved

for 48 hours, and then fed small sliced ‘Pest-Off’ pellets for 48 hours. Pellets

were removed and two locusts from each aquarium were removed, bagged

and frozen on days 0, 1, 2, 3, 4, 5, 10, 15.

In the third experiment, 36 locusts were placed in two aquariums in the same

way as the first experiment. Animals were fed small sliced ‘Pest-Off’ pellets

for 72 hours. Pellets were removed and two locusts from each aquarium were

removed, bagged and frozen on days 0, 1, 2, 3, 4, 5, 10.

The final experiment used 36 locusts that were placed in the same way as

before. This time the animals were starved for 120 hours, then fed ‘Pest-Off’

bait for 144 hours (5 days). Pellets were removed and two locusts from each

aquarium were removed, bagged and frozen on days 0, 1, 2, 3, 4, 5, 10, 15.

All animals were sent (still frozen) for analysis to the Toxicology Laboratory

at Landcare Research, Gerald Street, Lincoln, New Zealand. Each sample

was analysed using a HPLC (High Performance Liquid Chromatography)

method developed by Landcare Research based on the work of Hunter

(1983). The Least Detectable Level (LDL) of the tests was 0.02 !g/g for the

first experiment and 0.06 !g/g for the final three. The percentage recovery

was 90% ± 2%.

6.3.5 ACCUMULATION EXPERIMENT.

This experiment was designed to test the time taken for brodifacoum to build

up in invertebrate tissues. This would enable an assessment of the exposure

that wild invertebrates groups had to brodifacoum, in order to reach the

respective residue concentrations that were recorded in chapter 5.

50 locusts were placed in two aquariums (25 in each). A water supply and

twiggy branch were also included. Sliced ‘Pest-Off’ baits were added to each

aquarium. Two locusts (one from each aquarium) were removed on days 1,
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2, 3, 4, 5, 7, 9, 11, 13, 14, and were bagged and frozen to kill them. Fresh

sliced bait was added when necessary. A small amount of fresh cut green

grass was put in both aquariums weekly to prevent mortality due to possible

diet deficiency in bait pellets. Frozen animals were sent to Landcare

Research for analysis as before.

6.3.6 BIO-TRACER DYE EXPERIMENTS.

These experiments were an attempt to see if consumption of brodifacoum

bait by invertebrates could be traced by means of fluorescent bio-tracer dye.

This was done in the hope that consumption of toxic bait by wild

invertebrates could be positively identified without having to kill the animal

concerned for residue testing. It would have a particularly good application if

used in conjunction with the ‘weta boxes’ as described in chapter 4. Wetas

roosting inside a weta box could be observed in situ to identify if animals

had been in contact with bait without overly disturbing them.

Two dyes were used, Rhodamine B (Sigma Chemical Company,

Christchurch, New Zealand.) and Pyranine (Bayer New Zealand Ltd, PO Box

38-405, Petone, New Zealand.). Both of these dyes fluoresce strongly under

ultra-violet light, even at low concentrations.

Pest-Off and Pre-feed baits were soaked in 2% (w/w) of each dye in

deionised water for 6 hours. Baits were sliced in half to allow dye to soak

into the cereal matrix. Baits were left to dry until firm again. These baits

were then fed to 10 locusts each in two aquariums set up as detailed before.

Undyed ‘Pest-Off’ and Pre-feed baits were fed to 10 locusts each in a third

and fourth aquarium as controls. Bait was removed after 48 hours and

mortality noted. Locusts were observed using an ultraviolet lamp to

determine if dye was visible and adhered to body parts. Locust faecal

droppings were soaked in drops of deionised water and examined using an

ultraviolet lamp to determine if dye was passed through gut.
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A second experiment fed pyranine-dyed baits prepared as outlined before to

locusts for 48 hours. Bait was then removed. Locusts were examined daily

for six days using an ultraviolet lamp. This was done to determine how long

dye was detectable on locust bodies and in faecal droppings.

6.3.7 STATISTICAL ANALYSIS.

Chi-squared contingency tests and categorical data analysis modelling

(Catmod) were used to determine if locust mortality in experiments was

significantly different between treatments. Yates’ Correction for Continuity

was applied if necessary.

6.4 RESULTS.

6.4.1 TOXICITY EXPERIMENTS.

During this experiment, locusts were observed to readily consume both

‘Pest-Off’ and Pre-feed bait. A chi-squared contingency test was performed

to determine if there was a difference in mortality between treatments (Table

6.1). This test indicated that there was no significant difference in mortality

between those feeding on different sizes of ‘Pest-Off’ pellets, Pre-feed

pellets and normal feed (P =0.88).

Table 6.1. Chi-Square contingency test on the mortality of locusts fed two sizes of ‘Pest-Off’

(20ppm brodifacoum) cereal pellets, Pre-feed (non-toxic) cereal pellets and normal feed for

six weeks.

Observed Dead. Alive. Total.

Pest-Off Small. 6 14 20

Pest-Off Large. 7 13 20

Pre-feed. 5 15 20

Normal feed. 5 15 20

Total. 23 57 80

!
2 
= 0.67

d.f. = 3

P = 0.88
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Examination of the plastic bag containing the fresh ‘Pest-Off’ bait supply

revealed 18 holes. This indicates that the initial colonising weevil population

was in the order of this number. The final population count of adult weevils in

this bag of fresh toxic bait was estimated to be in excess of 1500.

6.4.2 EXCRETION EXPERIMENTS.

The first excretion experiment was declared a failure as no brodifacoum was

detected in any samples, and there was a high degree of mortality among

treatment test subjects. It was suspected that the ‘Pest-Off’ bait used was

inadvertently substituted with identical bait containing 1080 (sodium

monofluoroacetate). For this reason, the experiment was repeated (as

experiment two) and the period of exposure to bait was increased.

In this second experiment, three of the eight samples tested positive for

brodifacoum. The sample taken on day zero tested at 0.41 !g/g, day one at

0.32 !g/g and day three at 0.10 !g/g.

Due to the low level of brodifacoum residues detected, the experiment was

repeated (as experiment three), and exposure time to toxic bait was increased

to 72 hours.

This third experiment was largely a failure. Only two of the seven samples

taken recorded positive for brodifacoum, day three (0.04 !g/g) and day four

(0.07 !g/g), in spite of the fact that brodifacoum bait had definitely been

consumed.

Again, the experiment was repeated, this time with animals being starved for

120 hours and then fed brodifacoum for 144 hours. This final experiment

was again a failure, with no brodifacoum being recorded in any samples,

even though a substantial amount of brodifacoum bait had been consumed.

The data recorded from experiments two and three were combined. These

were plotted to form an estimated excretion plot for Orthopteroid species

(Figure 6.1).
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Figure 6.1. Estimated excretion plot for brodifacoum in Orthopteran species. Trendline is a

polynomial curve with equation shown. Regression (R
2
) value is significant (r =0.992, d.f. =

7, P = 0.01).

6.4.3 ACCUMULATION EXPERIMENT.

The accumulation experiment was also declared a failure. All samples taken

recorded no detectable levels of brodifacoum, even though definite amounts

of brodifacoum bait had been consumed.

6.4.4 BIO-TRACER DYE EXPERIMENTS.

Data from the dye experiments was tallied and examined. Categorical data

analysis modelling (Catmod) tests were then performed on the maximum

likelihood of mortality in locusts consuming toxic and non-toxic ‘Pre-feed’

bait dyed with Rhodamine B (Table 6.2), and Pyranine (Table 6.3) compared

to undyed baits. Catmod tests were used instead of chi-square contingency

tests, as the expected frequencies calculated in a contingency table for each

did not meet the assumptions required for chi-square tests to be validated.
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Table 6.2. Categorical data analysis modelling (Catmod) tests on the maximum likelihood of

locust mortality when fed Rhodamine B dyed ‘Pest-Off’ (20ppm brodifacoum) cereal

pellets, Rhodamine B dyed Pre-feed (non-toxic) cereal pellets, undyed ‘Pest-Off’ pellets and

undyed Pre-feed pellets for 48 hours.

Observed Dead Alive Total

Rhodamine B Dyed Pest-Off 10 0 10

Rhodamine B Dyed Pre-Feed 10 0 10

Undyed Pest-Off 1 9 10

Undyed Pre-Feed 0 10 10

Total 21 19 40

Source d.f. !
2 
Critical value P

Dye ‘effect’ 1 16.86 <0.0001

Bait ‘effect’ 1 0.11 0.7373

Table 6.3. Categorical data analysis modelling (Catmod) tests on the maximum likelihood of

locust mortality when fed Pyranine dyed ‘Pest-Off’ (20ppm brodifacoum) cereal pellets,

Pyranine dyed Pre-feed (non-toxic) cereal pellets, undyed ‘Pest-Off’ pellets and undyed Pre-

feed pellets for 48 hours.

Observed Dead Alive Total

Pyranine Dyed Pest-Off 1 9 10

Pyranine Dyed Pre-Feed 0 10 10

Undyed Pest-Off 0 10 10

Undyed Pre-Feed 0 10 10

Total 1 39 40

Source d.f. !
2 
Critical value P

Dye ‘effect’ 1 0.11 0.7373

Bait ‘effect’ 1 0.11 0.7373

These tests showed that Rhodamine B is toxic to locusts and caused the death

of all test subjects (P <0.0001). Pyranine appears to be non-toxic to locusts.

The single death of a locust in an aquarium with Pyranine dyed bait was not

significant (P =0.7373). Both these experiments confirmed that brodifacoum

was non-toxic to locusts (P =0.7373).
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Examination of locusts using ultraviolet light showed traces of both

Rhodamine B and Pyranine dye around the mouthparts of some animals. The

amount of dye, however, was small and was the result of small fragments of

bait adhering to the mouthparts. The dye itself did not appear to adhere to or

stain locust body parts. Both dyes were detectable in faecal pellets within a

day of treatment.

Because of the evident toxicity of Rhodamine B to locusts, the use of this

dye in experiments ceased.

Examination of locusts used in the second dye experiment using ultraviolet

light showed traces of Pyranine dye around the mouth-parts of all locusts. All

animals continued to have dye traces detectable for three days. After day

three, the number with detectable dye decreased to five on day 4, then to four

on day 5, two on day 6 and finally none on day 7. Dye was detectable in

faecal pellets until day 6.

6.5 CONCLUSIONS

Brodifacoum appears to be non-toxic to invertebrates. There was no

significant increase in mortality in locusts fed ‘Pest-Off’ bait containing

brodifacoum compared to those fed Pre-feed bait or normal feed. Similar

finding were made by Booth et al. (2001).

The discovery and subsequent count of the weevil infestation in toxic baits

indicates that invertebrates are still capable of reproducing when solely fed a

diet of toxic ‘Pest-Off’ pellets. The huge increase in population from its

initial number of around 20 to 1500+ suggests that reproduction is not

significantly affected. However, the absence of a control group for statistical

comparison means that the conclusion from this inadvertent experiment is

only tentative.
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The excretion experiments give an indication of the amount of time it takes

insects to accumulate and to excrete brodifacoum. 48 hours of exposure to

bait gives an average concentration of 0.41 !g/g, which drops to below the

Least Detectable Level (LDL) of 0.06 !g/g after three days. Booth et al.

(2001) found similar results using tree weta that were orally dosed with

10!g/g of brodifacoum.

Looking at figure 6.1 indicates the biological decay of brodifacoum in

locusts is approximately 0.1 !g/g per day at the concentrations recorded. It is

also evident from the figure that the decay may follow a curve (polynomial

or otherwise) indicating that the decay rate may be higher at higher

concentrations.

These results can be compared to vertebrates only in very broad terms. In

rats (Rattus rattus), the biological half-life in liver tissue is approximately

150-200 days (Godfrey 1985; Huckle et al. 1988), while in sheep (Ovis

aries) and possums (Trichosurus vulpecula) brodifacoum can persist for up

to 128 and 180 days in livers respectively (Eason et al. 1996; Laas et al.

1985). The biological half-life of flocoumafen (an anti-coagulant toxin

closely related to brodifacoum) in owl livers is approximately 100 days

(Newton et al. 1994). The difficulty with comparing these figures to

invertebrates is that the data from invertebrates is for the whole animal, while

data for vertebrates pertains to the elimination of brodifacoum residues

bound to high affinity sites within the liver. Other data for brodifacoum

elimination in vertebrates shows widely varying results. Huckle (1988) found

that 18% to 59% of brodifacoum doses given to rats are eliminated in faeces

after 3 days. Eason et al. (1996) found trace amounts of brodifacoum could

still detected in possum blood plasma after 35 days. Laas et al. (1985) found

brodifacoum residues in sheep were still detectable in omental fat for up to 8

days, and in the carcass up to 15 days after dosing. In broad terms, it appears

that the elimination of brodifacoum in locusts is much faster than in

vertebrates.



173

The failure of three of the excretion experiments presents some problems as

to the accuracy of this estimated half-life. The failure of the first experiment

was possibly due to the wrong bait type being used. In the third experiment,

however, brodifacoum was definitely present in the bait (bait was tested for

brodifacoum content and two positive results were recorded on days 3 and

4). During these experiments, locusts were observed consuming bait pellets,

indicating that ingestion of brodifacoum must have occurred in some

animals. This was also confirmed by residue results on days 3 and 4. The

zero residues recorded immediately after bait had been removed indicate that

other locusts were either not consuming bait, or were eliminating the

brodifacoum content very rapidly. In an effort to eliminate the possibility

that animals were simply not hungry and thus did not consume measurable

quantities of toxin, locusts were starved and then fed bait for an extended

period for the final experiment. In this final experiment, however, no

significant levels of brodifacoum recorded in any sample.

The accumulation experiment was also a failure. No significant levels of

brodifacoum were recorded in any sample, even after 14 days of continuous

exposure to toxic bait. This is clearly at odds with the few positive results of

the excretion experiments, which recorded measurable levels of brodifacoum

after a mere 48 hours of exposure to toxic bait.

The failure of these experiments clearly draws into question the methodology

used. The low or zero values recorded during all experiments did not appear

to have any relationship to level of exposure to bait. Long exposures were

equally likely to produce low or zero values as short exposures. The presence

of zero values is also at odds with the observed feeding activity by locusts on

toxic baits during each experiment. During all experiments, bait had

definitely been consumed, as all bait taken from aquariums at the end of

exposure periods showed signs of being chewed by locusts.
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There are a number of possible explanations for the apparent random failure

of these experiments. The first is that the bait used did not contain any

brodifacoum. Bait used in the first experiment was suspected to have been

inadvertently substituted with identical the ‘Pest-Off’ bait containing 1080

(sodium monofluoroacetate). Bait used in the second and third excretion

experiments was tested for brodifacoum content and the result was an

average content of 18.2 !g/g (or 18.2 ppm). Experiments two and three did

show brodifacoum in samples residues, albeit at low levels. Bait used in the

final excretion experiment and the accumulation experiment were from a

different production batch manufactured on different date. This batch was the

same as used for much the field trials described in chapter 5. It was not tested

for toxin content as it clearly contained brodifacoum due to the positive

residue results obtained in field samples taken during these trials.

Pest-Off bait is manufactured to a high quality control standard (the

manufacturer is ISO 9001 accredited). Therefore, it is considered unlikely

that the ‘Pest-Off’ bait used during these locust experiments did not contain

brodifacoum. Not withstanding, brodifacoum concentration is known to be

highly variable within and between bait pellets (G. Sherley pers. comm.).

This variation in concentration may account for the irregular results found in

these trials.

The second possible explanation is that the migratory locust may not be a

suitable test subject for these experiments. This may be for either

physiological or behavioural reasons. Physiologically, locusts may not

absorb or metabolise brodifacoum to any great extent. Behaviourally, locusts

simply may prefer other food types, and so were prepared to wait until food

that was more palatable was provided. This would mean that they would only

consume small amounts of poison bait, even when starved for extended

periods.

The last explanation lies in the environmental conditions that the locusts

were put in during the experiments. The temperature, day-length and

humidity may not have been conducive to locust feeding and brodifacoum

uptake. Warmer temperatures, for instance, may have accelerated locust
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metabolism and therefore any toxin taken in may have been quickly

eliminated (i.e. in less time than the sampling period of one day).

In any case, it is clear that captive locusts ingest and excrete brodifacoum

rapidly. There was no evidence of long-term bio-accumulation of

brodifacoum in these experiments. If this is a general feature of invertebrates,

it is likely that the risk of secondary poisoning to birds and other animals via

forest invertebrates should diminish rapidly in the days following the

removal of the source of brodifacoum from the environment. Applying this

to the risk assessment at the end of chapter 5 means that component H3 (time

that invertebrates will carry any given residue) will be very low, reducing

risk accordingly.

There was a marked difference in time for brodifacoum residues to return to

zero between these laboratory trials on locusts and results from wild

invertebrates from Trounson (Chapter 5). The field data shows that wild

invertebrates appear excrete brodifacoum much more slowly than locusts do.

The average brodifacoum level in invertebrates during the time bait was

loaded in bait stations (the ‘before during and after experiment’) was 0.15

!g/g. Using a decay value of 0.1 !g/g per day (as estimated from figure 6.1)

shows that residues should drop to 0.05 !g/g after 10 days. In reality, it took

approximately 3-4 weeks for residues to drop to this level. Trace residues of

brodifacoum were still detectable in some field samples up to 10 weeks after

the removal of toxic bait from stations.

These field results, however, were confounded by the potential presence of

alternative sources of brodifacoum available to wild invertebrates as

explained in the conclusions to chapter 5. It is also possible that wild

invertebrates simply excreted brodifacoum far more slowly than these

captive locusts did. This was potentially due to the different environmental

conditions wild invertebrates and captive locusts were subjected to during

experiments. Captive locusts lived in a highly controlled environment.

Fluctuations in temperature, humidity and other environmental conditions
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were kept to a minimum by incubators. The average temperature in the

incubator was also 22C, which was much higher than the mean monthly

temperature of circa ~16C for April and May 2000 (see figure 1.8), when

the field samples were taken at Trounson. The higher temperature in

incubators may have accelerated locust metabolism, resulting in an increase

in the rate of brodifacoum excretion.

The dye experiments showed that Pyranine is the best candidate for bio-

tracing the consumption of bait by insects, albeit only to a limited extent.

This dye did not cause increased mortality in locusts in the way that

Rhodamine B did. There are, however, potential difficulties in the use of this

dye in field situations. All signs of dye on locusts were small bait fragments

that had stuck to the mouthparts. The dye itself did not adhere to or stain

locust body parts at all.

The presence of dye in locust faeces means that consumption of bait could be

traced in this way. However, the logistical difficulties in applying this to a

field situation (i.e. to locate weta that have fed on bait) are clearly

problematic. Firstly, weta faeces are very difficult to identify and hence to

collect for testing with an UV lamp. A pilot study was performed where dyed

bait was put in a bait station. Efforts were made to trace pyranine presence in

pitfall samples and in weta boxes after a month using an UV lamp at night-

time. This effort proved fruitless, due to the dilution of the dye and scale of

the search area required. Secondly, there was interference by plant and

fungal material in the forest that also luminesces under UV light.

The complete excretion of pyranine dye took a similar amount of time as the

recorded complete excretion time of brodifacoum (5-6 days compared to 4-5

days respectively). Whether or not there is a definite correlation between the

excretion rates of these two substances is obviously unconfirmed. If there is a

relationship, however, it is another potential way of measuring brodifacoum

excretion without having to kill the invertebrates concerned for residue

testing.



CHAPTER 7.

7.0 GENERAL DISSCUSION AND SUMMARY OF

CONCLUSIONS.

7.1 INTRODUCTION.

There were four specific objectives of the research described in this PhD

thesis. The purpose of this summary is to address each of these objectives in

turn by drawing on, discussing and expanding the various conclusions

already made, as well as placing this information into a more theoretical

context. As each objective often asks more than one discrete question and

often overlaps with other objectives, some repetition is inevitable. Efforts

have been made to keep this repetition to a minimum. In addition,

recommendations will be made on the use of brodifacoum and the

management of invertebrate communities in New Zealand.

Recommendations for further research will also be outlined.

7.2 OBJECTIVE 1: ‘TO DETERMINE WHICH INVERTEBRATES TAKE

BAITS CONTAINING BRODIFACOUM FROM BAIT STATIONS AND IF IT

CAUSES THEM ANY HARM’.

7.2.1 INVERTEBRATES TAKING BAIT FROM BAIT STATIONS

Video recorded evidence of activity overnight at bait stations showed that

weta were the most frequent user of stations containing brodifacoum bait

(Chapter 2). Other invertebrate species recorded visiting bait stations were

cockroaches, spiders and a variety of smaller invertebrates (bristletails,

slaters, harvestmen and others). All of these species were seen to enter full

bait stations, and cave weta were even recorded in the act of grazing poison

baits. Species found to visit bait stations compared well with other published

research, after differences in methodology were accounted for (Robertson et

al. 1999; Wakelin 2000).
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In contrast to invertebrates, the target pest mammal species (possums, rats

and mice) were recorded in very low numbers at bait stations.

It was also found that invertebrates were attracted to full bait stations.

Analysis of video taped data showed that invertebrates, particularly weta,

were counted in significantly higher numbers and spent significantly more

time in contact with full bait stations. Invertebrates were also significantly

more likely to enter a full bait station than an empty station.

Residue analysis of invertebrate species captured in pitfall traps and from

inside bait stations during pest control operations using brodifacoum found

detectable levels of toxin in a variety of species (Chapter 5). Animals with

the most significant quantities of brodifacoum were cockroaches (average

0.76 !g/g) and weta (average 0.86 !g/g). Other species recording

brodifacoum residues were beetles (average 0.21 !g/g) and ‘All others’ (a

pooling of minor genera captured, including spiders, worms, sand-hoppers

and harvestmen) (average 0.26 !g/g). Cockroaches often lived semi-

permanently inside full bait stations, and had green dyed ‘Pest-Off’ bait

visible in their gut. This research has found brodifacoum residues recorded in

forest invertebrates to occur in more species and often at much higher

concentrations than in any previously published research. (Booth et al. 2001;

Morgan & Wright 1996; Ogilvie et al. 1997; Wright & Eason 1991).

In summary, weta and cockroaches were all identified as being invertebrates

that visit bait stations and ingest brodifacoum. In addition, beetles were

found to also ingest brodifacoum in some form. Other species of invertebrate

that have more limited evidence of brodifacoum exposure included worms,

spiders and harvestmen. These latter species did not have an obvious source

of brodifacoum exposure, as they were not recorded visiting bait stations in

significant numbers. The potential sources of this brodifacoum

contamination are discussed in section 7.4.1 below.



179

7.2.2 PHYSIOLOGICAL AND TOXICOLOGICAL EFFECTS OF BRODIFACOUM

CONSUMPTION BY INVERTEBRATES.

It is evident that brodifacoum is non-toxic to insects (Chapter 6). There was

no significant increase in mortality in locusts fed toxic pellets (containing

20ppm brodifacoum) compared to those fed non-toxic ‘Pre-feed’ bait or

normal feed.

The count of a weevil infestation found in toxic baits indicated that

invertebrates are still capable of reproducing on a diet of brodifacoum

pellets. The increase from the initial population of around 20 to 1500+

suggests that reproduction is not significantly affected.

The excretion experiments gave an indication of the amount of time it takes

insects to accumulate and to excrete brodifacoum. 48 hours of exposure to

bait gives an average concentration of 0.41 !g/g, which drops to below the

Least Detectable Level (LDL) of 0.06 !g/g after three days. These findings

were similar to results found by Booth et al. (2001).

The biological decay of brodifacoum in locusts was estimated to be

approximately 0.1 !g/g per day. It is also evident that the decay of

brodifacoum may follow a curve, indicating that the decay rate may be

higher at higher concentrations.

It was concluded that captive locusts ingest and excrete brodifacoum rapidly,

with no evident harmful effects. There was no evidence of long-term bio-

accumulation of brodifacoum in locusts.

7.2.3 ECOLOGICAL EFFECTS OF BRODIFACOUM USE ON INVERTEBRATE

POPULATIONS.

The question of whether brodifacoum ‘harms’ invertebrates clearly must also

consider the wider ecological implications of its use. This includes the

impact of poison operations on the population ecology of invertebrates.
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Pitfall trapping results revealed that mammal pest control, including the use

of brodifacoum, has a significant positive impact on invertebrate populations

(Chapter 3). Overall, the invertebrate capture rate was significantly higher at

Trounson Kauri Park (treatment site) when compared to Katui Scenic

Reserve (non-treatment site). In particular, beetles, weta and spiders

benefited from living in an area with pest control operations in place. These

three groups were all captured in significantly greater numbers at Trounson

Park.

The placing of weta boxes and tracking tunnels at Trounson and Katui

confirmed these results (Chapter 4). Occupancy of weta boxes by weta and

spiders was again significantly higher at Trounson. The tracking rate of weta

in rodent tracking tunnels was also significantly higher at Trounson.

The result was also confirmed by video observations (Chapter 2), which

found that Trounson had significantly higher level of invertebrate activity at

bait stations than Katui.

It was considered likely that the reduction in rodent and possum numbers

through poisoning by brodifacoum, 1080 and other methods has by a

combination of direct and indirect factors reduced predation pressure and

perhaps improved the habitat of these invertebrate species. This has resulted

in an increase in population, which was detected by these four invertebrate

monitoring techniques. This was similar to findings by Craddock (1997)

McIntyre (1992; 1995) and Veltman (2000).

In summary, invertebrate populations do not suffer any evident ecological

‘harm’ from pest control operations using brodifacoum. In fact, there is

evidence that the opposite is true, with the overall invertebrate abundance

increasing at sites with pest control, in particular the populations of weta,

beetles and spiders.
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7.3 OBJECTIVE 2: ‘TO DETERMINE THE DISTANCES FROM POISON

BAIT STATIONS (AND TIME AFTER APPLICATION) AT WHICH

INVERTEBRATES CAN BE DETECTED AS HAVING CONSUMED TOXIC

BAITS’.

7.3.1 SPATIAL PATTERNS OF BRODIFACOUM RESIDUES RECORDED IN

INVERTEBRATES.

Results from the analysis of invertebrates for brodifacoum residues from

Trounson Park show conclusively that invertebrates visit bait stations,

consume bait and can accumulate substantial quantities of toxin in body

tissues (Chapter 5). It is also evident that animals will disperse at least 10

metres from the probable source of brodifacoum (loaded bait stations). Weta

in particular recorded notable residues up to 10 metres from full bait stations.

The overall dispersal of invertebrates carrying toxin was found to be distance

dependent, as residue concentrations in samples were found to decrease

significantly with distance from bait stations.

The large variation in residue levels recorded in invertebrates suggested that

the actual number of invertebrates that consume bait is a small fraction of the

population, but some of those individuals that do consume bait can

accumulate large quantities of toxin.

A broad land area calculation at Trounson found that approximately 6.28%

of the park contains invertebrates contaminated with an average of 0.56 !g/g

brodifacoum during pest control operations.

7.3.2 TEMPORAL PATTERNS OF BRODIFACOUM RESIDUES RECORDED IN

INVERTEBRATES.

The concentration of brodifacoum in invertebrate tissue is largely dependent

on the presence of toxic bait in bait stations (Chapter 5). Results show that

residue levels increase significantly during a poison pulse. This increase was

very rapid, with levels rising from close to zero to an average of 0.25 !g/g

within 2 weeks and some samples recording up to 0.82 !g/g. These residue
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levels decreased after the toxic bait was removed from bait stations.

Invertebrates still, however, retained elevated levels of brodifacoum in

tissues, as samples taken after the poison pulse recorded significantly higher

residue levels than those taken before. The return to normal ‘background’

(i.e. near zero) residue levels took in excess of four weeks.

This indicates that loaded bait stations are the primary source of brodifacoum

contamination in invertebrates.

There was a marked difference in time for brodifacoum residues to return to

zero between the laboratory trials on locusts (Chapter 6) and results from

wild invertebrates from Trounson. Laboratory trials found brodifacoum was

excreted rapidly by locusts (within a few days, depending on dose), while

residues in wild invertebrates took in excess of four weeks to return to

normal levels. Trace residues of brodifacoum were still detectable in some

samples of wild invertebrates up to 10 weeks after the removal of toxic bait

from stations.

The reason for this discrepancy is probably that additional brodifacoum was

available to invertebrates after bait stations had been emptied, from the

environmental contamination of soil, dead animal carcases, rodent hoards of

bait pellets and from secondary ingestion through food supply (further

discussed below in section 7.4.1). It is also possible that wild invertebrates

excrete brodifacoum far more slowly than captive locusts did, due to

differences in environmental conditions the test animals were subjected too.

This was considered unlikely.

In summary, invertebrates with brodifacoum residues disperse at least 10

metres from the probable primary source of toxin, and residues decrease

significantly with distance. Residues of brodifacoum increase significantly

when toxic bait containing brodifacoum is loaded in bait stations, and this

increase is rapid (within 2 weeks). The excretion of these elevated levels of

brodifacoum takes in excess of four weeks, possibly up to 10 weeks.
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7.4 OBJECTIVE 3: ‘TO DETERMINE LEVELS OF BRODIFACOUM IN

THE TISSUES OF KEY INVERTEBRATES, IN THE CONTEXT OF

EXPOSURE TO TOXIC BAITS IN STATIONS, TO ASSESS RISKS OF

SECONDARY POISONING OF INSECTIVOROUS NATIVE BIRDS’.

7.4.1 RESIDUE LEVELS RECORDED IN INVERTEBRATE SPECIES COMPARED TO

THE RECORDED VISITATION TO BAIT STATIONS.

Weta recorded the most significant quantities of brodifacoum. Levels ranged

from below LDL (Least Detectable Level of 0.06!g/g) to 7.47 !g/g, with an

average of 0.86 !g/g (Chapter 5). Weta were the most frequent visitor to bait

stations (Chapter 2). These two results correspond well, and indicate that the

source of brodifacoum in weta was almost certainly a result of the direct

consumption of toxic bait from bait stations.

Cockroaches recorded the second most significant quantities of brodifacoum.

Levels ranged from 0.21 !g/g to 2.34 !g/g, with an average of 0.76 !g/g

(Chapter 5). Cockroaches were also a frequent visitor to bait stations

(Chapter 2). All cockroach samples were collected from inside bait stations,

so again the source of brodifacoum in cockroaches was almost certainly the

result of direct consumption of toxic bait from bait stations.

Beetle samples had highly variable residue results. Levels ranged from below

LDL to 1.54 !g/g, with an average of 0.21 !g/g. The low average

concentration was indicative of the large number of samples that were below

the LDL. Beetles samples also did not decrease significantly with distance

from bait stations (Chapter 5). Very few beetles were recorded visiting bait

stations (Chapter 2). This indicates that the source of brodifacoum residues

for beetles was most likely not from bait loaded in bait stations.

The ‘All others’ samples were similar to beetles in that residue results varied

greatly. Levels ranged from below LDL to 3.61 !g/g, with an average of 0.26
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!g/g. Like beetles, the low average concentration was indicative of the large

number of samples that were below the LDL. ‘All others’ samples also did

not decrease significantly with distance from bait stations (Chapter 5). The

animals that made up these pooled samples (by weight mostly worms,

spiders, sand-hoppers and harvestmen) were not recorded visiting bait

stations in significant numbers (Chapter 2). This indicates that the source of

brodifacoum residues for the animals in these samples was most likely not

from bait loaded in bait stations.

It is evident that there must be an alternate source of brodifacoum other than

bait in bait stations for beetles and the species included in the ‘All others’

samples. There are three likely alternate sources of brodifacoum for these

species. The first is from the environmental contamination of soil around bait

stations. Observations identified fragments of bait around the base of many

bait stations, probably caused by pest mammal feeding behaviour. In

addition, faecal material from animals consuming brodifacoum is known to

carry residues (Huckle et al. 1988). Brodifacoum is not water-soluble and has

a half-life of over 12 weeks in soil (Eason & Wickstrom 2001; Ogilvie et al.

1997). Litter feeding animals, such as worms and sand-hoppers, could ingest

toxin mixed with their normal food supply. Unfortunately, soil samples taken

from underneath full bait stations were unable to confirm this due to residue

analysis problems.

The second possible source is rodent bait hoards. Rodents are known to

hoard toxic bait pellets in caches for later consumption (Taylor & Thomas

1989, 1993). The later demise of the rodent concerned then makes the cached

bait pellets available to invertebrates.

The final possible source is the secondary ingestion through food supply.

Target mammals that have consumed bait directly from bait stations and

subsequently die retain levels of brodifacoum in tissues and digestive system

(Eason et al. 2001). This toxin then becomes available to invertebrates that

scavenge these carcases. In addition, it is possible that predatory

invertebrates (such as carabid ground beetles and spiders) could directly
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predate other invertebrates that had consumed bait, such as weta and

cockroaches. This would result in brodifacoum residues being passed along

to the predatory invertebrate.

In summary, the likely main source of brodifacoum residues in weta and

cockroaches is from direct consumption of toxic bait pellets. The likely main

source of brodifacoum residues in beetles and other species, such as worms,

spiders and sand-hoppers is from the environmental contamination of soil,

rodent hoards, the scavenging of poisoned animal carcases and the predation

of contaminated invertebrates.

7.4.2 THE SECONDARY POISONING RISK TO INSECTIVOROUS BIRDS.

In order to establish the potential secondary poisoning risks to insectivorous

bird species during pest control operations all factors involved in the process

need to be described and then applied to the simple risk equation:

Risk = Hazard x Exposure.

Where: Hazard = Level of contamination in invertebrates (and factors

affecting thereof).

Exposure = Chance of bird encountering and consuming

contaminated invertebrates (and factors affecting thereof).

Firstly, factors affecting the ‘Hazard’ part of the equation need to be

examined. The levels of brodifacoum contamination invertebrates can reach

have already been described in the previous section. Clearly, the higher the

level of this contamination, the higher the potential secondary poisoning. The

next factor is the actual number of invertebrates carrying this contamination.

The high variation in residues found in invertebrates suggested that the

number of animals that actually carry residues is low, however those that do

can accumulate substantial quantities of toxin. This was further examined in

terms of land area. It was estimated that 6.28% of the land area of Trounson
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contains invertebrates contaminated with an average of 0.56 !g/g

brodifacoum.

The last factor is the time taken for brodifacoum residues to be excreted by

invertebrates. Obviously, the faster this excretion happens the lower the

chance of an insectivorous bird encountering a contaminated individual. This

research found it takes at least four weeks in a field situation.

Now that the ‘Hazard’ factors have been described, attention can turn to the

‘Exposure’ factors of the equation. The levels of contamination of

invertebrates can now be looked at in the context of what amount of

contaminated invertebrates need to be consumed by a bird to reach a lethal

lose (LD50). From table 5.5 in chapter 2 it was calculated that LD50 estimates

of brodifacoum contaminated weta required for four bird species ranged

from 32.7% to 7219 % of their daily food requirements, depending on the

concentration of toxin in weta (Table 5.5 from chapter 5).

These toxicity estimates are confounded by the bio-accumulation chemistry

of brodifacoum in birds and the effect of time on this. To summarise, the

toxic effect to birds of consuming any given contaminated invertebrates over

a single day (as shown in table 5.5) will be substantially different to the

consumption of the same number of contaminated invertebrates over a period

of many weeks or months. This means that the time taken to consume or

frequency of consumption of contaminated invertebrates is an important

factor affecting risk.

Any assessment of the secondary poisoning in birds needs to also include the

feeding preferences of birds. Clearly, especially at risk are bird species that

consume large numbers of weta, (eg. ruru (Ninox novaeseelandiae) (Haw &

Clout 1999; Haw et al. 2001)). Also at increased risk are birds that forage for

and consume ground dwelling invertebrates such as worms, beetles and

cockroaches, all of which indicated significant levels of toxin. These species

include robin (Petroica australis), kiwi (Apteryx spp), saddlebacks

(Philesturnus carunculatus), bellbird (Anthornis melanura) ,  rifleman

(Acanthisitta chloris), whiteheads (Mohoua albicilla), fantail (Rhipidura
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fuliginosa) and pied tits (Petroica macrocephala toitoi) (Greene 1998; Lloyd

& McQueen 2000; Moeed & Fitzgerald 1982; Murphy & Kelly 2001; Pierre

2000).

Lastly, the change in bird feeding patterns over time and during different

season and in different habitats is a significant factor. Bird diets are known to

change at different times of the year (Greene 1998; Haw et al. 2001; Moeed

& Fitzgerald 1982). This will mean that risk will change depending of

season. Even the daily diurnal/nocturnal behaviour pattern of any particular

bird species is a factor. The majority of the recorded invertebrate activity

around the bait stations was at night (chapter 2). This means that nocturnal

birds, such as kiwi and ruru, are at increased risk of contact with

contaminated prey items (Haw & Clout 1999; Lloyd & McQueen 2000).

Drawing all these factors together and applying the risk equation results in

this risk assessment. The equation produced is therefore a probabilistic

argument with diminishing risks because each component is related in a

multiplicative manner.

Risk = (H1xH2xH3) x (E1xE2xE3)

Where: H1 = Concentration of brodifacoum residues in invertebrates.

H2 = Number of invertebrates actually carrying any given 

residue.

H3 = Time period that invertebrates will carry any given

residue.

E1 = Feeding preferences of bird species.

E2 = Frequency that bird consumes contaminated invertebrates.

E3 = Daily, seasonal and habitat changes relating to E1 and E2.
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It is evident that the more successful a pest management program is through

the use of brodifacoum, the higher the risk of secondary poisoning of birds

by invertebrates. This can be explained in two ways; Firstly, when poison is

laid in a block of forest for the first time, there is a high initial knockdown of

pests and a high bait take by pest species (Clout et al. 1995; Hickson et al.

1986; Taylor & Thomas 1989, 1993). Meanwhile the bait take by

invertebrates is low, due to time taken to ‘learn’ the location of bait and

interference from pest mammal species (where pest mammal species ‘scare’

invertebrates away from bait stations) (chapter 2). As time progresses, bait

take by the target pest species drops away due to mortality (i.e. the target

pest animals die from poisoning), and the bait is left in the bait station for

longer and longer periods untouched (Clout et al. 1995; Hickson et al. 1986;

Taylor & Thomas 1989, 1993). It is at this point that invertebrate visitation

and therefore consumption of bait at bait stations will likely increase (chapter

2).

Secondly, as the conservation project matures, the pest population is

suppressed to low levels. This results in decreased predation pressure on

invertebrates by rats, mice, and to a lesser extent possums, which are all

significant predators of invertebrate species (Badan 1986; Best 1969;

Bremner et al. 1984; Craddock 1997; Daniel 1973). As shown in this thesis,

the net result is an increase in the population of invertebrates (chapter 3)

(Craddock 1997; McIntyre 1992, 1995; Veltman 2000). Although the pest

mammal population has been reduced, conservation managers may

frequently lay bait at the same or similar levels to the beginning of the

project. Much of it is therefore left sitting undisturbed in stations. A higher

invertebrate population will mean more invertebrates visiting these

untouched bait stations. Comparison of the bait station visitation rates

recorded during video surveillance between Trounson and Katui showed a

significant difference in the total number of visits in a night, reflecting the

significant difference in the respective invertebrate populations (chapter 2).
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The net result of these two factors is more invertebrates, carrying greater

concentrations of brodifacoum. This increases the chance of an insectivorous

bird encountering and consuming a contaminated invertebrate, and that any

given contamination will likely be higher.

In summary, insectivorous birds at risk of secondary poisoning are those that

consume significant quantities of weta, cockroaches, beetles and worms.

Nocturnal birds are at an increased risk. Risk also increases as the pest

mammal population of a managed site declines, and as the invertebrate

population of a managed site increases. Risk also varies depending of time of

year, and the frequency at which contaminated invertebrates are consumed.

7.5 OBJECTIVE 4: ‘TO DETERMINE IF THERE IS A SEASONAL

PATTERN TO THE CONSUMPTION OF TOXIC BAITS BY

INVERTEBRATES’.

7.5.1 SEASONAL PATTERNS OF VISITATION TO BAIT STATIONS.

It was found that significantly more invertebrates were counted on bait

stations during summer than during winter. Invertebrates also spent

significantly more time in contact with bait stations in autumn than in winter.

There were no other significant seasonal differences for invertebrate activity

recorded on bait stations.

7.5.2 SEASONAL PATTERNS OF RESIDUE LEVELS RECORDED IN

INVERTEBRATES.

No significant correlation of residue levels versus rainfall or temperature was

found. Samples taken during spring had significantly higher concentrations

of brodifacoum than those taken in summer and autumn. There were no other

significant differences in residue levels between different seasons.



190

7.5.3 SEASONAL PATTERNS IN INVERTEBRATE POPULATIONS.

Significantly fewer invertebrates were captured during winter than during

any other season. The overall catch of invertebrates had a significant positive

correlation with temperature.

The tracking rate of weta was positively correlated with temperature, and

was significantly higher in summer than during any other season.

In summary invertebrate activity was significantly lower during colder

months and significantly higher during warmer months. Residue levels were

significantly higher during spring than during summer and autumn.

7.6 THEORETICAL PERSPECTIVE.

Relating the results of this thesis back to figures 1.1 and 1.2 in chapter one of

the project shows its theoretical context remarkably well.

What is clear is the process of secondary poisoning is a complex one, with a

large number of discrete, interrelated and confounding factors influencing

the process. Video monitoring showed what species of invertebrate visit bait

stations (chapter 2), while residue testing showed the level of brodifacoum

invertebrates could accumulate (chapter 5), and that it caused them no

evident harm (chapter 6). Complicating this was the effect of time, where

visitation and level residues were affected by season, and residues were

affected by time of and frequency of exposure and the whether or not bait

stations were loaded. This firmly established the link between ‘Brodifacoum

stations’ and ‘Above ground invertebrates’ in figure 1.2.

Chapters 3 and 4 explored what can happen when the populations of pest

mammals and invertebrates are altered, effectively removing and/or changing

the populations in boxes in figure 1.1 and 1.2. For example removing the

‘Rodents’ and ‘Possums’ box from figure 1.1 would effectively increase the

populations of the ‘Above-ground herbivorous invertebrates’, ‘Above-

ground predatory invertebrates’, ‘Insectivorous omnivorous birds’ as well as

other boxes from figure 1.1. This was shown in the significant difference in
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invertebrate populations between Trounson and Katui, as shown in pitfall

traps, weta boxes and tracking tunnels. In addition, removing the ‘Rodents’

and ‘Possums’ boxes would effectively increase the ‘population’ (amount) of

the ‘Brodifacoum stations’ box in figure 1.2 (i.e. there would be more

brodifacoum available in stations). This would mean that there are

potentially more invertebrates around with more brodifacoum available for

them to consume, thus effectively increasing or strengthening the link from

‘Brodifacoum stations’ to ‘Above-ground herbivorous invertebrates’ and on

to ‘Insectivorous omnivorous birds’. Once again, time was a confounding

factor to all this, as season and the frequency of consumption of

contaminated invertebrates by birds all influence the risk of secondary

poisoning.

This situation outlined above clearly presents conservation managers with a

cost/benefit dilemma. A poisoning programme designed to benefit threatened

or endangered birds could potentially cause some harm to them instead.

What must be realised is that a reduction or eradication in pest mammal

populations is potentially far more beneficial to threatened birds (and,

indeed, invertebrates) than any potential detrimental effects caused by the

actual poisoning programme itself. In addition, the good operational

management of the poisoning programme by conservation managers can

reduce any detrimental effects, and some examples of these are discussed in

the next section.

7.7 RECOMMENDATIONS FOR THE USE OF BRODIFACOUM WITH

REGARD TO INVERTEBRATE POPULATIONS.

7.7.1 MANAGEMENT RECOMMENDATIONS.

These recommendations are designed for the general use of brodifacoum

anywhere in New Zealand. The Department of Conservation has since 1998

phased out the use of brodifacoum on the mainland, making some of these

recommendations seemingly irrelevant. However, brodifacoum is still widely
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used by many Regional Councils (e.g. the Auckland Regional Council),

Animal Health Boards and by many private landowners. The Department of

Conservation also still uses brodifacoum in restricted circumstances (i.e.

some offshore islands and sites where poison regulations prohibit the use of

alternatives). This means that these recommendations are still very relevant

to the many conservation sites that still use brodifacoum, or may potentially

use brodifacoum some time in the future. Obviously any poison operation is

driven largely by the required outcome, which may be different depending

on the circumstances. Required outcomes are driven by operational

constraints, such as budget, public opinion and the geography of a site (i.e.

offshore islands versus mainland sites, site elevation, forest type etc). The

timing, frequency, methodology and level of baiting of an operation are set

to maximise this outcome. Therefore, it may not be possible for a

brodifacoum poisoning operation to follow all of these recommendations.

However, in the absence of any good reason not to, these recommendations

should be followed to reduce the potential secondary poisoning of threatened

birds.

1. Bait during colder months when invertebrates are less active.

Rationale:

There is evidence that invertebrate activity is lower during colder months,

particularly mid-winter. Baiting during colder months will reduce the

number of invertebrates encountering toxin, thus reducing risk to

insectivorous bird species.

2. Do not use continuous baiting. Pulse baiting is recommended instead.

Rationale:

Continuous baiting means that bait is continuously reloaded in bait stations.

This increases the chance of invertebrates encountering toxin as they learn to
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visit and rely on bait as a food source. Pulse baiting places less toxin overall

into a managed site, thereby reducing toxin availability to invertebrates.

3. Remove uneaten bait at the end of a poison pulse.

Rationale:

Removing bait at the end of a pulse reduces the time that invertebrates are

exposed to bait by removing the primary source of toxin. This will reduce the

level of toxin residues in invertebrates, thus reducing risk to insectivorous

bird species.

4. Use bait stations to deliver poison, rather than aerial drops.

Rationale:

Aerial drops of bait will make bait more accessible to a wider variety of

invertebrate species. Although invertebrates learn to visit bait stations (and

sometimes live inside them), this is preferable to the much greater and more

widespread exposure to toxin produced by aerial drops of bait. Clearly there

is a cost-benefit issue here as an aerial drop may be more effective than bait

stations in some situations. In a situation where eradication rather than

control is the required outcome (i.e. on some offshore islands), one or two

large-scale aerial drops may place less toxin load in the environment in the

long-term. This is because once the pest species is eradicated no more toxin

is required. In a pest control situation, poisoning needs to be constantly

maintained (i.e. repeated every year or so), to hold the pest population at

required levels. This may place more toxin load overall in the environment.

5. Alter the design of bait and/or stations to make them unattractive to

invertebrates, and/or to reduce accessibility to toxic bait. Elevate bait

station to reduce accessibility by ground dwelling invertebrates
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Rationale:

Reducing accessibility of bait to invertebrates will reduce consumption and

thereby residue levels. Currently research is under-way to develop bait

pellets that include insect repellent chemicals (E. Spurr pers. comm.).

Observations of invertebrate activity around bait stations (Chapter 2) found

that ground dwelling beetles had great difficulty gaining access to elevated

bait stations. The simple elevation of bait stations is therefore likely to

reduce the chance of ground dwelling invertebrates encountering bait.

6. Alter the design of bait and/or stations to reduce removal of toxic bait

by rodents.

Rationale:

Reducing rodent hoarding will reduce one of the alternate sources of

brodifacoum identified in chapter 5, thereby reducing toxin load in the

environment. Currently at Wenderholm Regional Park, brodifacoum ‘blocks’

are used. These are large blocks of toxic bait similar in composition to Pest-

Off, however they are shaped as large (~80mm x 30mm x 30mm) rectangular

blocks that are anchored by means of a central peg to the inside a bait station,

thereby preventing removal by rodents.

7. Allow 4-6 weeks after poison is removed from stations for

invertebrates to excrete brodifacoum before reintroducing

livestock/birds, or translocating new threatened bird species etc.

Rationale:

This allows invertebrates to excrete any brodifacoum ingested while toxic

bait was loaded into bait stations, thus reducing residue levels in

invertebrates when livestock and bird species are reintroduced.
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8. Review baiting strategy as a conservation project matures. Consider

laying bait less often and/or using different bait types/delivery systems.

Use different toxins during each control period (eg Warfarin, Feratox,

Feracol, 1080 etc).

Rationale:

Reviewing baiting strategy is an important process in any conservation

project. The specific relevance to brodifacoum is that it will reduce

invertebrate exposure to this toxin, and therefore secondary poisoning risks.

More generally it will reduce other problems with poison use, such as bait

shyness, toxin resistance and the overall environmental contamination risk

associated with the use of any toxin (Bailey & Eason 2000; Eason &

Wickstrom 2001). Currently at Trounson Park, different toxins are used

during each control period (see Figures 1.9 and 1.10).

7.7.2 RECOMMENDATIONS FOR FURTHER RESEARCH.

From the results and conclusions of this thesis, it is clear that there are

aspects of brodifacoum use, invertebrates and secondary poisoning that

warrant further investigation.

Firstly, the excretion and accumulation of brodifacoum by invertebrates

needs to be further examined. Results from this thesis did not give a clear

indication of brodifacoum accumulation and excretion in locusts. There were

also clear differences in the timing of accumulation and excretion of residues

found in captive locusts compared to residues found in wild invertebrates.

This research would need to quantify an individual invertebrates’

brodifacoum contamination precisely with its length of exposure to

brodifacoum bait to accurately determine excretion and accumulation rates.

Secondly, investigation needs to be made into quantifying the possible

alternate sources of brodifacoum contamination available to invertebrates.
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This should include topics such as soil contamination, animal carcase

contamination, rodent hoarding behaviour and food web interactions between

invertebrates and other species. These potential interactions are illustrated

well in Figures 1.1 and 1.2.

Thirdly, there needs to be much more detailed information on the

invertebrate component in the diet of many indigenous birds. This type of

information is very much lacking for many species of bird in New Zealand,

in particular for some species of threatened bird. The detailed knowledge of

invertebrate diet is essential in terms of assessing secondary poisoning risk

(as in table 5.5). In addition, it would provide information that could help in

the assessment of suitable habitats for the translocation and conservation of

these bird species. A site that was intended to have a particular threatened

insectivorous bird species translocated to it could have its invertebrate

population surveyed to ensure there was sufficient favoured prey species

present to support a viable population of birds.

Lastly, more information on the LD50 and the effect of sub-lethal doses of

brodifacoum in threatened bird species identified as being at risk of

secondary poisoning needs to be investigated. Kiwi, ruru and other species

have been found with detectible brodifacoum residues present in tissues

(Dowding et al. 1999; Eason & Spurr 1995a; Murphy et al. 1998a; Ogilvie et

al. 1997; Rammell et al. 1984; Robertson et al. 1999). The LD50 of most

species of insectivorous bird identified in this research is unknown. This

limited the contaminated diet assessment that could be made to just four bird

species, two of which were neither native nor threatened (table 5.5). Little

research has been performed on the effects of sub-lethal doses of

brodifacoum, particularly in the area of fertility, fecundity and the ability of

these contaminated species to maintain or improve their population levels.
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!. 6!.-& *+#$&+ 2#*#23# !$D 7#$D#2H,10 2#4&,$!1 "!26.

6atu< *=en<= 2e@erBe

Number Count /ull Katui
Date 1262601 765601 /ull 9ean SE
Wetas 3 0 3 1.5 1.50
Cockroaches 2 0 2 1.0 1.00
Spiders 5 1 6 3.0 2.00
9ice 0 0 0 0.0 0.00
Rats 5 0 5 2.5 2.50
Possums 0 2 2 1.0 1.00
Hnvertebrates J 5mm 1 15 16 8.0 7.00
Overall Hnvertebrates 11 16 27 13.5 2.50

Number Count Empty Katui
Date 10610600 22610600 20611600 1561601 18612600 1263601 Empty. 9ean SE
Wetas 0 0 5 0 0 0 5 0.8 0.83
Cockroaches 0 0 0 0 0 0 0 0.0 0.00
Spiders 4 0 3 5 1 0 13 2.2 0.87
9ice 0 0 0 0 0 0 0 0.0 0.00
Rats 0 0 0 0 0 0 0 0.0 0.00
Possums 0 0 1 1 0 1 3 0.5 0.22
Hnvertebrates J 5mm 4 3 1 1 0 0 9 1.5 0.67
Overall Hnvertebrates 8 3 9 6 1 0 27 4.5 1.52

SiOes /ull Katui
Date 1262601 765601 /ull 9ean SE
P10mm 8 16 24 12.0 4.00
10-20mm 3 0 3 1.5 1.50
J20mm 0 0 0 0.0 0.00
Overall 11 16 27 13.5 2.50

SiOes Empty Katui
Date 10610600 22610600 20611600 1561601 18612600 1263601 Empty 9ean SE
P10mm 6 3 9 5 1 0 24 4.0 1.37
10-20mm 1 0 0 1 0 0 2 0.3 0.21
J20mm 1 0 0 0 0 0 1 0.2 0.17
Overall 8 3 9 6 1 0 27 4.5 1.52

7enCerDoFm 2eH<onaF "ark

Number Count /ull Wenderholm
Date 2663601 2165601 1866601 /ull 9ean SE
Wetas 2 4 1 7 2.3 0.88
Cockroaches 3 7 1 11 3.7 1.76
Spiders 0 0 0 0 0.0 0.00
9ice 0 0 0 0 0.0 0.00
Rats 0 0 2 2 0.7 0.67
Possums 0 0 0 0 0.0 0.00
Hnvertebrates J 5mm 3 4 2 9 3.0 0.58
Overall Hnvertebrates 8 15 4 27 9.0 3.21

Number Count Empty Wenderholm
Date 2662601 3061601 Empty 9ean SE
Wetas 4 0 4 2.0 2.00
Cockroaches 3 2 5 2.5 0.50
Spiders 3 1 4 2.0 1.00
9ice 0 0 0 0.0 0.00
Rats 0 1 1 0.5 0.50
Possums 0 0 0 0.0 0.00
Hnvertebrates J 5mm 2 1 3 1.5 0.50
Overall Hnvertebrates 12 4 16 8.0 4.00

SiOes /ull Wenderholm
Date 2663601 2165601 1866601 /ull 9ean SE
P10mm 2 0 2 4 1.3 0.67
10-20mm 8 15 2 25 8.3 3.76
J20mm 0 0 2 2 0.7 0.67
Overall 10 15 6 31 10.3 2.60

SiOes Empty Wenderholm
Date 2662601 3061601 Empty 9ean SE
P10mm 3 1 4 2.0 1.00
10-20mm 7 2 9 4.5 2.50
J20mm 1 1 2 1.0 0.00
Overall 11 4 15 7.5 3.50
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APPENDIX III. *+ MINUTE COUNTS OF INVERTEBRATES RECORDED VISITIN6 FULL BAIT STATIONS AT TROUNSON 8AURI PAR8.

$%&'

()*' 1,-12-#. #-2-## 1"-2-## 1/-2-## 2,-2-## 22-/-## 1/-.-## 3"-.-## 11-#-## 3"-11-## 2-12-## 11-12-## 13-3-"" 2"-3-"" 22-3-"" 3-1-"" 1"-1-"" 12-#-"" 2.-,-"1 22-.-"1 23-1"-"1

1231" 4 4 1231"

1232" 1232"

1233" 1233"

1231" 4 1231"

123," 4 2 1 123,"

1.3"" 4 4 1 1.3""

1.31" 4 1 1.31"

1.32" 1 1 4 1.32"

1.33" 2 4 2 4 1.33"

1.31" 1 4 1 1.31"

1.3," 2 4 1 1 1 1 4 1.3,"

1#3"" 1 1 2 1 1 1 1#3""

1#31" 4 2 1 1 1 1 2 1 2 1#31"

1#32" 4 4 4 4 1 3 4 1 1 2 2 1 1 1 1#32"

1#33" 2 3 1 4 2 1 1 2 1 1 2 1#33"

1#31" 1 2 1 1 1 2 4 3 , 1 1 1 1#31"

1#3," 1 1 , 1 1 1 1 1 1 2 2 1#3,"

2"3"" 1 1 1 1 1 3 2 3 1 2 3 1 1 1 2 2"3""

2"31" 1 2 1 1 2 1 2 3 1 1 1 2 2"31"

2"32" 3 2 1 2 3 1 2 3 1 2"32"

2"33" 2 3 1 , 1 2 1 1 1 1 2 2"33"

2"31" , 1 1 2 2 1 2 1 2 1 2"31"

2"3," 1 1 , 1 3 2 1 1 2 1 2 1 2"3,"

213"" 2 1 1 1 2 2 1 2 1 2 213""

2131" 2 1 3 1 1 1 1 1 1 3 2131"

2132" 3 1 1 2 2 1 2132"

2133" 1 1 2 1 2 1 1 1 2133"

2131" 2 2 1 1 1 2 1 1 1 2131"

213," 1 1 2 1 1 213,"

223"" 1 2 1 1 1 1 1 1 1 223""

2231" 1 1 1 1 1 1 1 1 2 2 1 2231"

2232" 1 1 1 3 1 1 1 2 1 1 2232"

2233" 1 1 1 1 1 1 2233"

2231" 2 4 1 1 1 1 1 1 1 2231"

223," 3 1 1 1 1 1 1 1 1 223,"

233"" 1 1 1 1 1 1 1 233""

2331" 2 1 1 2 1 1 1 2 1 2331"

2332" 1 2 1 1 2 1 2332"

2333" 1 2 1 1 2 1 1 1 1 2333"

2331" 2 1 1 1 2 1 2 1 2331"

233," 1 1 1 233,"

"3"" 1 1 1 1 1 2 "3""

"31" 3 1 "31"

"32" 3 1 2 1 1 1 1 1 1 "32"
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0$30 1 2 1 1 1 3 1 1 1 1 0$30

0$40 1 2 3 1 1 1 0$40

0$50 1 1 1 1 2 1 0$50

1$00 1 2 3 1 1 1 3 1$00

1$10 1 2 1 1 1 1 1 1 2 1 1$10

1$20 2 1 2 1 1 1 3 2 1 1$20

1$30 1 1 1 2 1$30

1$40 1 2 2 1 1 1 1 1$40

1$50 1 1 1 1 1 2 1$50

2$00 1 2 2 1 1 1 2$00

2$10 1 1 1 3 1 1 1 1 2 1 2$10

2$20 1 2 2 1 1 1 1 2$20

2$30 1 1 1 1 1 2$30

2$40 1 1 2 1 2 2 1 1 2$40

2$50 1 2 1 1 1 2 1 1 2$50

3$00 1 1 2 3 1 1 1 2 3$00

3$10 4 1 1 1 1 3$10

3$20 2 2 1 1 1 1 1 1 3$20

3$30 1 1 2 2 1 1 3$30

3$40 3 1 1 1 3$40

3$50 2 1 1 1 1 2 3$50

4$00 1 1 1 2 2 2 4$00

4$10 3 1 1 1 2 1 4$10

4$20 1 1 1 1 1 2 1 1 4$20

4$30 2 1 1 1 2 4$30

4$40 1 1 1 1 1 3 2 1 1 4$40

4$50 1 1 1 1 1 1 4$50

5$00 ( 1 1 ( 1 1 5$00

5$10 1 ( 5$10

5$20 1 2 1 5$20

5$30 1 ( 5$30

5$40 ( ( 1 1 1 ( 5$40

5$50 ( 5$50

6$00 ( ( 1 1 6$00

6$10 1 3 1 6$10

6$20 2 ( 1 1 ( 6$20

6$30 1 6$30

6$40 ( ( ( 6$40

6$50 ( ( ( 6$50

7$00 7$00

7$10 7$10

7$20 ( 7$20

7$30 ( 7$30



!""

APPENDI' I). +, MIN.TE CO.NTS OF IN)ERTEBRATES RECORDED )ISITING EMPT7

BAIT STATIONS O)ERNIGHT AT TRO.NSON KA.RI PARK.

#ate

Time "*+"+,, !-+"+,, ."+"+,, *+!+,, !"+!+,, !/+!+,, "*+-+,, !-+-+,, "+0+,, /+0+,, "0+0+,, !!+0+,,

"*1", "*1",

"*1!, 2 2 "*1!,
"*1., 2 2 " "*1.,

"*1-, 2 "*1-,

"*10, 2 . "*10,
"/1,, ! "/1,,

"/1", " ! "/1",

"/1!, " . " "/1!,

"/1., ! ! " " " ! "/1.,
"/1-, " . " " "/1-,

"/10, ! " ! " " "/10,

"31,, 2 " ! "31,,
"31", 2 " " ! "31",

"31!, 2 " ! " "31!,

"31., 2 2 ! ! "31.,

"31-, 2 " " " " ! " ! "31-,
"310, " ! ! "310,

!,1,, " " ! !,1,,

!,1", ! ! " " " ! ! !,1",
!,1!, " . " " ! ! !,1!,

!,1., " " ! " ! " ! !,1.,

!,1-, " " " " ! " " " " " !,1-,
!,10, " " " " !,10,

!"1,, " " " " " !"1,,

!"1", " ! " " " " " !"1",

!"1!, " " ! " " " !"1!,
!"1., " " ! " !"1.,

!"1-, " ! " !"1-,

!"10, " " ! " " " !"10,
!!1,, ! !!1,,

!!1", " " " " !!1",

!!1!, " " " " . !!1!,

!!1., " " " !!1.,
!!1-, ! " !!1-,

!!10, " " !!10,

!.1,, ! " " " !.1,,
!.1", " " ! !.1",

!.1!, " " !.1!,

!.1., " " " !.1.,

!.1-, " " " !.1-,
!.10, " " " ! !.10,

,1,, ! " " " ,1,,

,1", " ,1",
,1!, " " " ,1!,

,1., " ,1.,

,1-, " " " " ,1-,
,10, " " ,10,

"1,, " " " " " " "1,,

"1", " " " " " "1",

"1!, " " "1!,
"1., " " ! "1.,

"1-, " " 2po6erfail "1-,

"10, " " " "10,
!1,, " ! ! !1,,

!1", " ! " !1",

!1!, " ! " " !1!,

!1., " " " !1.,
!1-, " " !1-,

!10, " " !10,

.1,, " " .1,,

.1", " ! " ! .1",

.1!, " .1!,

.1., " ! .1.,

.1-, " ! " " .1-,

.10, " " .10,

-1,, " -1,,

-1", " " " " " -1",
-1!, " " " " 2Po6erloss -1!,
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4$30 1 1 2 1 2 4$30

4$40 2 1 4$40
4$50 1 4$50

5$00 1 1 1 1 5$00

5$10 1 1 1 1 1 1 5$10

5$20 1 5$20
5$30 ( 1 1 1 1 1 5$30

5$40 ( ( 1 5$40

5$50 ( 1 1 5$50
6$00 2 6$00

6$10 ( ( 1 6$10

6$20 1 6$20
6$30 1 1 6$30

6$40 1 2 6$40

6$50 ( 6$50

7$00 ( ( 7$00
7$10 ( 7$10

7$20 ( ( 7$20

7$30 7$30
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APPENDI' V. CORRE.ATION P.OT OF SUM DAI.Y COUNTS OF INVERTEBRATES

RECORDED AT TROUNSON VERSUS RAINFA...

!"#"$%&'()*"+"),&-(.

/'"#"%&(-,0

%

)

-%

-)

'%

')

0%

0)

(%

()

)%

% '% (% ,% 1% -%% -'% -(% -,% -1% '%%

Ra#n%a&& (mm)

N
,
. 
,
% 

#n
.
er

te
2

ra
te

s 
s#

4
5

te
6

.
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!""#N%&' )&. #+!",#% -&.# %!-! /0 &N)#R#2R!-#, R#3/R%#% )&,&-&N4 05++ 2!&- ,-!-&/N, !- -R/5N,/N 6!5R& "!R6. #!37 )!+5# &,

-7# -&.# (&N .&N5-#,) !N &N%&)&%5!+ &N)#R-#2R!-# ,"#N- /N -7# 2!&- ,-!-&/N.

$%&& ()*+ ,+)+*-./

0)+1 15312348 432344 1032344 1632344 2532344 2236344 1638344 3038344 1434344 30311344 7312344 14312344 1333300 2033300 2733300 334300 1034300 1234300 2835301 2238301 23310301

1 11 14 4 6 1 2 14 14 1 1 2 21 15 1 18 1

4 4 2 3 1 4 6 2 4 2 8 1 1 5 5 1 6

10 1 2 1 1 2 1 2 6 3 2 8 2 1 3 1 2

2 1 1 3 1 1 1 4 1 1 1 1 1 4 7

2 4 1 2 1 2 1 1 1 2 1 15 5 1 1

3 1 1 1 17 5 1 1 2 1 1 15 2 78 14 1

11 1 8 1 1 1 1 2 1 2 2 1 16 17 6 3 7

1 1 1 2 1 4 5 1 1 1 1 4 8 14 3 5

1 1 2 2 1 3 1 5 3 1 4 2 64 10 1 1

1 34 1 1 3 1 6 5 1 44 2 61 44 4 1

1 5 1 1 1 1 1 2 2 6 1 1 2 1 2

2 2 1 1 1 4 1 1 2 1 1 1 10 2 54 1

1 21 7 1 1 2 3 1 1 5 6 5 18 112 1

2 1 1 1 8 2 1 5 1 1 1 1 41 1 7

2 1 1 1 1 1 1 18 2 4 35 5 1 104 1

5 5 1 1 3 1 2 2 1 3 1 25 8 101 2

3 1 1 1 4 1 3 1 3 2 1 14 11 133

1 1 70 1 2 2 5 1 1 45 1 1 45 3

1 1 23 3 2 1 2 27 1 1 1 41 66 1

4 1 1 3 5 1 1 5 1 7 1 1 2

10 2 7 1 1 3 1 1 1 2 5 37 1 18 2

1 1 15 1 3 25 1 1 3 13 1 1

1 6 8 1 3 1 2 1 5 24 35 4

1 3 1 1 1 2 2 5 1 1 140 17

1 6 1 2 3 2 1 2 1 1 17 3

1 1 1 3 1 17 1 4 2 1 1 1

4 1 1 1 2 1 3 5 18 17 1 77

1 1 17 3 1 2 12 2 2 1 3

1 1 1 70 1 5 1 1 2 1 2

4 2 26 1 1 27 7 1 1 1 15

1 14 1 1 1 1 8 6 1 1 1

1 1 2 15 32 1 3 14 27 4 2

5 1 2 1 5 46 3 1 10 2

1 4 1 1 1 1 1 1 1 3

1 2 3 1 2 1 2 4 58 1

1 1 1 14 22 27 1 10 16 14

1 1 2 1 1 15 17 56 1

1 6 4 4 1 2 3

1 1 1 1 1 28 1
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2 1 57 1 3

1 1 6 6

11 1 1

1 5 1

16 1 2

1

2 3

4( 1

1 1

1 1

1 2

1 3

13

1

11

1

1

1

1

1

7

3

132

1

1

5

1

1

)inutes o2 3ar6ness 560 483 480 4(6 520 855 770 760 700 607 583 563 6(5 711 731 744 75( 705 843 722 633

Total )inutes ;<ti=ity 130 143 102 144 12( 128 254 220 156 111 153 172 274 368 281 346 404 381 54( 115 356
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APP#N%I' )II. #LAP,#% TI.# %ATA /0 IN)#RT#2RAT#, R#3/R%#% )I,ITIN4 #.PT5

2AIT ,TATI/N, AT TR/6N,/N 7A6RI PAR7. #A38 )AL6# I, T8# TI.# (IN .IN6T#,)

AN IN%I)I%6AL IN)#RT#2RAT# ,P#NT /N T8# 2AIT ,TATI/N.

E%&'()*+,')S'+',./0

D+'2 "34"455 !64"455 7"4"455 34!455 !"4!455 !84!455 "346455 !646455 "49455 849455 "949455 !!49455

" " " " # " " ! " " " "

#5 " " " " # " " 73 "! "

" " " " " " " 9 " !# " "

! " # 6 " " " 6! 7 7 " 75

" " " " " " ! " 9 ! " !

! "5 8 " " 8 ! ! ! 8 " "

" " " " " " ! " !# !: #

78 " " " " " " !" 3 9 " :

! ! " " " " 7 " ! " : 7

7 " : " 7 6 7 " " # "

" " 7 " !3 " " "! 8 7! 8!

" " # " " 9 " "! 8 " !!

" 8 # " " !55 " " 65 " "

: " 9 3 " " " 96 ! "5

7 " " " " " !5 !8 9 !

! " # " 3 "5 ! 7: !" 83

" " " " 7 ! : ! !5 "

" " 3 " " " " " " "

" 6 ! ! ! ! "" !5

" " 3 " !7 " "8 9 69

" " " " ! " " ! 63

" " " "! "6 " !7 # !:

"5 " " "! 9 9

" " ! "5 "5 "

" " ! " 6 6

! " ! 7 ! "

" " 6 9 ! 6

6 7 6 ! #8 3

"" " ! "9 #

" 6 ! "# ""

" 6 " !! !

" " !" !

9 " 3 9

"6 " " 6

" 97 9

6 ! "

! "

" "

" 7#

" #

9

"

7

"

!

"

!

M,/<'20).=)D+>?/200 939 9:9 #56 #!5 #6: ##9 336 #55 85! 69# 8!# 876

T.'+A)M,/<'20)AC',D,'( "77.55 :".55 38.55 #5.55 "7.55 96.55 7!9.55 "57.55 789.55 !5".55 768.55 6"6.55
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!""#N%I' )III. #+!",#% TI.# %!T! /0 IN)#RT#2R!T#, R#C/R%#% )I,ITIN4 2!IT

,T!TI/N, !T 5!T6I ,C#NIC R#,#R)# !N% 7#N%#R8/+. R#4I/N!+ "!R5. #!C8

)!+6# I, T8# TI.# (IN .IN6T#,) !N IN%I)I%6!+ IN)#RT#2R!T# ,"#NT /N T8# 2!IT

,T!TI/N.

5atu> ,?eA>? ReserDe

$u&& (a*t ,tat*o.s 0mpty (a*t ,tat*o.s

4ate 1262601 765601 4ate 10610600 22610600 20611600 1561601 18612600 1263601

1 9 2 1 5 1 1 1

4 31 16 1 36 5

1 25 1 1 7 1

1 2 1 14 1

1 1 18 2 6

1 1 25 34 5

2 25 6 12

1 7 2 6

1 26

6 10

1 1

19

2

1

7

1

>*.utes o? 4arA.ess 632 810 >*.utes o? 4arA.ess 672 662 605 581 565 693

Tota& >*.utes CDt*E*ty 20.00 168.00 Tota& >*.utes CDt*E*ty 71.00 3.00 116.00 19.00 1.00 1.00

   

7eAderFoHm ReJ>oAaH "arK

$u&& (a*t ,tat*o.s 0mpty (a*t ,tat*o.s

4ate 2663601 2165601 1866601 4ate 2662601 3061601

2 7 275 1 24

3 29 23 1 1

1 147 14 4 1

6 151 20 1 1

1 200 1 5

32 1 2

8 3 2

2 1 1

1 1

17 1

1 1

1 2

1

2

19

1

>*.utes o? 4arA.ess 730 837 861 >*.utes o? 4arA.ess 640 837

Tota& >*.utes CDt*E*ty 55.00 582.00 332.00 Tota& >*.utes CDt*E*ty 18.00 32.00
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!""#N%&' &'. "&T+!,, %!T! +R./ TR.0N1.N 2!0R& "!R2.
$%&'()&( *+,-./0122,/%1-),3#,4156,)./47 81/4 3+:11:;# *:12:;# 1<:12:;# 1=:2:;; 2*:2:;; 23:=:;; 3+:=:;; =:>:;; 2:#:;; 1=:#:;; 3+:#:;; 13:;:;; ;:11:;; 1=:11:;; 23:11:;; 3+:11:;; >:12:;;

?'@A4%,&0,/%1-,(.B6/) > * 1+ > # > > > 1* 1* 1* 1* > > > > >

C&(/4(/) , , ?'@A4%,&0,D./4) < < < 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+

EF,G((42.81F 1 + + + 3 < 1 2 > = 2 3 > 1 + 3 +

EF,H&22')51 CF,I1)/%&-&81 + + + + + + 1 + + 1 2 3 + 2 1 + 1

EF,G%/6%&-&81 CF,J.-2&-&81 3 1 + + + 1 + 3 * 11 1< 21 23 1; 1= 13 *

CF,C6.2&-&81 1 + + 1 2 2 + 2 ; < + 2 2 + 2 1 +

CF,H1215&)/%151 KF,G@-6.-&81 31 * 1* 3* 3# 2; 21 32 <; <3 *# =3 12< #1 <+ >; *#

KF,L)&-&81 + + 1 * # + + + + 2 * 11 11 1 < 2 1+

CF,G%156(.81 KF,G%1(414 12 ; 1* 3* *3 2* 13 2= <1 =3 2> <= 1+2 *# =1 =2 33

KF,E)4'8&)5&%-.&(.814 + + + + + + + + + + + + + + + + +

KF,K-.2.&(4) + + 2 3 * 2 + < 2* * 1> 23 23 1< = ; 1*

KF,G51%. + + + + + + + + + + + + + + + + +

CF,L()45/1 KF,C&24&-/4%1 MF,D51%1A14.814 3 > = 11 *1 12 * < 1; 12 12 2> 1; 21 ; ; <

MF,C1%1A.814 1< > 1+ 3< 2+ 22 ; 1* 1<3 =# 23 #< *3 11 12 13 #

MF,C4%1@AN5.814 + + + + 2 1 + + 1 1 + 3 < 2 2 1 1

MF,C'%5'2.&(.814 1 + 3 + 1 2 1 1 > > < 3 1 1 = 3 2

MF,D/1-6N2.(.814 + + + + + + + + + + + + + + + + +

MF,O(.84(/.0.48 2 + + + + + + + + + + + + 1 + 1 +

P1%Q14 MF,R * + + + + + + + + + + + + 1 + + +

KF,K%/6&-/4%1 MF,S61-6.8&-6&%.814 *2 3# *2 1<+ 13< 32 2; 2# 11< #= >; ;# 1+> ;* >* ;3 #<

MF,D/4(&-42@1/.814 > # 1> + 1+ 2= = < 3* 1+ 13 2+ 33 13 1= 21 <

KF,G%564&B(1/61 MF,H4.(4%/422.814 + + 1 3 + 1 1 1 2 * 2 2 * < 1 3 +

KF,T21//1%.1 MF,T21//.814 + + 1 + + + + 1 + + + + + + + 2 +

KF,J.-/4%1 MF,C122.-6&%.814 + 1 + + > 1 + + 2 < + + 2 2 + + +

MF,$.-'2.814 1 + + + + + + + + + 2 + + + 1 1 +

MF,R + + + + + + + + + + + + + + + 1 +

KF,UN@4(&-/4%1 MF,E&@-.2.814 1 1 * 3 1 + + + + + + 3 + 3 1 + 1

MF,G-.814 + + + + + + + + + + + 1 + 1 + + +

MF,R + + + + + + + + + + + + + + 2 1 2

KF,P4-.8&-/4%1 MF + + 1 1 1 1 2 1 1 1 2 + 1 < 3 3 *

KF,U4@.-/4%1 MF + + + + + + + + + + + + + + 2 2 +

KF,O(.84(/.0.48 MF,R + + + + + + 1 2 1 + + + < 2 + + +

$&/12 12* >= 11= 2>; 31= 1=1 #; 12# *#; 33; 2<3 *2* <13 32; 2>+ 323 223
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14/12/99 24/1/00 31/1/00 7/2/00 14/2/00 21/2/00 28/2/00 6/3/00 13/3/00 20/3/00 27/3/00 3/4/00 10/4/00 17/4/00 24/4/00 1/5/00 8/5/00 15/5/00 22/5/00 Total

7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 281

10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 345

1 0 0 0 2 0 2 4 0 1 0 0 3 3 4 3 1 4 1 70

1 0 1 3 0 0 1 3 1 1 3 2 6 4 3 1 1 2 2 46

11 7 20 5 12 17 20 15 11 22 11 23 12 24 18 19 19 18 10 428

0 2 3 0 0 1 0 4 0 1 0 1 1 0 0 1 1 1 1 46

92 75 136 80 115 125 101 125 76 88 75 83 79 89 124 66 41 109 70 2558

9 6 4 7 3 5 5 6 4 7 12 6 11 8 6 13 3 4 2 180

36 45 44 29 47 34 28 77 39 39 36 46 47 29 35 34 15 61 33 1432

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

25 22 20 22 9 25 15 16 8 20 17 24 31 14 25 12 15 27 7 505

0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 5

0

18 5 35 25 20 39 33 42 38 39 39 40 46 48 22 51 27 43 32 864

21 20 37 25 15 50 42 48 24 23 22 15 40 9 47 11 13 81 16 1107

7 2 6 8 3 3 6 7 5 0 1 2 5 6 2 0 0 2 2 86

0 0 4 3 5 0 0 2 6 18 15 20 11 45 28 23 8 7 33 272

1 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 3

0 0 5 1 0 1 2 1 0 0 0 1 1 1 0 0 2 0 0 19

0 0 1 1 1 0 2 3 1 0 2 0 0 2 2 0 0 0 1 21

88 182 105 72 190 72 88 105 105 58 64 64 87 67 61 61 38 101 48 2983

14 2 6 4 10 2 1 4 2 8 2 3 7 3 7 4 9 16 12 360

1 0 1 5 3 6 4 5 8 7 14 11 8 10 2 3 3 5 2 128

2 2 2 1 2 2 2 2 4 1 0 0 1 0 1 1 0 1 1 29

2 2 3 5 12 7 4 2 6 1 0 1 1 0 0 1 0 0 0 67

0 0 0 0 1 0 0 1 0 0 1 0 0 0 2 0 0 1 2 13

1 0 0 0 0 0 0 0 2 0 1 1 1 0 0 0 0 0 0 7

4 4 1 1 5 7 1 0 3 3 1 0 0 1 1 0 0 0 0 50

0 0 1 2 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 8

0 0 0 0 1 0 0 1 0 1 0 1 0 1 1 0 1 0 0 12

10 7 11 8 6 10 10 9 3 2 0 4 2 1 1 4 4 2 0 121

0 0 0 1 4 4 3 7 5 2 0 5 1 0 2 4 1 3 4 50

0 0 0 0 0 0 0 0 2 0 0 2 0 0 0 0 0 0 0 15

344 383 446 308 466 410 373 489 353 342 316 356 401 370 394 312 202 489 279 11485
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!""#N%&' '. "&T+!LL %!T! +R./ 0!T1& 2C#N&C R#2#R4#.
#atui 32 traps (8 ea01 site) ru3 4or 28 3i61ts Date 269:900 10910900 22910900 20911900 18912900 1591901 1292901 1293901 :94901 795901 496901 297901 Total

NumCer o4 trap 3i61ts 14 14 26 27 28 28 28 28 28 28 28 28 305

Co3te3ts   NumCer o4 Eites  2 4 4 4 4 4 4 4 4 4 4 4 46

F. H33eliIa. 0 2 0 0 1 2 4 0 0 0 3 2 14

F. Jollus0a C. KastropoIa 0 2 1 0 3 0 1 2 0 1 3 0 13

F. Hrt1ropoIa C. DiplopoIa 20 50 3: 4: 37 16 14 17 15 16 10 12 2:5

C. C1ilopoIa 1 0 0 1 0 0 1 2 0 3 0 0 8

C. Jala0ostra0a L. Hmp1ipoIa 70 114 :2 110 68 58 51 73 68 88 81 65 :38

L. MsopoIa 1 3 2 7 13 14 11 7 6 : 12 17 102

C. Hra013iIa L. Hra3eae 15 13 22 35 25 26 30 2: 17 27 30 17 286

L. FseuIos0orpio3iIae 0 0 0 0 0 0 0 0 0 0 0 0 0

L. Lpilio3es 3 4 7 25 28 27 2: 30 18 8 : 11 1::

L. H0ari 0 0 0 0 0 0 0 0 0 0 0 0 0

C. M3se0ta L. Coleoptera N. E0araCaeiIae 1 1 2 2 4 2 0 0 5 1 4 6 28

N. CaraCiIae 4 3 1 4 2 10 11 42 15 14 : 3 118

N. CeramCy0iIae 0 0 0 0 2 1 0 0 0 1 2 0 6

N. Cur0ulio3iIae 1 2 0 1 1 1 2 1 2 1 2 0 14

N. Etap1yli3iIae 0 0 0 0 0 1 0 0 0 0 0 0 1

N. P3iIe3ti4ieI 1 0 0 1 2 0 0 0 0 2 0 0 6

QarRae N. S 0 0 0 0 0 0 0 0 0 0 0 0 0

L. Lrt1optera N. R1ap1iIop1oriIae 8 27 23 44 33 60 24 5: 8: 53 48 34 502

N. Ete3opelmatiIae 2 13 15 10 5 4 8 0 0 1 7 5 70

L. Hr01eo63at1a N. Jei3ertelliIae 2 3 : 6 8 5 3 : 12 14 23 21 115

L. Ulattaria N. UlattiIae 0 1 0 1 3 1 0 1 2 2 0 0 11

L. Diptera N. Callip1oriIae 1 3 5 8 7 37 75 50 54 4 0 0 244

N. TipuliIae 0 1 4 1 0 0 0 0 0 0 0 0 6

N. S 0 0 0 0 0 0 0 0 0 0 0 0 0

L. Vyme3optera N. FompiliIae 1 0 1 4 4 10 1 0 4 0 0 0 25

N. HpiIae 0 0 0 1 0 0 1 2 2 0 0 0 6

N. S 0 0 0 0 0 0 0 0 0 0 0 0 0

L. QepiIoptera N. 4 3 2 7 13 8 15 11 5 4 5 0 77

L. Vemiptera N. 0 0 0 1 0 0 0 0 0 1 1 1 4

L. P3iIe3ti4ieI N. S 0 0 0 0 0 0 0 2 0 0 0 0 2

Total 135.00 245.00 225.00 318.00 25:.00 283.00 281.00 337.00 314.00 250.00 24:.00 1:4.00 30:0
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!""#N%&' '&. "&*F!LL %!*! FR./ 0#N%#R1.L/ R#2&.N!L "!RK.
#$%&$'()*+ 32 .'/01 23 $/4( 15.$6 D/.$ 381891 3981891 2:82891 2:83891 238;891 218<891 138:891 1:8=891 T)./*

?@+A$' )B .'/0 %5C(.1 T)./* 2; 23 23 23 23 23 23 23 229

D)%.$%.1   ?@+A$' )B S5.$1  3 ; ; ; ; ; ; ; 31

F. A%%$*5&/. 2 1 9 2 ; 1 2 9 12

F. M)**@14/ D. J/1.')0)&/ 9 1 1 9 2 2 ; < 1<

F. A'.(')0)&/ D. D50*)0)&/ 13 1: 13 2= 2K 1; 1; 1= 1;3

D. D(5*)0)&/ 1 2 9 9 1 1 1 9 :

D. M/*/4)1.'/4/ O. A+0(50)&/ 1<3 11K =: 1;= =: =1 <1 K= =K9

O. M1)0)&/ 29 < ; 2 = = < 1 <1

D. A'/4(%5&/ O. A'/%$/$ 29 3< 3: 33 2; 3K ;3 2: 2:1

O. F1$@&)14)'05)%5&/$ 9 9 9 9 9 9 9 9 9

O. O05*5)%$1 29 ;: 11= 33 3= 2: 3< 2: 3;9

O. A4/'5 9 9 9 9 9 9 9 9 9

D. M%1$4./ O. D)*$)0.$'/ N. S4/'/A/$5&/$ 31 1; 32 2K 33 13 12 2 1::

N. D/'/A5&/$ =: <; 19< 39 :; ;; 32 2< ;39

N. D$'/+AO45&/$ 9 9 9 1 9 9 9 9 1

N. D@'4@*5)%5&/$ 9 1 1 19 3 9 : 1 22

N. S./0(O*5%5&/$ 9 9 9 2 1 9 9 9 3

N. U%5&$%.5B5$& 9 : = 1 9 2 9 9 1:

Q/'R/$ N. S 2 1 9 9 9 1 9 9 ;

O. O'.()0.$'/ N. R(/0(5&)0()'5&/$ < ; 12 29 11 29 1; K K<

N. S.$%)0$*+/.5&/$ 9 9 9 9 9 9 9 9 9

O. A'4($)C%/.(/ N. M$5%$'.$**5&/$ 1 1 2 ; ; 1 2 2 1=

O. U*/../'5/ N. U*/..5&/$ 1 1 2 : 9 1 9 9 11

O. D50.$'/ N. D/**50()'5&/$ = 2< 2; :: 1; 9 9 1 13=

N. T50@*5&/$ 9 9 9 9 9 9 1 = 3

N. S 9 9 9 9 9 9 9 9 9

O. HO+$%)0.$'/ N. F)+05*5&/$ < ; ; 1 9 9 9 1 1<

N. A05&/$ 9 9 9 9 9 9 9 9 9

N. S 9 1 9 9 9 9 9 9 1

O. Q$05&)0.$'/ N. 3; < 9 2 1 2 1 9 ;<

O. H$+50.$'/ N. 9 9 9 9 9 1 9 9 1

O. U%5&$%.5B5$& N. S 9 9 9 9 9 9 9 9 9

T)./* 3K: 3;2 ;3: ;1: 311 2;: 223 229 2<K<
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APP#$DI' 'II. SUMMAR. STATISTICS FOR PITFALL TRAPP#D I$4#RT#BRAT#S FROM TROU$SO$ 6AURI PAR6.

Obser; Sum Mean Median Standard LoDer Upper Min MaF Summer Summer Autumn Autumn Winter Winter Spring Spring

vations #rror Juartile Juartile Mean S# Mean S# Mean S# Mean S#

A##$%&'( O%&*+,-($.( /0 12.4 !.52 6.72 8.56 8.88 5.!2 8.8 68.8 8.26 8.56 !.21 8.07 /.02 8.26 /.54 6.5/

M+%%:;,( <(;.=+>+'( /0 0!.2 6.74 6.5/ 8.// 8.88 !.10 8.8 1.0 8.1/ 8./7 /.47 8.08 8.08 8.!2 6.87 8.46

A=.-=+>+'( D&>%+>+'( /0 428.8 60./2 64.76 6.17 0.72 !0.87 8.8 /5./ 66.14 /.6! !5.05 !.!8 5.4! 6.00 !8.1/ /.44

C-&%+>+'( /0 40.1 6.41 6.5/ 8.!1 8.88 !.10 8.8 0.5 6.85 8.5! 6.5/ 8.57 !.0! 8.22 6.28 8.51

M(%(,+;.=(,( AA>-&>+'( /0 /0!6.2 688.06 687.10 1.4/ 57.84 6!1.!6 !8.8 625./ 68/.26 67.54 6!7.0! 1.67 /1.47 !./5 68!.8! 61.75

I;+>+'( /0 !45.6 7.80 7.65 8.26 !.05 68.88 8.8 61.0 7./6 6.!8 68.08 6.5! 8.76 8.52 4.1/ !./4

A=(,-#&'( A=(#$($ /0 6277.4 45.2/ 51.47 5.6/ 56.87 05.05 61.0 654.7 52.14 /.!/ 08./0 4.71 /6.72 5.// 77./1 60.40

O>&%&+#$; /0 072.8 61.10 61.47 !.6! 1.!6 !2.!2 8.8 55./ 62.!8 /.12 !0.62 /.82 7.8! !.00 64./0 5.42

I#;$,.( C+%$+>.$=( S,(=(D($&'($ /0 6!!0.1 /5.81 /8.76 /.0! 6!.10 44.76 4.7 7!.2 /8.2/ 4.66 47.8! /.6! 68.6! 6.77 61.54 /.46

C(=(D&'($ /0 6567.2 /2./1 /!.65 5.!/ !8.88 4/.2/ 66.5 664.7 /0.72 4.!6 5/.54 1.46 /2.70 65.11 /0.87 1.28

C$=(ADE,&'($ /0 6!8.5 /./5 !.01 8.41 8.45 4.88 8.8 66.5 5.52 6.62 /.2/ 8.21 8.51 8.!5 !.75 8.21

C:=,:%&+#&'($ /0 /14.1 68.7! 5.!2 !.4/ 6.5/ 66.5/ 8.8 05./ !.!7 8.16 !0.44 4.81 /.!6 8.00 /.54 6.66

S.(>-E%&#&'($ /0 5./ 8.6! 8.88 8.82 8.88 8.88 8.8 !.2 8./0 8.!0 8.88 8.88 8.88 8.88 8.88 8.88

U#&'$#.D$$. /0 /8.8 8.1/ 8.88 8.!7 8.88 6.5/ 8.8 7.6 6.87 8.06 8.76 8.!1 8.88 8.88 6.5/ 8.28

B$$.H(=I($ /0 /4.7 8.22 8.88 8./4 8.88 6.5/ 8.8 66.5 8.08 8.!1 6./6 8.54 8.88 8.88 !.65 6.17

T+.(% B$$.%$; /0 /!!8.2 12.57 17.65 7./0 4!.10 6!/.!6 !8.8 628.8 70.48 68.56 6/!.21 7.61 4/.47 60.5! 05.!2 2.75

O=.-+>.$=( R-(>-&'+>-+=&'($ /0 5!46./ 661.82 66!.65 2.80 1/.76 654.76 58.8 !76.5 642.74 67.20 687.0! 1.!4 45.4! 0.4! 662.!2 66.70

S.$#+>$%A(.&'($ /0 461.0 65.56 68.88 6.22 4.76 !8.76 8.8 57.6 6!.54 /.7/ 68.!5 !.!4 64.08 4.87 !4.51 5.1/

T+.(% M$.( /0 5778.8 6/!.48 6!7.10 2.!0 25.!2 640.5/ 57.6 !14.7 67!.!8 67.24 667.10 1.7/ 78.6! 2.86 655.70 64.02

A=,-$+*#(.-( A=,-$+*#(.-( /0 61!.8 4.80 /.47 8.1! 6.5/ 7.65 8.8 !8.8 !.28 8.17 2.70 6.4! 6.07 8.!5 /.// 6.64

B%(..(=&( B%(..(=&( /0 5!.8 6.67 8.76 8.!/ 8.88 !.!6 8.8 4.7 6.76 8./2 6.5/ 8.57 8.!5 8.!5 8.51 8.51

D&>.$=( C(%%&>-+=&'($ /0 2/.8 !.41 6.5/ 8.0/ 8.88 /.85 8.8 67.6 4./6 6.55 6.5/ 8.78 6.87 8.41 8.24 8.08

T&>:%&'($ /0 61.0 8.4! 8.88 8.64 8.88 6.5/ 8.8 !.2 8.6! 8.6! 8.1/ 8.// 8.!5 8.!5 8.24 8.51

U#&'$#. F%&$; /0 68.8 8.!1 8.88 8.66 8.88 8.88 8.8 !.2 8.6! 8.6! 8.08 8.!1 8.88 8.88 8.!5 8.!5

OEA$#+>.$=( P+A>&%&'($ /0 70.5 !.6! 6.5/ 8.55 8.88 5.!2 8.8 68.8 5.58 8.17 6.87 8.57 8.88 8.88 6.72 8.01

A>&'($ /0 68.7 8./8 8.88 8.66 8.88 8.88 8.8 !.2 8.51 8.!7 8.!5 8.60 8.88 8.88 8./0 8.!5

U#&'$#. OEA$# /0 67.6 8.51 8.88 8.65 8.88 6.5/ 8.8 !.2 8./0 8.!0 8.76 8.!! 8.88 8.88 8.76 8.52

H$>&'+>.$=( H$>&'+>.$=( /0 678.5 5.7/ !.10 8.18 6.5/ 0.87 8.8 64.7 1.!4 6.76 /.16 6.8! 6.5/ 8./! !.10 6.67

O$A&>.$=( /0 7!.2 !.8! 8.88 8.50 8.88 /.!6 8.8 68.8 6.5/ 8.01 5.67 8.12 8.88 8.88 8.24 8.08

U#&'$#.&Q&$' U#&'$#.&Q&$' /0 !8.7 8.41 8.88 8.!5 8.88 8.88 8.8 7.6 8.88 8.88 8.51 8./! 8.1/ 8.57 6.07 6.62

T+.(% /0 608/0./ 554.54 540.5/ !4.7! /4/.85 45!.10 6!7.6 7/!.2 501.01 /7.17 4/!.75 !0.41 !61.02 /6.86 546.62 0!.85
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!""#ND&' '&&&. *+,,!R. *T!T&*T&C* 12R "&T1!33 TR!""#D &N4#RT#5R!T#* 1R2, 6!T+& *C#N&C R#*#R4#.

27ser- *um ,ean ,e@ian *tan@ar@ 3oDer +pper ,in ,ax *ummer *ummer !utumn !utumn Ginter Ginter *prinH *prinH

Iations #rror Juartile Juartile ,ean *# ,ean *# ,ean *# ,ean *#

#nnelida *li+,-.aeta 12 3.1 0.25 0.14 0.08 0.00 0.48 0.0 0.7 0.46 0.11 0.00 0.00 0.51 0.06 0.17 0.17

8,llus-a ;astr,p,da 12 3.1 0.26 0.28 0.07 0.00 0.48 0.0 0.7 0.28 0.16 0.24 0.13 0.28 0.28 0.24 0.16

#rt.r,p,da >ipl,p,da 12 16.5 1.38 1.20 0.09 1.15 1.61 1.0 2.0 1.28 0.13 1.18 0.01 1.03 0.04 1.77 0.09

C.il,p,da 12 2.2 0.19 0.00 0.07 0.00 0.32 0.0 0.7 0.09 0.09 0.34 0.17 0.00 0.00 0.24 0.16

8ala-,stra-a #mp.ip,da 12 23.0 1.92 1.84 0.07 1.79 1.97 1.7 2.4 1.73 0.04 1.84 0.03 1.82 0.05 2.17 0.11

Bs,p,da 12 11.0 0.91 0.91 0.06 0.80 1.08 0.5 1.2 1.09 0.03 0.87 0.04 1.14 0.07 0.70 0.09

#ra-.nida #raneae 12 16.9 1.41 1.39 0.04 1.36 1.44 1.2 1.7 1.40 0.02 1.35 0.07 1.33 0.12 1.50 0.09

*pili,nes 12 14.1 1.17 1.15 0.07 0.94 1.40 0.9 1.4 1.41 0.01 1.20 0.15 1.00 0.04 1.06 0.11

Bnse-ta C,le,ptera C-araDaeidae 12 5.6 0.47 0.46 0.08 0.40 0.66 0.0 0.8 0.37 0.19 0.34 0.22 0.73 0.07 0.51 0.05

CaraDidae 12 10.8 0.90 0.98 0.10 0.65 1.14 0.3 1.6 0.83 0.19 1.29 0.15 0.76 0.20 0.74 0.18

CeramDy-idae 12 1.4 0.12 0.00 0.05 0.00 0.28 0.0 0.4 0.24 0.13 0.09 0.09 0.22 0.22 0.00 0.00

Cur-uli,nidae 12 4.0 0.34 0.28 0.06 0.28 0.44 0.0 0.7 0.33 0.06 0.33 0.06 0.22 0.22 0.40 0.16

Ctap.ylinidae 12 0.3 0.02 0.00 0.02 0.00 0.00 0.0 0.3 0.09 0.09 0.00 0.00 0.00 0.00 0.00 0.00

FnidentDeet 12 1.8 0.15 0.00 0.07 0.00 0.32 0.0 0.7 0.15 0.15 0.15 0.15 0.00 0.00 0.24 0.16

GeetHarIae 12 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T,tal Geetles 12 13.6 1.14 1.13 0.07 1.01 1.27 0.6 1.6 1.10 0.04 1.39 0.11 1.08 0.13 1.00 0.17

*rt.,ptera R.ap.id,p.,ridae 12 19.2 1.60 1.63 0.05 1.48 1.70 1.4 1.9 1.52 0.11 1.77 0.07 1.57 0.07 1.54 0.07

Cten,pelmatidae 12 8.7 0.72 0.80 0.13 0.56 0.94 0.0 1.4 0.77 0.07 0.09 0.09 0.80 0.06 1.12 0.10

T,tal Meta 12 20.1 1.67 1.70 0.04 1.56 1.74 1.5 1.9 1.59 0.09 1.78 0.07 1.63 0.07 1.68 0.07

#r-.e,+nat.a #r-.e,+nat.a 12 11.5 0.96 0.93 0.06 0.81 1.08 0.6 1.3 0.74 0.10 1.05 0.05 1.31 0.02 0.88 0.04

Glattaria Glattaria 12 2.7 0.23 0.28 0.06 0.00 0.44 0.0 0.6 0.28 0.16 0.39 0.06 0.00 0.00 0.18 0.11

>iptera Callip.,ridae 12 11.4 0.95 0.83 0.18 0.66 1.56 0.0 1.8 1.41 0.29 1.34 0.34 0.00 0.00 0.79 0.05

Tipulidae 12 1.4 0.12 0.00 0.07 0.00 0.07 0.0 0.7 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.14

Fnident Nlies 12 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Oymen,ptera P,mpilidae 12 4.2 0.35 0.28 0.10 0.00 0.66 0.0 1.0 0.64 0.21 0.22 0.22 0.00 0.00 0.41 0.16

#pidae 12 1.5 0.12 0.00 0.05 0.00 0.28 0.0 0.4 0.09 0.09 0.30 0.15 0.00 0.00 0.07 0.07

Fnident Oymen 12 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Hepid,ptera Hepid,ptera 12 9.7 0.81 0.84 0.10 0.72 1.05 0.0 1.2 1.06 0.07 0.81 0.11 0.37 0.37 0.83 0.15

Oemiptera 12 1.1 0.09 0.00 0.04 0.00 0.28 0.0 0.3 0.00 0.00 0.09 0.09 0.28 0.00 0.07 0.07

Fnidentified Fnidentified 12 0.4 0.04 0.00 0.04 0.00 0.00 0.0 0.4 0.00 0.00 0.15 0.15 0.00 0.00 0.00 0.00

T,tal 12 29.2 2.43 2.40 0.04 2.35 2.47 2.2 2.7 2.39 0.01 2.43 0.04 2.30 0.05 2.53 0.08
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!""#$%&' '&)* +,MM!R/ +T!T&+T&1+ 23R "&T2!44 TR!""#% &$)#RT#5R!T#+ 2R3M 6#$%#R734M R#8&3$!4 "!R9*

3:ser> +um MeaB MeCiaB +taBCarC 4oGer ,pper MiB MaI +ummer +ummer !utumB !utumB 6iBter 6iBter +priBJ +priBJ

vatioBs #rror Luartile Luartile MeaB +# MeaB +# MeaB +# MeaB +#

A$$%&'() O&'+,-.)%/) 0 !.2 0.4" 0.45 0.06 0.!1 0."0 0.0 0.2 0.!0 0.12 0."5 0.11 0.!! 0.!! 88 88

M,&&:;-) G);/=,>,() 0 !.0 0.45 0.45 0.10 0.!1 0.?0 0.0 0.2 0.10 0.06 0.40 0.1? 0.20 0.0" 88 88

A=/.=,>,() D'>&,>,() 0 10.0 1.!? 1.!0 0.0? 1.14 1."0 1.1 1." 1.!4 0.06 1.4! 0.10 1.12 0.0" 88 88

C.'&,>,() 0 1.2 0.!1 0.!0 0.05 0.00 0.40 0.0 0." 0.!2 0.1" 0.10 0.06 0.1" 0.1" 88 88

M)&)-,;/=)-) AB>.'>,() 0 1?.5 1.6? 1.06 0.02 1.04 !.0? 1.2 !.4 !.02 0.1" 1.6! 0.10 1.01 0.1" 88 88

I;,>,() 0 5.0 0.2? 0.2" 0.1! 0.51 0.05 0.4 1.? 0.6? 0.!? 0.2! 0.1" 0.?1 0.!4 88 88

A=)-.$'() A=)$%)% 0 11.6 1."6 1.?0 0.04 1."" 1.?4 1." 1.5 1.?0 0.0! 1."5 0.05 1.?1 0.14 88 88

O>'&',$%; 0 1!." 1.?? 1.?0 0.02 1."" 1.?? 1." !.0 1.20 0.12 1."2 0.0" 1."? 0.05 88 88

I$;%-/) C,&%,>/%=) S-)=)E)%'()% 0 6.0 1.!! 1.!0 0.14 1.06 1."2 0." 1.5 1."! 0.1? 1.4" 0.1! 0.25 0.41 88 88

C)=)E'()% 0 14.4 1.52 1.5? 0.06 1."5 1.0! 1." !.0 1.60 0.10 1.50 0.06 1."! 0.0? 88 88

C%=)BEF-'()% 0 0.4 0.04 0.00 0.04 0.00 0.00 0.0 0.4 0.00 0.00 0.06 0.06 0.00 0.00 88 88

C:=-:&',$'()% 0 4.! 0."0 0.!0 0.14 0.!1 0.54 0.0 1.0 0.10 0.06 0.?! 0.!6 0.?" 0.!5 88 88

S/)>.F&'$'()% 0 0.2 0.06 0.00 0.05 0.00 0.02 0.0 0." 0.00 0.00 0.!" 0.14 0.00 0.00 88 88

U$'(%$/E%%/ 0 !." 0.40 0.1" 0.14 0.00 0.?4 0.0 0.6 0.?? 0.!0 0.!" 0.14 0.00 0.00 88 88

B%%/L)=J)% 0 1.1 0.1" 0.00 0.00 0.00 0.!0 0.0 0.5 0.!0 0.12 0.06 0.06 0.00 0.00 88 88

T,/)& B%%/&%; 0 1".2 1.0" 1.04 0.06 1.2! !.00 1." !.! !.0? 0.11 1.0" 0.02 1.?" 0.1! 88 88

O=/.,>/%=) R.)>.'(,>.,='()% 0 0.4 1.0" 1.0? 0.02 0.6" 1.12 0.2 1.4 0.00 0.1! 1.!0 0.00 1.0" 0.06 88 88

S/%$,>%&B)/'()% 0 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 88 88

T,/)& W%/) 0 0.4 1.0" 1.0? 0.02 0.6" 1.12 0.2 1.4 0.00 0.1! 1.!0 0.00 1.0" 0.06 88 88

A=-.%,+$)/.) A=-.%,+$)/.) 0 4.5 0."? 0."" 0.0? 0.4? 0.?0 0.4 0.2 0.42 0.0? 0.?4 0.14 0."" 0.00 88 88

B&)//)=') B&)//)=') 0 !.! 0.!2 0.!0 0.10 0.00 0.46 0.0 0.0 0.42 0.0? 0.45 0.!" 0.00 0.00 88 88

D'>/%=) C)&&'>.,='()% 0 5.6 0.02 1.00 0.!" 0.!1 1.45 0.0 1.0 1.!? 0.11 0.62 0.?! 0.1" 0.1" 88 88

T'>:&'()% 0 1.1 0.1" 0.00 0.11 0.00 0.02 0.0 0.6 0.00 0.00 0.00 0.00 0.?2 0.!6 88 88

U$'(%$/ F&'%; 0 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 88 88

HFB%$,>/%=) P,B>'&'()% 0 !.0 0.4? 0.!0 0.1! 0.00 0.55 0.0 0.6 0.2" 0.00 0.06 0.06 0.1" 0.1" 88 88

A>'()% 0 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 88 88

U$'(%$/ HFB%$ 0 0.4 0.04 0.00 0.04 0.00 0.00 0.0 0.4 0.06 0.06 0.00 0.00 0.00 0.00 88 88

L%>'(,>/%=) L%>'(,>/%=) 0 4.6 0."0 0.45 0.16 0.!1 0.?! 0.0 1.2 0.01 0."6 0.46 0.05 0.1" 0.1" 88 88

H%B'>/%=) 0 0.4 0.04 0.00 0.04 0.00 0.00 0.0 0.4 0.00 0.00 0.06 0.06 0.00 0.00 88 88

U$'(%$/'R'%( U$'(%$/'R'%( 0 0.0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00 0.00 0.00 88 88

T,/)& 0 16.0 !."2 !."2 0.05 !.4" !.?0 !.4 !.2 !.51 0.02 !."? 0.02 !.40 0.01 88 88
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!""#N%&' ')&&&. +#T! B.' %!T! /R.1 TR.2N3.N 4!2R& "!R45 4!T2& 3C#N&C R#3#R)# !N% +#N%#R7.81 R#9&.N!8 "!R4.
Tr%uns%n )etas

-ate 28/8/00 12/2/00 26/2/00 10/10/00 22/10/00 20/11/00 18/12/00 3/1/01 15/1/01 30/1/01 12/2/01 26/2/01 12/3/01 26/3/01 2/4/01 23/4/01 6/5/01 21/5/01 4/6/01 18/6/01 2/6/01 16/6/01 23/10/01 3/1/02 78era9e

3m 0 2 4 8 2 4 3 6 8 15 15 13 2 2 6 6.1

10m 1 4 4 2 6 11 8 13 2 14 13 13 13 13 20 10.1
20m 0 4 6 6 4 6 5 15 2 12 16 12 2 8 10 8.2

T%tal )etas 1 10 14 23 12 22 16 35 26 41 44 38 31 30 36 25.3
C%c@r%acAes

3m 0 0 0 0 0 1 0 1 1 0 1 3 1 0 1 0.6

10m 0 0 0 0 0 0 0 2 2 0 3 0 0 1 3 0.6
20m 0 0 0 0 0 2 0 1 3 1 2 1 2 1 4 1.1

T%tal C%c@r%acAes 0 0 0 0 0 3 0 4 6 1 6 4 3 2 8 2.5

Spiders 0 0 2 0 0 8 2 0 5 1 1 0 1 2 6 1.2
Slaters 0 0 3 1 0 2 0 4 2 1 3 2 10 10 12 4.3

FtAers 1 0 0 0 0 0 0 0 0 0 0 0 0.1

T%tal 1 10 12 25 12 35 18 43 46 44 54 44 45 44 61 34.1

Gatui )etas

-ate 28/8/00 12/2/00 26/2/00 10/10/00 22/10/00 20/11/00 18/12/00 3/1/01 15/1/01 30/1/01 12/2/01 26/2/01 12/3/01 26/3/01 2/4/01 23/4/01 6/5/01 21/5/01 4/6/01 18/6/01 2/6/01 16/6/01 23/10/01 3/1/02 78era9e

3m 0 0 0 1 1 1 0 1 2 1 4 3 1.2

10m 0 0 0 0 0 0 1 0 1 1 1 1 0.4
20m 0 1 1 3 3 2 2 4 2 2 2 3 2.1

T%tal )etas 0 1 1 4 4 3 3 5 5 4 6 6 3.6
C%c@r%acAes

3m 0 1 0 0 0 1 0 0 0 0 0 0 0.2
10m 0 1 0 0 1 1 0 0 0 0 0 0 0.3

20m 0 0 0 0 0 0 0 1 0 0 0 0 0.1

T%tal C%c@r%acAes 0 2 0 0 1 2 0 1 0 0 0 0 0.5

Spiders 0 2 2 8 6 8 6 2 6 6 6 6 5.1
Slaters 0 0 0 0 0 3 3 0 0 4 5 12 2.3

FtAers 2 1 0 0 0 0 0 0 0 0 2 0.5

T%tal 0 6 4 12 11 16 13 8 11 15 12 26 11.2

)enderA%lm )etas

-ate 28/8/00 12/2/00 26/2/00 10/10/00 22/10/00 20/11/00 18/12/00 3/1/01 15/1/01 30/1/01 12/2/01 26/2/01 12/3/01 26/3/01 2/4/01 23/4/01 6/5/01 21/5/01 4/6/01 18/6/01 2/6/01 16/6/01 23/10/01 3/1/02 78era9e

3m 0 1 2 3 4 2 2 2 2 2.8
10m 0 6 1 1 1 1 2 0 8 2.2

20m 0 2 1 2 3 5 8 8 5 3.8

T%tal )etas 0 2 4 6 8 8 12 10 22 8.8
C%c@r%acAes

3m 0 0 3 0 0 0 0 0 1 0.4
10m 0 0 2 0 0 0 0 1 1 0.4

20m 0 0 0 0 0 0 1 0 1 0.2

T%tal C%c@r%acAes 0 0 5 0 0 0 1 1 3 1.1

Spiders 3 2 3 3 1 2 1 1 6 2.6
Slaters 0 1 3 0 0 0 0 0 0 0.4

FtAers 0 0 0 0 0 0 0 0 0 0.0
T%tal 3 12 15 2 2 10 14 12 32 12.2
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APPENDI' ''. SIGNIFICANT C/RRE1ATI/N P1/TS F/R TRAC2ING TUNNE1 C/UNTS

FR/M TR/UNS/N 2AURI PAR2 AND 2ATUI SCENIC RESER5E 5ERSUS TEMPERATURE

AND RAINFA11.
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!""#N%&' ''&. *R,%&-!C,/0 R#1&%/#1 -,/N% &N &N2#RT#*R!T#1 !T TR,/N1,N 4!/R& "!R4.

$ate 15)12)*+ 10)2)** 16)2)** 24)2)** 16)6)** 23)6)** 30)6)** 25)7)** 2)+)** 16)+)** 30)+)** 14)*)** *)11)** 16)11)** 23)11)** 30)11)** 7)12)** 14)12)** 01era3e

Roa67es 0m 0.31 0.47 1.35 0.7* 2.1* 0.65 2.34 0.7* 0.46 0.71 0.57 0.21 0.2* 0.76

Roa67es 0m 0.56 0.50 0.3+ 0.4*

Roa67es 0m 0.7+ 0.70

Roa67es 0m 0.61

<etas 0m 5.*3 5.*3

<etas 3m 0.14 0.00 0.00 0.00 7.47 0.13 2.55 0.00 1.74 0.27 1.++ 0.00 0.00 1.0*

<etas 10m 0.70 0.14 0.00 0.06 0.52 0.10 0.00 0.00 1.0+ 0.0* 0.40 0.00 0.00 0.24

Beetles 3m 0.00 0.02 0.00 0.0* 0.34 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.04

Beetles 10m 0.00 1.5+ 0.00 0.00 0.1+ 0.07 0.04 0.00 0.00 3.0* 0.00 0.00 0.41

?is6 3m 0.00 0.03 0.00 0.00 3.61 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.2*

?is6 10m 0.05 0.05 0.00 0.00 0.36 0.00 0.00 0.0+ 0.30 0.00 2.11 0.00 0.00 0.23

01era3e Con6 0.32 0.35 0.27 0.13 2.10 0.14 1.36 0.13 0.5+ 0.17 1.15 0.03 0.04 0.52

BeforeD durin3D after trial

No Hoison Hoison No Hoison

$ate 24)1)00 31)1)00 7)2)00 14)2)00 21)2)00 2+)2)00 6)3)00 13)3)00 20)3)00 27)3)00 3)4)00 10)4)00 17)4)00 24)4)00 1)5)00 +)5)00 15)5)00 22)5)00 01era3e

Roa67es 0m 0.065 0.2 0.25 0.12 0.16

Roa67es 0m

Roa67es 0m

Roa67es 0m

<etas 0m

<etas 3m 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.4* 0.5* 0.0* 0.00 0.34 0.00 0.00 0.3+ 0.00 0.00 0.11

<etas 10m 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.10 0.+2 0.00 0.35 0.00 0.00 0.00 0.00 0.01 0.00 0.10 0.0*

Beetles 3m 0.00 0.21 0.00 0.32 0.00 0.00 0.3* 0.51 0.00 0.07 0.00 0.21 0.71 0.20 0.00 0.00 0.00 0.15

Beetles 10m 0.00 0.00 0.00 0.00 0.00 0.00 0.0+ 0.00 0.12 0.00 0.00 0.06 0.12 0.00 0.00 0.00 0.02

?is6 3m 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.12 0.20 0.00 0.00 0.00 0.00 0.00 0.02

?is6 10m 0.00 0.00 0.00 0.00 0.0+ 0.00 0.00 0.00 0.0* 0.1* 0.00 0.30 0.22 0.00 0.00 0.00 0.00 0.05 0.05

01era3e Con6 0.00 0.04 0.00 0.05 0.01 0.00 0.11 0.14 0.25 0.17 0.13 0.0+ 0.16 0.13 0.05 0.06 0.00 0.03 0.0+




