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ABSTRACT 

New Zealand kauri forest is the most species rich forest ecosystem in the country. It is 

dominated by Agathis australis (kauri), an iconic long-lived southern conifer. A. australis is 

an ecosystem engineer that influences the forest around it, but the tree species is also 

vulnerable to drought which poses a particular threat with drought frequency and duration 

being predicted to increase in northern New Zealand. 

The overall aim of this thesis was to gain a better understanding of the water and carbon 

relations of A. australis and co-occurring kauri forest species in order to quantify 

physiological responses to environmental drivers like vapour pressure deficit, solar 

radiation and soil moisture. I investigated species differences in plant water relations, 

seasonal and species-specific variations in water use and carbon, and water storage as a 

potential drought adaption for A. australis. 

First I explored leaf level water relations of A. australis and three co-occurring kauri forest 

species: the two podocarps Podocarpus totara and Phyllocladus trichomanoides, as well as 

the angiosperm Knightia excelsa. Leaf level processes, i.e. photosynthetic assimilation and 

stomatal conductance, influence whole tree and stand water and carbon fluxes. Even small 

changes at the leaf level can greatly affect the carbon and water cycles of the forest 

ecosystem. Despite marked differences in drought vulnerability of the investigated species, 

I found conservative stomatal regulation in all four species with similar responses to vapour 

pressure deficit and solar radiation. For A. australis, the degree of isohydry is vital to 

maintain hydraulic integrity, for the other species the conservative stomatal behaviour 

could indicate nitrogen limitation of photosynthetic activity.  

Due to a strong relationship between whole tree water use and diameter, I used the 

diameter to scale to stand water use. Even though stomatal conductance was low, the 

stand still transpired up to 3.4 mm per day. Solar radiation and vapour pressure deficit were 

the strongest drivers of transpiration, for individual trees and the stand alike. Soil moisture, 

on the other hand, had little influence on variations of tree and stand water use, likely due 

to access to deeper water sources. While the explanatory power of soil moisture was not 

significant, it did influence the strength of the relationship of water use and the 
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environmental drivers. The slope of the linear relationship of water use and vapour 

pressure deficit declined markedly when soil moisture content was low, indicating greater 

stomatal regulation of transpiration when soils are dry.  

A. australis has very deep sapwood which could result in a large water storage capacity. I 

therefore explored the withdrawal of water from storage using sap flow sensors and 

dendrometers at multiple locations along the stem. Water from stem storage 

compartments did contribute up to 22 % of the tree’s daily water use. The stored water 

mainly originated from inelastic xylem tissue and only to a small degree from elastic tissues. 

Withdrawal of water from storage could be a potential drought survival strategy of A. 

australis, as it buffers daily fluctuations in xylem tension and reduces the risk of hydraulic 

failure.  

Finally, I measured the seasonal variations in non-structural carbohydrate concentrations 

(NSC) in different organs of A. australis. Large NSC pools could be another strategy against 

drought-induced mortality as A. australis’ isohydric behaviour could lead to carbon 

starvation during drought. I found comparably low NSC concentrations in all tissues, but 

the large sapwood volume of A. australis could still mean that there is a sizable storage 

pool in larger trees. Additionally, NSC concentrations were significantly correlated with tree 

diameter, which reflects an increased carbon supply due to greater leaf area but also a 

greater carbon demand.  

I found evidence for a variety of traits and strategies to cope with dry soil in A. australis. 

This includes conservative stomatal conductance, access to deep soil water stores and use 

of stored water in tree stems. These results indicate A. australis may be able to survive the 

predicted intensification of drought across its range. More research is needed to fully 

understand climate change impacts on this iconic species. A greater threat is kauri dieback 

disease (caused by the water mould Phytophthora agathidicida) and while I did not study 

the impacts of this pathogen directly, my research into the physiology of A. australis will 

assist with treatment and control approaches. 
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1.1 FORESTS IN A CHANGING ENVIRONMENT 

Transpiration from terrestrial vegetation accounts for 64 % of total water fluxes returned 

to the atmosphere and a further 27 % is intercepted and then evaporated from plant 

surfaces (Good et al., 2015). Forested areas also store 45 % of terrestrial carbon which is 

80 % of all carbon bound in plant biomass (Bonan, 2008) and the terrestrial biosphere can 

absorb a quarter of anthropogenic CO2 emissions each year (Quéré et al., 2015). Forests 

cover 30 % of the global land surface (Bonan, 2008). Because of the extent, their high 

productivity and large biomass, forests play a disproportionally large role as regulators in 

the global water and carbon cycles and are a major part of our climate system (Beer et al., 

2010; Pan et al., 2011) capturing and redistributing solar energy (Pokorny et al., 2010). 

Forest ecosystem functions like the gas, climate, water and nutrient regulation (Pettorelli 

et al., 2017) directly and indirectly benefit the human population (Costanza et al., 1997). 

Overall, the forests of the world contribute to all 17 major ecosystem services identified by 

Costanza et al. (1997). 

Forests play a central role in the global water cycle by regulating the fluxes of atmospheric 

moisture and global rainfall patterns (Ellison et al., 2017) and contributing to other water 

retention, cleaning and cycling processes (Figure 1.1). Incoming rainfall contributes to 

runoff and groundwater, but the largest proportion is returned to the atmosphere as 

evapotranspiration (ET) (Schlesinger and Jasechko, 2014). ET is divided into physical 

evaporation from surfaces such as leaves and bare soil, and biological transpiration, where 

water moves through a continuum from the soil back to the atmosphere (soil plant 

atmosphere continuum, SPAC) (Schlesinger and Jasechko, 2014). Through ET, at least 40 % 

(up to 70 % in the tropics) of precipitation is recycled by directly recharging atmospheric 

moisture (Ellison et al., 2017). As a result, forests influence rainfall locally and over larger 

distances through global wind circulation. Transpiration from large continuous forests also 

‘pumps’ rainfall to continental interiors, where moisture is not directly supplied by 

evaporation from the world’s oceans (Makarieva and Gorshkov, 2007), thereby creating 

large scale teleconnections (Ellison et al., 2017). Additionally, forests supply potential 

condensation nuclei through the release of volatile organic compounds, thereby promoting 

rain drop formation (Morris et al., 2014). Cloud formation driven by ET increases global 
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albedo, causing cooling (Heiblum et al., 2014). The redistribution of solar energy through 

the SPAC, ET and shading lead to local cooling as well, and forests buffer daytime 

temperatures (Pokorny et al., 2010). Furthermore, large trees at higher altitudes have the 

ability to supply the whole ecosystem with additional moisture by capturing and 

intercepting moisture from clouds and fog (Viviroli et al., 2007). Finally, trees enhance soil 

infiltration and increase ground and surface water quality (Calder, 2007).  

Forests are also a vital part of the global carbon cycle as the terrestrial biosphere is one of 

the most important carbon sinks. Around 123 PgC CO2 (22 % of annual anthropogenic 

emission) is removed from the atmosphere by plant photosynthesis each year (Beer et al., 

2010). Carbon is then fixed and cycled through plant tissue, litter and organic soil carbon 

where carbon is stored over a wide range of time scales from seconds to millennia (Ciais et 

al., 2013). CO2 is released back to the atmosphere through respiration processes. 

Autotrophic respiration originates from plants and heterotrophic respiration is due to 

decomposition or animal metabolic processes (Ciais et al., 2013). Pronounced seasonal 

variation of atmospheric CO2 indicates the dominating effect that forests have on the global 

carbon cycle. The characteristic ‘saw tooth’ pattern of CO2 concentration was first 

recognised by Keeling (1960) and shows the annual decline of atmospheric CO2 during 

northern hemisphere spring due to the start of the growing season of temperate and boreal 

forests and the increase during autumn as photosynthesis ceases but respiration persists. 

During recent decades carbon released due to widespread deforestation has contributed 

18 % of the currently observed temperature increase (Alkama and Cescatti, 2016).  
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Figure 1.1 Illustration of the global water cycle (Source: FAO). An understanding of all parts involved 
is necessary to model the impacts of climate change. The effects caused by the changing climate on 
the terrestrial biosphere are still the most uncertain part in climate models.  

The greatest threats to forest ecosystems are deforestation and climate change. The two 

processes are also intertwined as land use change is a driver of climate change but can also 

be caused by a changing climate (IPCC, 2013). Even though the rate of deforestation is 

gradually being reduced in many regions (Hansen et al., 2013), the loss of forests is an issue 

with implications for important ecosystem functions. Deforestation is still greatest in the 

tropical regions of the world, due to conversion to agriculture or very intensive forestry 

practices. Boreal forests are being lost as well,  to wild fires (Hansen et al., 2013). 

Deforestation has a large impact on greenhouse gas (GHG) concentrations, due to the 

release of CO2 from biomass and forest soils, but has further biophysical consequences on 

different spatial levels (IPCC, 2013). The increase in atmospheric CO2 leads to warming on 

a global level. Locally, a decrease of ET leads to increasing temperatures as evaporative 

cooling declines (Anderson-Teixeira et al., 2012). At the same time, deforestation causes a 

decrease in surface albedo which results in the exact opposite: cooling on the global and 



21 
 

local level (Davin et al., 2007). Overall GHG emissions are a larger contributor to global 

climate change, comparet to biophysical changes which occur locally (Findell et al., 2007). 

For example, large-scale deforestation can reduce local rainfall by 30 % (Spracklen and 

Garcia-Carreras, 2015) due to the reduction of ET and loss of potential condensation nuclei 

due to less small air-borne particles being generated during the transpiration process 

(Morris et al., 2014).  

The global climate has always been variable, however the rate of the current change in 

atmospheric conditions is unprecedented  and and of anthropogenic origin (IPCC, 2013). 

Burning fossil fuels has caused a significant rise of atmospheric CO2 concentration since the 

beginning of the industrial revolution. The atmospheric CO2 concentration has increased 

rapidly from ‘pre-industrial’ levels of 278 ± 5 ppm to 390.5 ± 0.1 ppm in 2012 (Ballantyne 

et al., 2012). The historic mark of 400 ppm was passed in November 2015 at the Mauna 

Loa station in Hawaii (NIWA, 2016). Other processes like changes in land-use and land cover 

change (LULCC), including deforestation, have reduced potential carbon sinks (Alkama and 

Cescatti, 2016). The release of other greenhouse gases like methane (150 % since ‘pre-

industrial’ time) due to the increasing number of livestock, thawing permafrost and 

changes in surface albedo all amplify the already observed climate change. The latest IPCC 

(2013) report estimates a global temperature increase of 1.7 to 4.8 °C by 2010 (depending 

on the scenario) additional to the already observed 0.85°C (1880 – 2012, global average 

sea and land surface temperature). The CO2 concentration will also rise further, even if we 

stop burning fossil fuels at once. Under the assumption that emissions start to decrease 

from 2040 onwards we will likely reach 500 ppm by 2100. Without any changes to current 

GHG emissions the CO2 concentration could reach as much as 1500 ppm by the end of the 

century (IPCC, 2014a). Rising temperatures will likely intensify the global hydrological cycle 

(IPCC, 2014a). For many regions, annual rainfall amount and variability will increase 

(Huntington, 2006) and and more frequent and intense extreme events will occur (IPCC, 

2014b). This includes heat waves and droughts, bringing an increased risk of wildfires and 

more intense storms with high wind speeds and large precipitation events that lead to 

more frequent and devastating flooding events (Frank et al., 2015). Biological systems tend 

to be more sensitive to extreme events compared to gradual change (Hanson et al., 2006).  
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The response of ecosystems and species to climate change is multifaceted. So far land-use 

change has been the biggest driver of habitat loss and extinction (Hoffmann et al., 2010), 

but climate change will be equally or more important in the near future (Pereira et al., 

2010). Assessing the impact of climate change has heavily relied on climate envelope and 

empirical niche modelling, but Dawson et al. (2011) pointed out that in order to achieve 

reliable predictions, additional sources of information need to be considered. This should 

include empirical and observational evidence from the past (e.g. paleoecology) and present 

(i.e. direct observations), and mechanistic approaches like ecophysiologicial models, 

experimental manipulations and population models. Following such an integrated 

framework will improve our understanding of all aspects of vulnerability by considering the 

extent of exposure, sensitivity and adaptive capacity of ecosystems to climate change 

(Williams et al., 2008) and consequently improve our understanding of the effects of 

climate change and natural coping mechanisms of species and ecosystems (Dawson et al., 

2011).  

In general it is easier to predict effects due to the gradual and linear changes in climate 

rather than the impact of extreme events (Hanson et al., 2006). Greater CO2 concentrations 

enhance photosynthetic efficiency and lead to greater water use efficiency (WUE) which 

would be beneficial because it would increase growth (Ainsworth and Long, 2005; Swann 

et al., 2016). This effect, however, saturates once levels of 600 to 700 ppm are reached 

(Long et al., 2004). There is already some doubt about the large scale effects of CO2 

fertilization as the information we have accumulated so far originates from small scale 

experiments (Leuzinger et al., 2011). Moreover, the benefits of rising CO2 concentration 

could be easily offset by the fact, that many ecosystems are limited by nutrient availability, 

high temperatures and also greater background mortality due to disturbance events (IPCC, 

2013; Zhao and Running, 2010). Rising temperature might be beneficial at first, leading to 

extended growing seasons (Peñuelas et al., 2013). On the other hand we already see a shift 

of plants and ecosystems poleward and to higher altitudes (Parmesan, 2006), altered 

abundances and shifts in community compositions as seasonal activities of species shift 

differently and cause disruptions of life cycles (IPCC, 2013). The risk of extinction has also 

increased as the capacity to respond to climate change is restricted by non-climatic factors, 

i.e. habitat fragmentation, nutrient limitation or increased competition from invasive alien 
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species (IPCC, 2013). There is growing evidence of greater tree mortality and forest dieback 

in recent decades associated with rising temperatures, drought and pest outbreaks (Allen 

et al., 2010; Williams et al., 2012) but a lack of long-term studies across the globe make the 

detection of a global trend difficult and show the need for a better understanding of tree 

responses to climate change (IPCC, 2013). The future composition and function of forest 

ecosystems will depend on the drought susceptibility of individual species (Santiago et al., 

2016), and in order to overcome the prevailing uncertainty in modelling forest response to 

climate change, plant physiological responses need to be better understood (Huntingford 

et al., 2013).  

1.2 PLANT WATER RELATIONS 

The soil–plant–atmosphere continuum is the near-surface environment in which water and 

energy transfer occurs from soil through plants to the atmosphere (Sławiński and Sobczuk, 

2011). The continuum is interconnected by a liquid film of water that moves along a 

gradient (Lambers et al., 2008). The main driving force is the difference in vapour 

concentration between the air and the stomatal cavities inside the leaf (Lambers et al., 

2008). Water moves from the roots to xylem to leaves along a hydrostatic gradient and 

follows the long distance water potential gradient between the soil and the cells of the 

roots. During the night, when plants are not water stressed, the soil and plant water 

potentials reach equilibrium (Lambers et al., 2008).  

Stomata govern terrestrial carbon and water cycling through their effect on transpiration 

and(Good et al., 2015). During the night the pressure gradient between the stomatal 

cavities and the air surrounding the leaves is often small. During daytimes, stomata open 

in response to the increased air and leaf temperature, increased light levels and decreasing 

leaf internal CO2 concentration (Matyssek et al., 2010). The dropping CO2 level is a response 

to the increase in light driven electron transport which causes the onset of photosynthesis 

(Lambers et al., 2008).  

Transpiration is a consequential cost of photosynthesis. In c3 and C4 plant, arbon 

assimilation can only occur when the stomata are open to allow CO2 into the leaf at the 

expense of loosing water. Even with closed stomata a small proportion of water is lost 
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through the cuticular membrane (Kerstiens, 1996). Transpiration has the beneficial effect 

of cooling leaves while air and leaf temperatures increase (Lambers et al., 2008). Under 

well hydrated conditions, leaf cell walls are saturated with water after rehydration at night. 

Due to an existing equilibrium with the cell walls, the stomatal cavities are saturated. The 

internal concentration of water vapour is higher than the atmospheric water vapour 

concentration and due to this gradient, water diffuses out of the leaf causing transpiration 

(Eamus et al., 2006). Almost all water taken up by roots is lost to the atmosphere in this 

way. Only 2 to 3 % of the water remains inside the plant (Matyssek et al., 2010). 

The ascent of water through the xylem of large trees can only be explained by the strong 

hydrogen bond between adjacent water molecules (cohesion), the negative pressure 

(tension) due to the water potential gradient from the leaf cells to the xylem and the 

tension caused by the interaction of water molecules with the capillaries in the cell walls of 

the xylem vessels (capillary force/adhesion). The adhesion-cohesion-tension-theory 

(Askenasy, 1895; Dixon and Joly, 1894) is widely accepted and even though critical views 

are expressed occasionally (Zimmermann et al., 2004), it is the only reasonable explanation 

for the long distance transport of water in trees (Angeles et al., 2004). Under normal 

conditions the capillary and cohesive forces are strong enough to prevent the water column 

in the xylem conduits from breaking.  If the vapour pressure deficit (VPD) is very high, leaf 

water potential can become increasingly negative. The result is a steep water potential 

gradient along the SPAC. However, as xylem tension increases embolism (air and/or water 

vapour bubbles in the conduits) can develop disrupting the metastable state of water 

(Hölttä et al., 2013). Air embolism occurs when air enters the conduits through the pit 

membranes (pores in the cell walls of transport vessels) (Sperry and Tyree, 1988) and water 

changes from liquid to gas phase (Hölttä and Sperry, 2014). Embolism stops water transport 

in the affected conduits, and reduces the overall flow of water in the xylem (Hölttä et al., 

2013).  

The vulnerability to embolism varies among tree species (Choat et al., 2012; Maherali et 

al., 2004), and is determined by wood anatomical features. The main driver of  drought-

induced embolism is the size of the pit membrane pores and the conduit diameter (Lambers 

et al., 2008). Trees and plants adapted to wetter conditions often show greater 
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susceptibility to embolism than trees adapted to drier conditions(Hölttä and Sperry, 2014). 

Embolism vulnerability also varies among plant tissues, with roots generally being the most 

vulnerable organ. There is often at least a weak trade-off between the efficiency and the 

safety of the water conducting system of tree (Gleason et al., 2014). Wood anatomy is the 

determining factor of this trade-off relationship (Pockman and Sperry, 2000). The size of 

pit membranes in angiosperms and margo-torus membranes in conifers increases with the 

diameter of the water conducting xylem cells. The advantage of larger diameters pits and 

conduits is a more efficient conducting systems (less resistance due to more cell wall area) 

but the downside is a greater risk of embolism (Matyssek et al., 2010). On the other hand 

smaller diameters mean better protection against embolism, but small diameters also 

increase resistance to water flow reducing the rate at which water travels through the 

plant. Xylem refilling is possible, but it is still unclear which species have the capacity to 

refill and under what conditions it is possible (Hölttä et al., 2009; Klein et al., 2018; Nardini 

et al., 2011; Zwieniecki and Holbrook, 2009). Choat et al. (2018) for instance have shown 

that refilling fter drought is unlikely to occur in conifers. Short term control of water loss 

and potential embolism development is determined by control of stomatal opening 

(Lambers et al., 2008). Stomatal conductance (gs) responds mainly to changes in soil 

moisture availability and vapour pressure deficit (VPD). When soil moisture declines, roots 

start to produce the phytohormone abscisic acid (ABA) (Lüttge and Kluge, 2012). ABA 

serves as a chemical signal to the stomata. Stomata close upon sensing the ABA signal to 

prevent adverse effects due to the diminishing water supply. Decreasing atmospheric VPD 

caused by increasing temperature and/ or declining specific humidity causes the same 

response, but in this case the underlying mechanism is not clear, yet (Eamus and Shanahan, 

2002). Both processes are feedforward responses, preventing water loss before the plant 

develops a severe water deficit (Eamus et al., 2008). 

Stomatal response and sensitivity are different for different species. Plants can be classified 

along a continuum of isohydric to anisohydric according to their stomatal response (Bonal 

and Guehl, 2001; Hochberg et al., 2018; Tardieu, 1993; Tardieu and Simonneau, 1998; 

Volaire, 2018). More isohydric species reduce stomatal conductance to maintain leaf water 

potential, with declining soil water potential (Lambers et al., 2008) to protect the integrity 
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of their hydraulic system. More anisohydric species on the other hand, allow midday leaf 

water potential to drop with declining soil water ).  

1.3 PLANT PRODUCTIVITY AND CARBON RELATIONS 

Photosynthesis is the most important ecosystem service provided by forest ecosystems 

(Pettorelli et al., 2017). Through photosynthesis carbon is fixed into three- to four-carbon 

stable sugars. Within leaf cells, chloroplasts, containing chlorophyll absorb light and this 

solar energy is converted into chemical energy (Matyssek et al., 2010). In subsequent 

processes, mainly carboxylation by the enzyme Rubisco, this energy is used to transform 

inorganic CO2 into energy-rich triose (during C3-Photosynthesis) and exported to the 

cytosol (Kozlowski, 1992). Triose is synthesised to C6-sugars and later metabolized to 

sucrose (Nultsch and Seeber, 2001). Part of the sucrose is synthesised into starch and 

remains in the leaf to support growth and overnight metabolism (Kozlowski, 1992). The 

rest is transported from the cells via the phloem to other parts of the plant and either 

immediately used to maintain metabolism, for storage (non-structural carbohydrates, NSC) 

or for the construction of new cells and tissue (structural carbon) (Chapin et al., 1990). 

Gross primary production (GPP) (Corlett, 2016) is highest in lowland tropical rainforests 

with fertile soils and declines with decreasing temperatures, rainfall and soil fertility. Much 

carbon is returned to the atmosphere again as CO2 due to respiration. The remaining net 

carbon or energy gain by plant communities is the net primary production (NPP) (Corlett, 

2016). NPP can be positive or negative depending on whether a forest is a carbon sink or 

carbon source. NPP is also greatest in the tropics, followed by temperate and boreal 

forests. Even old growth forests are carbon sinks despite the fact that NPP declines with 

forests age (Pan et al., 2013). 

The pressure-flow model explains the transport of carbon through the phloem from source 

tissues (leaves) to sink tissue which, like the transport of water, is pressure driven (Hölttä 

et al., 2006). This is known as the Münch hypothesis (Münch, 1927). Even though it was 

disputed for a long time (De Schepper et al., 2013) it is now widely accepted and 

experimentally verified (Knoblauch and van Bel, 1998). Water soluble sugar is actively 

loaded into the sieve elements of the phloem. That increases osmotic pressure and draws 
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water in from surrounding cells through semi-permeable membranes. Sugar unloading at 

the sink sites reduces the osmotic pressure and water is consequently released into 

surrounding tissue thereby reducing the hydrostatic pressure in the sieve elements. 

Therefore, the pressure difference drives the flow of solutes and the flow rate depends on 

both the source and sink strength (Sevanto, 2014). Since water is drawn osmotically from 

xylem tissue, it means that phloem transport and xylem water status are strongly coupled 

(Hölttä et al., 2009; Sevanto et al., 2011).  

Of the overall carbon assimilated via photosynthesis, around 40 % is incorporated into trees 

as structural carbon (Malhi et al., 2011) which can make up between 40 to 60 % of a tree’s 

dry weight (Thomas and Martin, 2012). It is fixed in cell walls formed by the cambium 

(Larson, 1994). After the initial cell division, cells expand and increase in volume due to 

turgor pressure (Cosgrove, 2005). The primary cell walls, deposited at the same time slowly 

lose their elasticity and finally stop expanding. The deposition of a secondary cell wall 

follows. According to the cell type this process varies slightly. Tracheids for example expand 

less than parenchyma cells, but have thick cell walls which is more important for water 

transport and structural integrity. Parenchyma cells on the other hand have larger volumes, 

because they function as the main storage tissue (Evert, 2006).  

Compared to structural carbon, non-structural carbohydrates (NSC), make up a much 

smaller proportion of the overall tree (Würth et al., 2005). They form a small but dynamic 

reservoir (Dietze et al., 2014) comprised mainly of sugars and starch, but also lipids, amino 

acids, organic acids and alcohols (Chapin et al., 1990; Hoch et al., 2003). The concentration 

of NSCs is highest in the phloem (Gruber et al., 2013) but a much larger mass is stored in 

the parenchyma cells of the xylem tissue (Würth et al., 2005) a reservoir that can be 

theoretically accessed for decades (Carbone et al., 2013; Richardson et al., 2013). Younger 

reserves are often used for respiration (Muhr et al., 2013). Long term reserves act as 

insurance (Chapin et al., 1990). They can be accessed during adverse conditions for both 

maintenance and structural growth (Gessler and Treydte, 2016) and act as a buffer if carbon 

supply and demand are out of balance (Hartmann and Trumbore, 2016). It is still not 

entirely clear if the process of carbon allocation to storage is passive and only happens 

when surplus carbon is available or if it is an active (or quasi active) process at the expense 
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(or down regulation) of growth (Dietze et al., 2014; Wiley and Helliker, 2012). Theoretical 

modelling experiments suggest the latter (Schippers et al., 2015).  

1.4 PLANT RESPONSES TO EXTREME CLIMATE EVENTS 

The vulnerability of plants to climate change and therefore potential adaptive responses 

depends on exposure and sensitivity (Smit et al., 2000; Williams et al., 2008). Exposure 

combines external factors while sensitivity is intrinsic and governed by species-specific 

traits (Williams et al., 2008). Exposure to adverse environmental conditions is increasing as 

the climate changes (Frank et al., 2015; Reichstein et al., 2013). These extreme climatic 

events are defined as an occurrence of weather or climate variables above (or below) a 

threshold near the upper (or lower) end of the range of observed values in a defined 

climate period (Smith, 2011). Moreover the disturbances need to be of a rare magnitude 

and clearly outside of the normal ecosystem intrinsic disturbance cycle (Frank et al., 2015). 

All extreme climate events can lead to a shift from forests being carbon sinks to becoming 

carbon neutral or even sources of carbon (Ciais et al., 2005; Metsaranta et al., 2010) which 

in turn will amplify the currently observed climate change (IPCC, 2013). Another 

commonality is the susceptibility to pest outbreaks after extreme events as an indirect 

impact of stress as well as negative impacts due to increased soil erosion and nutrient loss 

when vegetation cover is low or lost (Frank et al., 2015).  

Storms and subsequent wind damage are strongly driven by individual events and are the 

disturbance regime with the greatest spatial and temporal variability (Seidl et al., 2014) 

with high wind speeds causing extensive wind throw with tree death and physical damage 

(Frank et al., 2015). Wildfires are an indirect effect of storms, either immediately due to 

lightning or at a later date as storms cause accumulation of dead biomass which can serve 

as fuel during later fires (Frank et al., 2015). Storms with high winds are often associated 

with extreme rainfall events leading to flooding. Floods can be an essential part of many 

forest systems and some trees have adapted to seasonal or occasional flooding in riparian 

ecosystems. For most other forest ecosystems, floods can have strong negative effects 

depending on the duration. The main cause of tree death during and after floods is long 

term soil inundation often aided by sealing properties of freshly deposited fine sediment 
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(Redpath and Rapson, 2015) which causes anoxia. Anoxic soil conditions lead to reduced 

respiration, slowing down the whole plant metabolism (Drew, 1997). Conditions after 

flooding events can also lead to fungal infections that may cause increased tree mortality 

(Frank et al., 2015).  

Extreme temperatures directly impact photosynthesis and respiration (Schulze, 2005) and 

frost damage arises at extremely low temperatures (Mayr et al., 2003). Unusually high 

temperatures in early spring can be especially damaging, causing an early break of 

dormancy and early onset of development. If that is followed by another period of frost, 

substantial frost damage can occur including tissue mortality and xylem cavitation due to 

freeze-thawing cycles which can lead to reduced growth and performance (Dittmar et al., 

2006; Kreyling, 2010). At the opposite end, high temperatures disrupt enzyme activity and 

negatively affect growth and development (Schulze, 2005). Heat waves often coincide with 

low relative humidity leading to an increased evaporative demand while soil moisture 

deficits limit plant water supply (Frank et al., 2015).  

Studies indicate drought induced tree mortality and forest dieback have increased over 

recent decades (Allen et al., 2010; Anderegg et al., 2015) even in the wet tropics (Phillips 

et al., 2010). If the currently observed trends continue, mean forest drought stress will be 

greater in the middle of the century than it has been during the most severe droughts in 

the last millennia (Williams et al., 2012). Short term meteorological droughts (e.g. 

precipitation deficits) might be beneficial and increase GPP due to greater solar radiation 

inputs and leaf growth, but only if plants are not water limited by soil moisture or ground 

water availability (e.g. hydrological drought) (Restrepo-Coupe et al., 2013). The effect 

disappears as soon as water becomes limiting and the plants experience water stress 

(Corlett, 2016). Some forest ecosystems experience dry seasons with reduced GPP, often 

balanced by greater GPP during the wet seasons (Malhi, 2012). Prolonged periods of water 

unavailability on the other hand inevitably lead to tree death and this might be the greatest 

threat to forest ecosystems with severe impacts on the carbon cycle and the global climate 

(IPCC, 2014b).  

McDowell et al. (2008) proposed two pathways, leading to drought-induced tree mortality: 

hydraulic failure and carbon starvation. Hydraulic failure is often linked to plants with 
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anisohydric stomatal behaviour. Because these plants keep their stomata open even when 

soil moisture availability declines, xylem tension increases and causes embolism. More and 

more conduits become cavitated (runaway embolism) and the overall conductance 

decreases which in turn increases xylem tension further (Tyree and Sperry, 1989). Over 

time, this will cause desiccation, first of parts of the crown and single branches and finally 

of the whole plant. In contrast, carbon starvation occurs when stomatal control is tight 

(isohydric plants). When stomata are fully closed, carbon assimilation will decline because 

CO2 will not be entering the leaf. This manifests first in a rapid growth decline, followed by 

depletion of NSC stores to maintain metabolism and respiration and finally results in tree 

mortality (McDowell et al., 2008; McDowell, 2011). In reality both mechanisms seem to be 

involved in tree death due to complex interactions as limited water supply leads to limited 

carbon supply, limited phloem transport and carbon use (Sevanto, 2014). Limited carbon 

supply on the other side could significantly reduce vital xylem refilling thereby reducing 

conductance (Hartmann, 2015). Competition is an additional factor influencing the 

response to drought. Trees in dense forest stands experience greater declines in growth 

during drought due to greater competition for resources, including water and nutrients 

(Gleason et al., 2017; Young et al., 2017). Lastly, the magnitude of drought impact depends 

on the conditions that plants are adapted to (Gerten et al., 2008). Trees in the wet tropics 

for instance might be drought stressed even with only a small decline in soil moisture 

availability and are often more vulnerable to drought stress (Allen et al., 2015) and 

generally exhibit smaller safety margins (Choat et al., 2012).  

Trees feature a variety of traits and strategies that events more likely (Santiago et al., 2016). 

Firstly, xylem resistance to cavitation influences the sensitivity to drought. The 

quantification of xylem resistance therefore helps to characterise drought resistance 

(Santiago et al., 2016). Vulnerability curves identify important benchmark values like P50 or 

P88, where P50 gives the xylem pressure at which 50 % of the conductance is lost due to 

embolism. P88 is seen as a critical threshold value, once 88 % of conductance is lost the 

plant is destined to die (Choat et al., 2012). P50 on its own cannot necessarily predict the 

response during drought, as trees have variable safety margins. Even though a tree might 

be very vulnerable to xylem embolism, with a P50 at low xylem tension, there might be 
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other drought avoidance mechanisms preventing the tension from reaching critical values 

(Pockman and Sperry, 2000).  

A number of strategies help by reducing water demand. One important strategy to prevent 

xylem tension from reaching critical thresholds is the regulation of leaf water loss. Reducing 

stomatal conductance only around midday, when VPD is at its highest is an effective form 

of stomatal regulation that minimises photosynthetic limitation (Pons and Welschen, 

2003), especially if plants are downregulating photosynthesis during the middle of the day 

to avoid photo damage (Demmig‐Adams and Adams, 2006). Furthermore, lower cuticular 

conductance reduces water demand as water still permeates through the cuticle 

membrane regardless of full stomatal closure. This minimum conductance can vary largely 

between species (Kerstiens, 1996). Partial leaf shedding during drought or even drought 

deciduousness help to reduce whole plant transpiration and respiration by reducing leaf 

area and therefore water demand (Borchert, 1994; Kozlowski and Pallardy, 2002). This 

strategy does come at the cost of decreased carbon uptake which might increase the 

likelihood of carbon starvation (Santiago et al., 2016).  

Other strategies can improve water supply. Rooting depth is a key trait for drought survival 

(West et al., 2012). Deep roots can help to access deeper water supplies (Meinzer et al., 

1999) as shallow soil water is usually the first pool depleted within ecosystems (McDowell 

et al., 2013). Generally, a larger root system secures better access to water. It is therefore 

not surprising that increased root growth has been observed during drought experiments 

(Markesteijn and Poorter, 2009). Another mechanism to protect the failure of the hydraulic 

system due to embolism can be the use of stored water (Scholz et al., 2011). Water is stored 

predominantly in parenchyma cells of the xylem in stems and branches, and in more elastic 

tissues like bark (Lambers et al., 2008). Using water from storage allows a transient 

decoupling of leaf water status from hydraulic resistance (Phillips et al., 2009). The 

discharge of water from storage buffers fluctuations of xylem tension, thereby protecting 

the integrity of the hydraulic system (Carrasco et al., 2015; Čermák et al., 2007; Scholz et 

al., 2011). This is accompanied by a diurnal cycle of withdrawal and refilling. Long-term 

water storage can be observed in tree species in drier regions. Here the use of stored water 

allows early leaf flushing before the end of the dry season which maximises carbon 
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assimilation once the rainy season sets in (Borchert, 1994). Further strategies prolonging 

drought survival are hydraulic redistribution by roots and stems (Burgess and Bleby, 2006; 

Dawson, 1993) as well as foliar water uptake (Burgess and Dawson, 2004).  

Drought mortality cannot be predicted using only a single feature, but a sum of all traits 

(O'Brien et al., 2017) and avoidance strategies needs to be considered (Locosselli and 

Buckeridge, 2017). Furthermore, the recovery ability of plants can play a crucial role in 

survival (Santiago et al., 2016). This is especially important in long-lived plants like trees. 

Here, the mobilisation of NSC stores (Mitchell et al., 2013) and possibly the capability for 

xylem refilling (Hacke and Laur, 2016) stand out. Fast recovery is particularly important 

considering the predicted increase in drought frequency. Otherwise legacy effects (Frank 

et al., 2015) might be one explanation for the observed increase drought induced tree 

mortality.  

1.5 ECOLOGY AND ECOPHYSIOLOGY OF NEW ZEALAND KAURI FORESTS 

1.5.1 Climate and Climate Change in the Auckland Region 

The climate in New Zealand is dominated by maritime influences (Macara, 2018). 

Temperatures are mild except for higher altitudes. Precipitation is plentiful for most of the 

year with sporadic dry spells during summer months across much of the country. Climate 

types extend from temperate-sub-tropical in the north to cold temperate in the south 

(Chappell, 2013b; Macara, 2015). The Auckland region falls into the temperate sub-tropical 

zone with warm and humid summers and mild winters, with only very occasional night 

frosts (Chappell, 2013a). The climate during winter and spring is influenced by the Southern 

Hemisphere westerly circulation belt bringing low pressure systems and frequent rain 

(Lorrey and Bostock, 2017). In summer and early autumn more north-easterly airflows 

occur due to the proximity to the southern limit of the South-easterly Trade Winds (Salinger 

and Mullan, 1999) which increases the exposure to subtropical climatic influences (Lorrey 

and Bostock, 2017). The surrounding oceans have a modifying influence on Auckland’s air 

temperature because the seas surface temperatures rarely drop below 12 °C. The average 

annual temperature in Auckland is 14 to 16 °C depending on the exact location. Western 

parts of the region are colder compared to the eastern parts (Chappell, 2013a). Rainfall 
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patterns show a clear seasonal pattern with 32 % of the annual 1231 mm falling in winter 

(1981 – 2010 period, Whenuapai Aerodrome) (Chappell, 2013a) and 20 % during summer 

months. 135 days (Whenuapai) are wet days with more than 1 mm rainfall.  Nevertheless, 

dry spells, classified as 15 days or more with less than 1 mm of rainfall are a common 

occurrence for the Auckland region and happen on average once or twice a year (Macara, 

2018). Due to the higher temperatures and despite the high humidity (88 % annual 9 am 

mean), Auckland has higher vapour pressure deficits than other parts of the country 

ranging from 1.1 to 1.8 kPa with an annual mean of 1.4 kPa (all 9 am means, 1981 – 2010, 

Auckland airport). 50 to 60 days per year show a soil moisture deficit and the calculated 

potential evapotranspiration (PET) is 1075 mm at the Auckland airport station (range of 

monthly means 35 to 161 mm).  

An Organisation for Co-operation and Development (OECD, 2017) report revealed that New 

Zealand is the biggest greenhouse gas (GHG) producer of the OECD states per capita (18 t 

cap-1, 45 % more than OECD average, but just 0.15 % of global GHG (Hopkins et al., 2015)). 

Agriculture is the main source of GHG, accounting for 50 % of the overall GHG emissions 

and this is mostly methane. Emissions by the transportation sector are also among the 

highest of the OECD countries and unfortunately only a third of overall emitted GHG could 

be offset by the terrestrial biosphere, mainly the country’s 39 % forest cover (including 

forestry). It is not surprising that the atmospheric CO2 concentration passed the 400 ppm 

mark (Baring Head station near Wellington) for the first time in 2016 (NIWA, 2016). Overall, 

climate change has affected New Zealand’s climate over recent decades, but changes have 

been less severe compared to other parts of the world due to the moderating influence of 

the surrounding oceans (Ministry for the Environment and Stats NZ, 2017). Nevertheless, 

the annual temperature has increased 1 °C since measurements began in 1909 for the 

National Institute of Water and Atmospheric Research’s seven station series (Ministry for 

the Environment and Stats NZ, 2017; Mullan et al., 2018). In fact, the 6 warmest years were 

all in the last two decades with 2016 being the hottest year on record, 0.8 to 1 °C warmer 

than the long-term average (1981 – 2010) (NIWA National Climate Centre, 2016). During 

the period from 1972 to 2016 sea surface temperature increased by 0.7 °C (Mullan et al., 

2010), frost days became less frequent as minimum temperatures rose (Salinger and 

Griffiths, 2001), sunshine hours increased, it became drier and the sea level is 22 cm above 
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1916 levels (Ministry for the Environment and Stats NZ, 2017). Rainfall was one of the few 

climate variables that did not show a clear trend as it is and was very variable (Ministry for 

the Environment and Stats NZ, 2017). 

Under current climate change projections published by the Ministry for the Environment 

(2016), temperatures will increase further. By 2110 they will be 1.6 °C higher (relative to 

1986 – 2005) and under worst case scenarios, temperatures could increase up to 5 °C. 

Rainfall patterns are not as easily predicted, but the consensus is that wet areas along the 

west coast will become wetter in spring and autumn with an increase in the strength of 

westerlies. Drier areas (the north and east coast) on the other hand will become drier. 

Extreme rainfall events are predicted to increase. The same applies to drought severity. 

Droughts will likely last longer and become more frequent. The effects of climate change 

in New Zealand are already visible and widely recognised when it comes to property 

damage or agricultural losses due to an increase in floods, coastal erosion, greater storm 

damage, landslides and drought (Manning et al., 2015; Porteous and Mullan, 2013). The 

effects on natural ecosystems however have so far received less attention (Reisinger et al., 

2014).  

1.5.2 New Zealand Kauri Forest 

New Zealand features a very unique flora. Eighty-five percent of all vascular species are 

endemic (Wardle, 2002) due to the isolation of the island group. The country has a small 

land area but with wide latitudinal range (Leathwick, 2001) and for a temperate region it 

has a high arborescent richness (McGlone et al., 2010). New Zealand’s forests are 

evergreen and according to McGlone et al. (2016b) should be classified as ‘oceanic 

temperate forest’ which is very similar to forests in southern South America and southeast 

Australia in terms of oceanic influences and key taxa: Nothofagaceae, Winteraceae, 

Podocarpaceae and Araucariaceae. Evergreen mixed conifer-broadleaved forest covers 

mostly warmer, moister or more fertile lowland and montane areas. In drier, cooler and 

less fertile regions it is replaced by southern beech (Nothofagaceae) forest (Leathwick, 

1995). Conifers dominate in the mixed forests of New Zealand (McGlone et al., 2016a). 

There, they form the upper dominant but often discontinuous canopy layer and 

successfully compete with angiosperms (Leathwick, 1995). Due to the long development of 
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the New Zealand conifers under warm temperate, oceanic climate they have adapted into 

the emergent niche, aided by a specialised juvenile growth form (Ogden and Steward, 

1995) which allows trees to reach the upper canopy relatively quickly after disturbance 

events (McGlone et al., 2016a) even though they are generally slow growing (Wardle, 

2002). Some angiosperms of New Zealand seem to have adapted conifer-like tendencies, 

featuring slow growth, tough leaves and often a similar juvenile growth form (McGlone et 

al., 2016a). 

Kauri forest is a type of low-elevation mixed forest where kauri (Agathis australis D. Don. 

Lindl) is present. Kauri are visually dominant because of their size and they often occur in 

dense clusters around individual ‘forest giants’ (Wardle, 2002). Kauri forest once covered 

large areas (1.2 million ha) of the lower, rolling terrain of the upper North Island. With the 

arrival of Europeans during the 19th century extensive exploitatative logging of the forests 

began (Boswijk, 2006) and A. australis was especially valued for its outstanding timber 

properties. Today only 5 % (Steward and Beveridge, 2010) of remnant kauri forest remains, 

mainly on less fertile ridges (Wardle, 2002). The forests are characterised by emergent kauri 

and scattered smaller podocarps like Dacrydium cupressinum (rimu), Podocarpus totara 

(totara), Phyllocladus trichomanoides (tanekaha) and Prumnopitys ferrugineus (miro) 

above a lower canopy tier of angiosperms, smaller A. australis and supressed podocarps 

(Burns and Leathwick, 1996; Wardle, 2002). The shrub and herb tiers are often quite open, 

but the herb tier can become denser in more rolling terrain where soils are more fertile. 

Kauri forest is one of the most species rich ecosystems in New Zealand with 80 % of the 

species being endemic (McGlone et al., 2010) and some species only found in kauri forest. 

It is also one of the most carbon dense forests worldwide, with up to 636 Mg of C per ha 

stored the living biomass (Silvester and Orchard, 1999).  

1.5.3 Agathis australis - Kauri 

Agathis australis (D. Don Lindl.) is a member the Araucariaceae family. The tree species has 

an iconic status in New Zealand, being one of the largest trees in the world (based on 

volume) and it is of spiritual importance for Māori (Boswijk, 2006). The natural distribution 

of A. australis is restricted to the north of the North Island (north of 38.07 °S) (Figure 1.2). 

A. australis can reach heights of 30 to 50 m, rarely even 60 m (Ecroyd, 1982) and have 
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diameters of up to 5 m (Steward and Beveridge, 2010). The trees grow slowly but are very 

long-lived reaching ages of approximately 1000 to 2000 years (Steward and Beveridge, 

2010), creating very valuable timber. The roots of A. australis are generally shallow and it 

is unclear if peg roots reach deeper soil layers (Steward and Beveridge 2010) and if they are 

able to take up water and nutrients or just have an anchoring role. 

A. australis is a foundation species, influencing forest structure and ecosystem dynamics 

(Ellison et al., 2005). Its litter decomposes slowly (Enright and Ogden, 1987) and 

considerably influences the nutrient level of the soil beneath the trees (Verkaik and 

Braakhekke, 2007; Verkaik et al., 2007; Wyse, 2012), mainly by organically immobilizing 

nitrogen (Silvester, 2000). The decomposing litter also creates a very low soil pH value of 

soil (Wyse, 2012). Fertilisation experiments in kauri forest resulted in increased growth of 

A. australis and co-occurring species, suggesting that all trees are nitrogen limited to some 

extent (Barton and Madgwick, 1987). This is supported by low leaf nitrogen concentration 

(Jager et al., 2015; Verkaik and Braakhekke, 2007). Wyse et al. (2014) also observed that 

the soil beneath A. australis can be considerably drier compared to the soil under 

angiosperms in the same forest, resulting in drought adapted species communities 

associated with A. australis.  

The use of A. australis in dendrochronology has been intensive and A. australis is thought 

to be the most important tree-ring-based climate proxy of the Southern Hemisphere (Cook 

et al., 2006; Wunder et al., 2013) because of the chronology length and the temporal 

resolution (Boswijk et al., 2006). Well preserved subfossil material has also been found 

throughout the Norther North Island dating back as far as 60,000 years BP (Turney et al., 

2016) . The tree ring width recorded in many chronologies from living trees and 

archaeological material correlates with the cool-dry and warm-wet fluctuations of the El 

Niño – Southern Oscillation (ENSO) (Fowler et al., 2008). Uniquely, the tree ring width is 

greater in warm and dry years compared to cool and wet years (Fowler et al., 2005). 

Moreover, growth occurs mainly during spring with a second growing phase in autumn, but 

little growth during summer (Wunder et al., 2013). The ecophysiological reasons for this 

behaviour remains unclear. Recent analyses of tree ring stable isotopes as an additional 

climate proxy (Brookman, 2014; Brookman et al., 2014; Lorrey et al., 2016) shows 
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promising results particularly for stable oxygen isotope content and the response to rainfall 

and humidity.  

We know more about the ecophysiology of A. australis than any other native tree species 

in New Zealand. The species is highly susceptible to embolism during drought due to the 

fact, that conductivity is lost at relatively low negative xylem tension (Pittermann et al., 

2006). The P50 of A. australis stems is just -2.32 MPa and the roots are even more vulnerable 

with a P50 of -1.1 MPa. A. australis seedlings exhibit tight stomatal control showing low gS 

during a dry down experiment (Wyse et al., 2013) which results in the avoidance of reduced 

leaf water potential. The same was reported by Macinnis-Ng et al. (2017a) when gas 

exchange was measured in situ in a forest stand at the Arataki visitor centre in the 

Waitakere Ranges. This agrees with the reductions in sap flow of mature trees at the Huapai 

scientific reserve during the 2013 drought (Macinnis-Ng et al., 2013). Stephens et al. (1999) 

compared the water-use efficiency of A. australis and Dacrycarpus dacrioides by analysing 

13C isotopes of leaf litter and found A. australis to be more water-use efficient. Newer 

measurements do however suggest relatively low overall WUE (Macinnis-Ng et al., 2017a) 

based on gas exchange measurements. Another mechanism to protect the hydraulic 

integrity of A. australis is the observed substantial shedding of leaves during the already 

mentioned drought event in 2013 (Macinnis-Ng and Schwendenmann, 2014). 
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Figure 1.2 Distribution of A. australis, P. totara, P. trichomanoides and K. excelsa. Modified after 
Wardle (2011) 

For more than a decade, kauri dieback has posed a serious threat to A. australis in the 

Auckland and Northland regions (Jamieson et al., 2012). The cause is a soil and water borne 

virulent primary pathogen called Phytophthora agathadicida previously known as 

Phytophthora taxon Agathis (Horner et al. 2013, Waipara et al. 2013). Infected trees show 

multiple symptoms like yellowing leaves, thinning of the canopy, feeder root decay and 

lesions on the lower stem producing large amounts of resin (McKenzie et al. 2002, Beever 

et al. 2009, Waipara et al. 2013). The infestation of kauri with is always fatal, no matter the 

age or size of trees (Beever et al. 2009, Horner et al. 2013, Waipara et al. 2013). A treatment 

to save A. australis has not been found yet, but the use of phosphoric acid seems promising 

(Horner et al. 2013) in prolonging the life-span of infected trees. It is currently being tested 

on mature trees in Auckland and Northland.  
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1.5.4 Podocarpus totara - Totara 

P. totara (D. Don) is a member of the Podocarpaceae family. This large southern conifer 

family has 16 members in New Zealand. P. totara is distributed in lowland forests over both 

main islands of New Zealand, where it is especially abundant in the central North Island 

(Bergin and Kimberley, 1992; Bergin et al., 2008; Patel, 1967) (Figure 1.2). It is another 

species that plays an important role in Māori culture (Bergin, 2000; Foley, 1975). Totara 

can grow up to 40 m high and reach stem diameters of 2.5 m or more (Patel, 1967) and 

single trees might reach ages of 1000 years or more (Bergin, 2000). The softwood timber 

of P. totara is highly valued due to its good quality, high density and durability (Bergin, 

2000; Bergin et al., 2008; Patel, 1967). The wood does not generally show very distinct 

annual rings and is therefore found to be unsuitable for dendrochronological studies 

(McSweeney, 1982; Norton and Ogden, 1987; Patel, 1967).  

Totara has large surface and subsurface lateral roots which extend well beyond the crown 

and a peg root system (Bergin, 2000). Species within Podocarpaceae have nodulated 

feeding roots within the humus layer. The nodules are abundantly colonized by arbuscular 

mycorrhizae fungi which functionally increase nutrient uptake capability (Dickie and 

Holdway, 2011). This allows growth on a large variety of soils even though P. totara prefers 

well drained soils and often grows on alluvial plains (Wardle, 1988). Where the soil is fertile 

P. totara achieve growth rates high enough to consider it suitable for commercial long-

rotation plantations (Bergin, 2000). 

The water potential of P. totara was measured during a drought on the South Island. It was 

amongst the species that maintained a high water potential.. However, several of the P. 

totara died during the course of the drought (Innes and Kelly, 1992), which led to the 

conclusion that this species is highly sensitive to water stress, even though it could be 

characterised as a ‘drought avoider’ (isohydric). Seward (2016) on the other hand found P. 

totara seedlings to be anisohydric. The P50 of -6.3 MPa (M.J. Clearwater, unpublished data) 

suggests that the species is not particularly vulnerable to xylem embolism.  
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1.5.5 Phyllocladus trichomanoides - Tanekaha 

Phyllocladus trichomanoides (D. Don), is like P. totara a member of the Podocarpaceae 

family (Patel, 1968). It is often called celery pine due to the resemblance of its distinctive 

leaves to celery leaves (Wagstaff, 2004). P. trichomanoides can be found all over the North 

Island and the extreme north of the South Island of New Zealand (Patel, 1968) (Figure 1.2) 

up to an altitudinal limit of 200 m (Wardle, 1988). P. trichomanoides can grow up to 24 m 

tall and reaches diameters of 1 m.  

The wood of P. trichomanoides is hard and forms distinct rings with only ray parenchyma 

and pronounced late wood bands (Patel, 1968). These features allowed a 

dendrochronological assessment of the tree species that showed a relationship between 

tree ring growth and climate (Palmer et al., 1988; Palmer, 1989). The roots of P. 

trichomanoides have nodules containing nitrogen fixing bacteria allowing growth even on 

relatively infertile soils (Keng, 1978). P. trichomanoides is not as susceptible to xylem 

embolism as A. australis (Pittermann et al., 2006) with a more negative P50 value of -6.63 

MPa. 

1.5.6 Knightia excelsa - Rewarewa 

The genus Knightia is a small group of the Proteaceae family and Knightia excelsa (R. Br.) is 

the only representative in New Zealand. It is commonly called by its Māori name rewarewa 

or New Zealand honeysuckle and is endemic to the country. K. excelsa is widely distributed 

in lowland and lower mountain forest of the North Island and the Marlborough Sounds 

(Thomas and Spurway 1987) (Figure 1.2). K. excelsa grows up to 30 m high (Meylan and 

Butterfield, 1973) in any well drained soil (Metcalf, 2011). The timber is hard and heavy 

with visible growth rings that form as repeated concentric bands of vessels, parenchyma 

cells and fibres (Meylan and Butterfield, 1973).  

All species of the Proteaceae family have cluster roots known as proteoid roots because 

they are exclusive to this family. These roots have the ability to change the surrounding soil 

environment and improve the solubility of soil nutrients (Purnell, 1960). K. excelsa is also 

considered to be a calcifuge (a plant that does not tolerate alkaline soil) and prefers a soil 

pH value of 3.5 (Thomas and Spurway, 1987). Current literature lacks references to the 
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ecophysiology of K. excelsa. Metcalf (2011) suggested that the species seems to tolerate 

dry conditions whereas Seward (2016) found declining leaf water potentials and signs of 

wilting despite reduced stomatal conductance during a dry down experiment with potted 

plants. 

1.6 RESEARCH AIMS – THESIS OBJECTIVES AND OUTLINE 

A. australis is an iconic species and, as a foundation species (Wyse et al., 2014; Wyse et al., 

2013), it is crucially important for kauri forest ecosystems. However, we know little about 

the ecophysiology of this forest giant or associated tree species and there are few datasets 

on dynamics of water and carbon fluxes. In the face of rising temperatures and a predicted 

increase in drought frequency, establishing a baseline understanding of responses of A. 

australis and associates to ambient climate is vital. Moreover, a closer look at adaption 

strategies of A. australis could shed some light of the ecophysiological strategies that 

contribute to the longevity of this tree species. 

I explored plant water relations at two scales: leaf and whole plant. I used leaf-scale 

measurements of gas exchange and water potentials and at the whole plant scale, I used 

sap flow and point dendrometer measurements. I also explored seasonal dynamics of plant 

carbon reserves by measuring non-structural carbohydrates of stems and roots. This thesis 

aims to:  

1) Determine differences in water use strategies of A. australis and associated species. 

2) Identify seasonal patterns of water use of individual trees and at the stand level in 

response to ambient climatic conditions 

3) Quantify water storage in A. australis 

4) Investigate patterns of carbon allocation and the dynamics of NSC pools in A. 

australis  

 

Chapter 2 explores leaf-level gas exchange and water potentials of A. australis and 

associated species. The measurements were taken in situ during an intensive two-day field 

campaign at the Huapai Scientific Reserve. This chapter is published in the Journal of Plant 
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Ecology (Kaplick et al., 2018). Results of this study provide information about the water use 

strategies of four different kauri forest species. Due to previous research and observations, 

I expected to see differences in stomatal conductance and carbon assimilation rates due to 

different water use strategies.  

Chapter 3 investigates patterns of water use in A. australis and two associated species. I 

measured sap flow continuously over two years at the Huapai Scientific Reserve. This 

chapter also provides estimates of stand water use for the two-year period and investigates 

the climatic drivers and possible environmental constraints of water use.  

In chapter 4 I take a closer look at the use of stored water in A. australis as a mechanism to 

avoid hydraulic failure. Since A. australis has an exceptionally large sapwood volume, I 

expected water storage to be an important contribution the daily water use. I used sap flow 

and point dendrometer measurements at different positions along the stems of two 

individuals to quantify the use of stored water in large A. australis. An extract of this 

chapter has been presented at the 10th sap flow workshop in Fullerton, USA in 2017 and is 

currently under review to be published in Acta Horticulturae. 

In chapter 5 I explore the seasonal NSC and growth dynamics of A. australis. In the 

dendrochronological literature the decoupling of growth and the climate signal is often 

accredited to NSC storage, but in the case of A. australis, this has never been investigated. 

Moreover, the quantification of the NSC pools will also shed light on the possibility of 

carbon starvation during drought, as A. australis is characterised as an isohydric species. 

The variable concentration of NSCs has also been linked to the timing of pathogen infection, 

which is currently a large threat to A. australis.  

Finally, I provide a comprehensive overview of my findings in chapter 6 by linking the 

findings of the previous chapters. I discuss implications of future climate change and 

suggest future research opportunities arising from my findings.
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CHAPTER 2 COMPARATIVE WATER RELATIONS OF CO-

OCCURRING TREES IN A MIXED PODOCARP-BROADLEAF 

FOREST 

 

 

Published: Kaplick, J., Clearwater, M.J., and Macinnis-Ng, C. (2018). Comparative water relations of co-

occurring trees in a mixed podocarp-broadleaf forest. Journal of Plant Ecology.  This chapter is presented as 

published with only minor edits for consistency with the rest of the thesis.  
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2.1 INTRODUCTION 

Foundation species can shape and define entire ecosystems, due to their influence on 

hydrology, nutrient cycling and other ecosystem processes (Dayton, 1973; Ellison et al., 

2005). These locally abundant and dominant trees (Barbour et al., 2009) contribute 

substantially to ecosystem processes (Martin and Goebel, 2013). They influence the local 

microclimate because of their canopy architecture and physiology (Ellison et al., 2005). 

Foundation species control the abundance and distribution of plants in their vicinity and 

the interplay of facilitation and competition within the ecosystem (Callaway and Walker, 

1997; Ellison et al., 2005).  

The southern conifer Agathis australis (D. Don) Lindl. (Araucariaceae, kauri) is one of the 

largest and longest-lived trees in the world (Ecroyd, 1982) and forms the species-rich ‘kauri 

forest’ (Ogden, 1995; Wyse, 2012), a temperate rainforest ecosystem, home of many 

endemic plant species. As a foundation species, A. australis shapes the plant assemblage 

in its vicinity (Wyse et al., 2014; Wyse et al., 2013). A. australis litter decomposes slowly 

(Enright and Ogden, 1987) and creates very acidic, podsolised soil (Verkaik and Braakhekke, 

2007; Verkaik et al., 2007; Wyse, 2013). A. australis seems to be responsible for stalling of 

the nitrogen cycle beneath and close to larger individuals (Enright, 2001; Silvester, 2000; 

Wyse et al., 2014). The litter layer beneath A. australis is often considerably drier than the 

soil of nearby angiosperm dominated forests because of the physical and chemical 

properties of the litter (Verkaik and Braakhekke, 2007). Additionally, A. australis dominated 

forests frequently occur on ridges and slopes (Steward and Beveridge, 2010), which further 

intensifies soil dryness.  

Interspecific functional convergence has been observed in several biomes (Meinzer, 2003). 

Under selective pressure, appropriate resource allocation is vital to achieve optimum plant 

fitness (Bucci et al., 2004). The enhancement of certain functions always comes at the 

expense of others, due to universal physiological constraints (Meinzer, 2003). There is only 

a limited number of combinations of functional traits (Bucci et al., 2004) and they all fall on 

a universal trade-off surface (Díaz et al., 2016; Reich et al., 1997). Patterns in functional 

convergence of leaf traits are comparatively well-known (Reich et al., 1997; Reich et al., 
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2003; Wright and Westoby, 2002). A prominent example is the relationship between leaf 

nitrogen and photosynthetic assimilation rate (Wright et al., 2004) but there are fewer 

studies addressing convergence in plant water relations (Macinnis-Ng et al., 2004; Reich 

(2014); Zeppel, 2013).  

In temperate and boreal forests, nitrogen availability is the most common limitation of soil 

fertility (Corlett, 2016). It is often related to individual foundation species, mainly conifers 

(Persson and Wirén, 1995; Ste-Marie and Paré, 1999; Wyse et al., 2014) affecting the local 

nitrogen cycle. Nitrogen depletion is also a particular feature of old growth forests, as 

macronutrients (including N) are locked in established biomass and soil organic matter over 

time (Gower et al., 1996; Ryan and Yoder, 1997).  

Overall our knowledge about the ecophysiology of New Zealand native trees is still limited. 

However, we do know that all four study species (A. australis, Phyllocladus trichomanoides, 

Podocarpus totara, Knightia excelsa) can grow on infertile soils (Baylis et al., 1963; Keng, 

1978; Thomas and Spurway, 1987). Jager et al. (2015) measured leaf traits of all species in 

an A. australis dominated forest and all four showed similarly low concentrations of leaf 

nitrogen of 0.6 to 0.8 %. The xylem embolism vulnerability of our study species varies 

considerably. A. australis is highly susceptible to xylem embolism losing conductivity at 

relatively low xylem tension (P50 measured by Pittermann et al. (2006): 2.3 MPa). P. 

trichomanoides and P. totara on the other hand, showed much lower vulnerability with a 

P50 at tension of 6.6 MPa (Pittermann et al., 2006) and 6.3 MPa (M.J. Clearwater, 

unpublished data) respectively. Recent work shows that A. australis is equipped to protect 

its hydraulic integrity. A. australis seedlings (Wyse, 2012) as well as young forest trees 

(Macinnis-Ng et al., 2017a) exhibited tight stomatal control and mature trees reduced sap 

flow during drought conditions (Macinnis-Ng et al., 2016). Temperate podocarps are 

generally tolerant of drier conditions (Coomes and Bellingham, 2011) and there is some 

evidence that P. totara is a drought-avoiding species (Innes and Kelly, 1992). We have very 

little quantitative ecophysiological knowledge about K. excelsa, but Metcalf (2011) suggests 

tolerance of dry conditions, in potted saplings.  

We investigated whole tree water use and leaf water relations of A. australis and three co-

occurring species to evaluate differences in a forest in west Auckland, in order to gain 
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insight into the broad patterns and functions of ‘kauri forest’. We explored diurnal patterns 

of sap flow, leaf water potential (Ψ) and leaf-level gas exchange including stomatal 

conductance (gs) and assimilation rate (A) and their responses to environmental variables. 

We hypothesized, that A. australis would exhibit more conservative water use, lower A and 

gs and therefore less negative Ψ. We expected P. totara, P. trichomanoides and K. excelsa 

to have less conservative water use behaviour based on previously reported P50 values. 

2.2 METHODS 

In this study, we explored the water relations of A. australis and three co-occurring species, 

the two podocarps Phyllocladus trichomanoides D. Don (Phyllocladaceae, tanekaha) and 

Podocarpus totara G. Benn. (Podocarpaceae, totara) and the angiosperm Knightia excelsa 

R. Br. (Proteaceae, rewarewa). All four species are endemic and typically occur with A. 

australis (Burns and Smale, 1990; McKelvey and Nicholls, 1959; Nicholls, 1976; Pook, 1978), 

but A. australis has a much smaller geographical distribution than the other three species 

(Figure 1.2).  

2.2.1 Study Site 

The study was carried out at the University of Auckland Huapai Scientific reserve, situated 

in the Northern foothills of the Waitakere ranges, West of Auckland (-36.796, 174.492, 90 

m a.s.l.). The 15 ha reserve consists of mature podocarp-broadleaf forest (Thomas and 

Ogden, 1983), that is dominated by A. australis along its two main ridges, with this species 

making up 80 % of the basal area of the study plot (Wunder et al., 2010). The other three 

study species contribute 12 % of the basal area (P. trichomanoides 6 %, P. totara 4 %, K. 

excelsa 2 %) (Wunder et al., 2010). The individual study trees were chosen to cover a range 

of sizes, but also for their accessibility for tree climbers (see Table 2.1 for more details of 

sample trees). We conducted leaf scale measurements on two consecutive days, measuring 

different trees each day.  

2.2.2 Meteorological and Soil Moisture Conditions 

Meteorological data were recorded as 30 min averages on a nearby open paddock (<1 km 

from the forest site). Precipitation was measured using a tipping bucket (RIM8020, 
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Measurement Engineering Australia (MEA), Magill, S.A.) with a resolution of 0.2 mm. A 

quantum light sensor (Li190, Licor, Lincoln, NE, USA) was used to measure 

photosynthetically active radiation (PAR, µmol m-2 s-1) and a cup anemometer and wind 

vane (WMS301, MEA) for wind speed (m s-1) and wind direction (°). All three instruments 

were installed on top of a weather station tripod (MEA) approximately 2 m above ground. 

The probe to measure air temperature (T, °C) and humidity (RH, %) (HMP155, Vaisala 

HUMICAP, Vaanta, Finland) was housed in a radiation shield that was also attached to the 

tripod 1.5 m above ground. Vapour pressure deficit (VPD) was later calculated from T and 

RH. All meteorological data were recorded with a data logger (CR 10x, Campbell Scientific, 

Logan UT, USA). 

Soil volumetric moisture content (VMC) was recorded at two locations at four depths (soil-

litter boundary, 10, 30, and 60 cm from the soil-litter-boundary) within the forest plot, in 

close proximity to all study trees. At both locations, 30 cm long soil moisture probes were 

horizontally installed water content reflectometers (CS616, Campbell Scientific) and 

measurements were recorded every 30 minutes using a data logger (CR10x). The Campbell 

Scientific calibration equation for litter and loam/clay (soil type described as parau clay in 

Thomas and Ogden (1983)) was used to calculate soil volumetric water content (%).  

2.2.3 Sap Flow 

Sap flux density (Fd) was measured using customised Granier-type (Granier, 1985) sap flow 

probes constructed according to James et al. (2002). Modifications and construction details 

are described in Macinnis-Ng et al. (2013) and Macinnis-Ng et al. (2016). Pairs of sensor 

probes were inserted into holes 10 cm apart on the vertical plane. In each pair, the upper 

probe was heated by four chip resistors with 660 Ω total resistance instead of nichrome 

wire used by James et al. (2002). The temperature difference between the two probes was 

measured with copper-constantan thermocouples every minute along a 1 cm long 

aluminium tip. A Campbell CR10x logger (Campbell Scientific, Logan, UT, USA) recorded the 

mean temperature difference between the upper and lower probes every 15 min. After 

installation, all sensors were protected from sunlight with silver foil bubble-wrap. A 

minimum of two (up to five on the largest tree) sap flow sensors were installed on the north 

facing side of six A. australis trees in July 2011. Sensors in three P. trichomanoides and three 
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P. totara trees were installed in June 2013. The system was powered with three 40 Ah, 12 

V batteries that were exchanged every two weeks.  

Sapwood depth for each tree was determined following the dye injection technique 

described by Meinzer et al. (2001) using a 0.1 % carmine blue solution. A 5 mm increment 

borer (Haglöf Sweden AB, Långsele, Sweden) was used to drill a hole up to 30 cm deep and 

filled with dye solution. We topped up the dye every hour. After four hours, a second core 

was taken 5 cm above the initial hole. The depth of the stained part of the new core was 

measured to indicate active sapwood. The dying experiment was conducted on sunny days 

when Fd is highest. 

Table 2.1 Overview of the studied trees. AGau: Agathis australis, POto: Podocarpus totara, PHtr: 
Phyllocladus trichomanoides, KNex: Knightia excelsa. Canopy dominance taken from Wunder et al. 
(2010). Mean leaf nitrogen (N) content in % of dry weight for mature trees in Puketi kauri forest 
(Northland) from Jager et al. (2015). The x indicates on which trees the measurements of Fd (sap flux 
density), ΨL (leaf water potential) and A/gs (assimilation rate and stomatal conductance) were 
taken. 

Tree 
DBH 
(cm) 

Canopy 
dominance 

Sapwood 
depth (cm) 

Fd ΨL A/gs Leaf 
N (%) 

AGau1 79.5 Dominant 14.5 x x x 0.73 

AGau2 128.8 Dominant 17.8 x x   

AGau3 176.5 Dominant 17.8 x x x  

PHtr1 33.1 Co-dominant 6.5 x   0.81 

PHtr2 35.1 Co-dominant 7.3  x x  

POto1 54.3 Dominant 5.8 x x  0.63 

POto2 72.8 Co-dominant 7.9 x    

KNex 19.6 Subordinate 8.4  x x 0.64 

 

2.2.4 Water Potential 

Water potential (Ψl) was measured on short, terminal branches for six trees across two 

days (see table 2.1). The branches were harvested from the upper crown and for two A. 

australis (AGau2, AGau3) additionally from the mid and lower crown area (15 and 10 m 

below the upper crown sample collection). Special care was taken to always choose 

branches of similar length and width, as well as from the same height and location within 
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the tree, to ensure minimal variability in hydrostatic water potential. Our samples were cut 

by professional climbers, immediately sealed in plastic bags to avoid further transpiration 

and then sent down to the forest floor where a runner collected the samples and delivered 

them to the pressure bomb operator. We used a custom built Scholander-type pressure 

chamber to measure Ψ within minutes after harvest (Macinnis-Ng et al., 2016). For A. 

australis the bark of the cut ends was carefully removed to prevent resin covering the xylem 

and the sapwood was freshly cut with a razor blade before insertion into the pressure 

bomb. Measurements were done on three branches per study tree and repeated in a 90 

min rotation between 6 am and 6 pm. 

Because of safety regulations restricting climbing before dawn, we measured Ψpredawn on 

three terminal branches (three per study tree), sealed in aluminium foil and a plastic bag 

on the evening of the previous day. The measurements were done just after sunrise. 

Previous studies have shown that this technique produces accurate estimates of Ψpredawn 

and can be used as a reliable surrogate for soil water potential (Ψsoil) (O'Grady et al., 2006; 

Zeppel et al., 2008b) 

2.2.5 Stomatal Density and Leaf Gas Exchange 

Stomatal density counts were carried out on the abaxial and adaxial surface of 15 mature 

sun leaves (phyllodes for of P. trichomanoides) from every tree. Peels of each leaf were 

created using clear nail polish and attached to microscope slides. For each peel, eight 

random 1 mm² areas were photographed under a microscope (100x magnification, Leica 

MZ 16, Leica Microsystems, Wetzlar, Germany) and the stomata were counted. The 

stomatal density was later used to calculate the ratio of stomata on the abaxial and adaxial 

surfaces which is needed as an input for the gas exchange system.  

We measured diurnal leaf gas exchange in-situ with a portable gas exchange system (CIRAS-

2, PP Systems, Boston, MA, USA) attached to a PLC6 automatic universal cuvette with the 

25 x 7 mm insert. Ambient levels of temperature and humidity were maintained in the 

cuvette chamber. We also used ambient light for the measurements with the clear cuvette 

head window. The cuvette head was angled towards the sun in order to avoid shading 

during the measurements and whenever possible fully sunlit leaves were used. Reference 



50 
 

CO2 levels were set to 385 ppm and the flow rate to 200 mL min-1. Five leaves from each 

tree were measured at least once every 2 h. When closing the cuvette head on the leaf we 

waited until the CO2 differential had stabilised before taking five recordings at 10 s 

intervals. These five recordings where then averaged to provide an indicative leaf value. No 

gas exchange measurements were conducted on P. totara, because the leaves were too 

small for the available cuvette insert. 

2.2.6 Data Analysis and Calculation of Whole-Plant Hydraulic Conductance 

Sap flux density (Fd) was calculated from the temperature differential using the Granier 

(1985) equation, 

𝐹𝑑 = 119((∆𝑇𝑚 −  ∆𝑇)/∆𝑇)1.231 

where ΔT is the temperature difference between heated and unheated probe and ΔTm is 

the temperature difference when Fd is zero based on a calibration reported by Macinnis-

Ng et al. (2016). We determined ΔTm by using the maximum ΔT from a ten-day window 

around each measurement. Scaling to whole tree water use for trees with multiple sensors 

(which was the case for the all A. australis) involved calculating a weighted average of all 

sensors based on the measured sapwood area. For trees with just one sensor and unknown 

radial sap flow profiles we used the R sapflux package (Berdanier et al., 2016) to predict 

radial profiles.  

Multiple regression was used to identify environmental drivers of Fd. First, we examined 

the variance inflation factor (VIF) to exclude predictors with strong collinearity. We 

followed the suggested threshold by Quinn and Keough (2002) and removed RH due to 

strong collinearity with VPD. Soil moisture of all three depths and the litter layer also 

showed strong collinearity, so we only used the litter layer for the regression analysis. All 

other predictor values had VIF below the suggested threshold. Second, we looked at the 

time lag that all trees show in response to environmental drivers, due to the size and 

volume of the tree boles. We used simple regression analysis to compare Fd and each 

environmental variable individually for different time lags, ranging from 0 to 270 min and 

then used an average of the best time lag for VPD and PAR as these were the most 

important drivers. Third, we examined the relationship of Fd and all predictors with multiple 
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regression. In order to identify significant differences in water potentials between 

individual trees we used analysis of variance (one way) and Tukey’s pairwise comparison 

after testing for homogeneity and normality. We only compared water potential means 

measured on the same day. Multiple regression for sap flow data and comparison of water 

potential were conducted in R, version 3.2.0 using the stats (R Core Team, 2015) and asbio 

packages (Aho, 2016).  

Hydraulic conductance of whole trees was determined by plotting Fd against the difference 

in water potential between the root surface and leaf (Ψl - ΨSoil) (O'Grady et al., 2006; Zeppel 

et al., 2008a). Conductance was then calculated from the negative of the slope obtained by 

least square regression (O'Grady et al., 2006). The resulting conductance is sapwood area 

specific and therefore normalized by wood-cross sectional area (Becker et al., 1999). For 

every Ψl measurement, we used the mean of the closest previous and following Fd 

measurement, but due to the size of the trees we applied a time lag of 2 h between 

measured Ψl and Fd (Macinnis-Ng et al., 2016). We used Ψpredawn as a surrogate for ΨSoil. 

2.3 RESULTS 

2.3.1 Meteorological Conditions 

The intensive sampling was conducted on the 17th and 18th February 2015. These days were 

reasonably sunny, with just a few intermittent clouds (Figure 2.1). Due to the maritime 

climate of New Zealand full sunshine days are rare. The previous months of December 2014 

and January 2015 were drier than usual, receiving about 50 % less rainfall than the long-

term average in Auckland. The average summer temperature was 0.8 °C above normal 

(NIWA Seasonal Climate Summary). Nevertheless, soil moisture was still at 45.3±0.6 % and 

48.4±1.0 % on the first day and 45.2±0.6 % and 48.2±0.9 % on the second day (at 30 cm 

and 60 cm respectively, daily mean of two sensor locations ± standard error). Soil moisture 

decreased by 14 % (at 30cm) from the beginning of the southern summer until a larger 

rainfall event ten days before the field campaign which caused an increase of 3 %. Soil 

moisture was around 8 % higher than during a drought in summer 2013, which showed 

little impact on water use of A. australis at this site (Macinnis-Ng et al., 2013). Overall soil 

moisture was representative of average summer conditions. Both days had comparable 
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weather with maximum temperatures of 25.4 and 24.7 °C and minimum temperatures of 

7.5 and 7.6 °C. Average wind speed and radiation were also similar (data not shown). 

Maximum VPD was 1.48 and 1.45 kPa on the first and second day, respectively.  

 
Figure 2.1 Meteorological conditions during diurnal measurement of water potential, gas exchange 
and whole tree water use on the 17th and 18th February 2015. The top panel shows air temperature, 
photosynthetically active radiation (PAR) and vapour pressure deficit (VPD) measured on an open 
paddock around one km from the field site. The two bottom panels show whole tree water use on 
17th and 18th of February for A. australis (AGau), P. totara (POto) and P. trichomanoides (PHtr) of 
different sizes (DBH of each tree indicated in cm). 
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2.3.2 Sap Flux 

The time of the onset of sap flow differed between trees (Fig. 2.1). For all trees, there was 

a clear time lag between sunrise and the increase of sap flux during late morning hours. 

The smallest A. australis (AGau1) showed the earliest onset at around 7:30 am, the second 

largest A. australis (AGau2) followed about one hour later. This time difference appeared 

again for the timing of peak sap flow. Both trees showed a slight drop or plateau in sap flux 

at around 1 pm caused by a decline in PAR and air temperature, due to clouds coming 

through (Fig. 2.1). The patterns on the following day showed sap flow onset of A. australis 

3 (AGau3) at 9 am, one hour earlier than P. totara (POto) and P. trichomanoides (PHtr). 

Peak sap flux showed a similar time difference.  

The strongest driver of sap flow (Table 2.2) overall was PAR explaining between 19 and 44 

% of variation of sap flow (p < 0.001 for all trees), followed by VPD explaining between 0 to 

39 % (p < 0.001 for all trees apart from P. trichomanoides). AGau2 was the only tree for 

which VPD was the stronger driver.  
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Table 2.2 Multiple regression analysis for half-hourly Fd (sap flux density) of the outer most sap flow 
sensor of A. australis (AGau), P. totara (POto) and P. trichomanoides (PHtr) for January and February 
2015. Different time lags between Fd and environmental drivers (Tair – air temperature, PAR – 
photosynthetically active radiation, VPD – vapour pressure deficit, litter – soil moisture of the litter-
to-soil boundary) were applied to each tree: 180 min to AGau2, AGau3, POto 1; 150 min to AGau1 
and PHtr; 210 min to POto2. 

Tree 
 Tair PAR 

wind 
speed 

VPD litter 

AGau1 0.8372      
  Partial slope -0.6609 0.0028 -0.1003 0.4945 0.0183 
 P value <0.001 <0.001 <0.001 <0.001 <0.001 
 R² 0.0519 0.4028 0.0071 0.0395 0.0702 

AGau2 0.9126      
 Partial slope 0.0169 0.0035 0.0732 1.7590 -0.0023 
 P value <0.001 <0.001 0.0041 <0.001 0.1178 
 R² 0.0059 0.4482 0.0029 0.2858 0.0011 

AGau3 0.9067      
 Partial slope 0.0234 0.0020 0.0514 1.7220 0.0087 
 P value <0.001 <0.001 0.0155 <0.001 <0.001 
 R² 0.0162 0.2846 0.0021 0.3558 0.0169 

POto1 0.8149      
 Partial slope 0.0102 0.0017 0.1900 1.0390 0.0049 
 P value 0.0053 <0.001 <0.001 <0.001 <0.001 
 R² 0.0027 0.1903 0.0248 0.1527 0.0050 

POto2 0.8455      
 Partial slope 0.0284 0.0032 0.1124 1.2080 0.0374 
 P value <0.001 <0.001 <0.001 <0.001 <0.001 
 R² 0.0114 0.3181 0.0048 0.1151 0.1393 

PHtr1 0.8266      
 Partial slope 0.0639 0.0020 0.1139 -0.0415 0.0251 
 P value <0.001 <0.001 <0.001 0.2630 <0.001 
 R² 0.1454 0.3536 0.0141 0.0004 0.1678 
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2.3.3 Water Potential 

Measured predawn water potentials (Figure 2.2) ranged from -0.5 to -0.8 MPa for all 

species on both days. K. excelsa (KNex) had the least negative predawn water potential on 

the first day and A. australis 2 (AGau2) the most negative, and they were significantly 

different from each other (as shown by the letters in Figure 2.2). On the second day the 

largest A. australis (AGau3), showed the least negative water potential which was 

significantly different from P. totara (POto). P. trichomanoides (PHtr) exhibited the most 

negative value. Over the course of the day the water potential gradually decreased for all 

trees (Figure 2.3), reaching a minimum between 2 and 4 pm. K. excelsa (KNex) showed the 

highest amplitude, but also the highest variability. The diurnal pattern of P. trichomanoides 

(PHtr) and P. totara (POto) was similar, with P. trichomanoides’ (PHtr) water potential 

dropping a little lower than P. totara’s (POto). For the two larger A. australis (AGau2, 

AGau3), we measured the water potentials in the lower/medium and upper crown. In both 

cases the amplitude was higher for measurements from the upper crown, but the daily 

time-course was similar. Minimum water potentials did not significantly differ among trees 

on the first day (Figure 2.2). On the second day, the values of the lower and medium crown 

of A. australis 3 (AGau3) were significantly (p < 0.05) less negative than the water potentials 

measured in the upper crown of the tree.  

2.3.4 Hydraulic Conductance 

Sapwood specific hydraulic conductance was similar in the two large A. australis trees 

(AGau2 and 3) with values of 0.010 and 0.011 kg s-1 MPa-1. The two podocarps (POto, PHtr) 

had slightly lower conductance of around 0.008 kg s-1 MPa-1 and the smaller A. australis 

(AGau1) showed the lowest conductance with only 0.004 kg s-1 MPa-1 (Figure 2.4). Even 

though the measurements were taken on two different days, we assumed that 

meteorological and soil moisture conditions were sufficiently similar to compare values 

from both days with each other.  
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Figure 2.2 Predawn and minimum water potential of terminal branches measured on four different 
tree species (A. australis (AGau), P. totara (POto), P. trichomanoides (PHtr) and K. excelsa (KNex)). 
Averages of three measurements are shown. Error bars indicate the standard error. Columns 
marked with different letters show statistically different water potentials (p < 0.05). For the two A. 
australis we measured leaves at different locations within the crown (lower (l), middle (m), upper 
(u)) where the vertical distance between lower and upper measurements was 10 to 15m. 
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Figure 2.3 Diurnal water potential of terminal branches measured on the 17th and 18th February 
2015 for A. australis (AGau), P. totara (POto) P. trichomanoides (PHtr) and K. excelsa (KNex). On the 
two larger A. australis (AGau2 and AGau3) we measured the water potential in the upper part of 
the crown (_u), in the lower (_l) and middle (_m) crown. 
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Figure 2.4 Relationship of sap flux and leaf water potential (Ψ) for three A. australis (AGau 1 – 3) of 
different sizes (stem diameter is given in cm), P. totara (POto 1) and P. trichomanoides (PHtr) on 
February 17th and 18th. The slope of the relationship was used as an estimate for hydraulic 
conductance. Asterisks in the legend show significance level (*** p < 0.001, ** p < 0.01) 
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between phyllode surfaces of P. trichomanoides, with 100±8 stomata mm-2 on the abaxial 

and 83±8 on the adaxial surface. 

Overall all trees showed similar gs and A (Figure 2.5). Apart from the largest A. australis 

(AGau3), stomatal conductance increased for all trees between 8 and 11 am. K. excelsa 

(KNex) showed the earliest drop and the smallest A. australis (AGau1) the latest. Measured 

maximum gs values did not exceed 120 mmol m-2 s-1and occurred all before midday. 

Stomatal conductance measured on the largest A. australis AGau3 stayed relatively 

constant between 40 and 60 mmol m-2 s-1, with a slight decline during the day. The diurnal 

course of A for the smaller A. australis (AGau1), K. excelsa (KNex) and P. trichomanoides 

(PHtr) looked similar, increasing until 11 am to 1 pm and slowly decreasing after that. The 

largest A. australis (AGau3) reached its highest A towards the end of the measurement 

period at around 6 pm. Instantaneous water use efficiency (WUEi) increased for the 

smallest A. australis (AGau1) and K. excelsa (KNex) throughout the day, peaking at around 

0.1 µmol CO2 mmol-1 H2O. WUEi of P. trichomanoides (PHtr) also increased but only reached 

levels of 0.5 µmol CO2 mmol-1 H2O. A. australis 3 (AGau3) had its highest WUEi before noon.  

Responses of gs and A to environmental conditions are shown in Figure 2.6. A increased 

with increasing PAR for all trees, but plateaued at 800 µmol m-2 s-1 in K. excelsa (KNex) and 

the two A. australis. Stomatal conductance on the other hand showed a slight decline with 

increasing light with the exception of P. trichomanoides (PHtr) where no clear trend could 

be seen. The relationship of A and gs with VPD was less apparent. A increased with VPD for 

the two A. australis and P. trichomanoides, but the increase for the larger A. australis 

(AGau3) was less steep than for the other two trees. With increasing VPD, gs increased for 

A. australis 1 and stayed constant for A. australis 3. K. excelsa (KNex) and P. trichomanoides 

(PHtr) did not show visible trends. The relationship of gs and A did not show any significant 

trends, but overall A increased with increasing gs in all four trees on both days (data not 

shown).  
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Figure 2.5 Diurnal measurements of stomatal conductance (gs) and photosynthetic assimilation rate 
(A) on the 17th and 18th of February. Single points represent an average of five measurements and 
include the standard error. The bottom panel shows the instantaneous water-use efficiency 
(calculated as A/gs). Three tree species were measured: A. australis (AGau), K. excelsa (KNex) and– 
P. trichomanoides (PHtr). 
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Figure 2.6 Relationships between stomatal conductance (gs) and assimilation rates (A) with vapour 
pressure deficit (VPD) and photosynthetically active radiation (PAR) for four of the study trees (A. 
australis (AGau), K. excelsa (KNex), P. trichomanoides (PHtr)) on two sampling days in February 
2015. The stem diameter in cm is shown for each individual study tree. 

2.4 DISCUSSION 

This study is the first to look at water-use and leaf level processes of mature A. australis 
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measurements on P. trichomanoides and K. excelsa. Our results point to functional 

convergence of the four co-occurring species (Meinzer, 2003).  

2.4.1 Leaf Gas Exchange 

Both, A and gs were relatively low (Hetherington and Woodward, 2003) throughout the day 
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low. The stomatal densities of the four species differed considerably. Despite this, A and gs 

were very similar in all species which we regard as an indicator for functional convergence. 

In comparison with the dataset published in Lin et al. (2015), A and gs are below the average 

for conifers and the measurements for K. excelsa well below the average for angiosperms. 

Macinnis-Ng et al. (2017a) measured gas exchange on young A. australis and found 

maximum A and gs around 30 – 50 % higher than our values. Very similar values were also 

recorded by Wyse et al. (2013) on potted A. australis during a drought experiment with no 

significant difference between droughted and non-droughted plants. Both studies also 

showed closing of stomata early in the day, consistent with our results. Brodribb et al. 

(2005) documented low leaf conductance, which was linearly related to stomatal 

conductance in temperate southern conifers in Chile (Araucaria araucana, Austrocedrus 

chilensis, Prumnopitys andina, Pilgerodendron uviferum, Saxagothea conspicua), 

suggesting conservative stomatal behaviour in these plant families. Cernusak et al. (2011) 

notes that photosynthetic rates in southern conifers might be reduced due to their vascular 

system not being able to supply water to the large leaf area of these broad-leaved 

podocarps consistent with our measurements.  

In direct comparison, the values of photosynthesis for A. australis (AGau2 and 3) are about 

half those reported by Macinnis-Ng et al. (2017a) from a young and open A. australis stand. 

The differences in tree height and age could explain the lower values at our site.  As trees 

grow taller the hydraulic path length increases and so do hydrostatic and hydrodynamic 

tension causing more negative water potentials (Woodruff et al., 2004). Consequently, 

stomatal apertures will be reduced (Ryan and Yoder, 1997) and this in turn will reduce 

photosynthetic rates (Woodruff et al., 2004). The age of a forest stand can affect nutrient 

availability as nutrients are increasingly fixed in living biomass and soil organic matter in 

older forests (Gower et al., 1996). 

At our study site, we suggest nutrient limitation is caused by the long-term presence of A. 

australis and the effect of this foundation species on the litter properties and soil 

formation. Wyse et al. (2014) demonstrated stalling of the nitrogen cycle and an inhibition 

of nitrification beneath old A. australis individuals. Puketi forest has similar vegetation 

characteristics as our site and the same species displayed low SLA and low concentrations 
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of leaf nitrogen (Jager et al., 2015), both traits associated with lower assimilation rates 

(Wright et al., 2004). Nitrogen and other nutrients like phosphorus are crucial for 

photosynthetic processes (Lambers et al., 2008). Therefore, it seems likely that a deficiency 

of nutrients causes a reduction of photosynthesis and consequently lowers the demand for 

water (Katul et al., 2003). 

2.4.2 Water Relations 

Despite their size, all trees had relatively low daily water use, which is common for conifers. 

Meinzer et al. (2005) measured water use in Pseudotsuga menziesii with similarly large 

stem diameters. The total water use of their largest study tree (1.67 m DBH) was around 

260 kg d-1 similar to our largest tree (AGau3, 1.77 m DBH) with an average daily water-use 

of 274 kg during the study period. Pinus ponderosa of similar diameter used around 50 % 

more water and a larger (~1.5 m DBH) Thuja plicata used slightly less than our trees; and 

angiosperms from the same study (Meinzer et al., 2005) with comparable diameter used 

up to four times as much water.  

We identified PAR as the main driving force for sap flow and dominant trees simply receive 

more light, compared to shaded, subordinate trees. Less dominant trees will also 

experience less VPD, resulting in less evaporative demand. Our sample size is small and not 

all tree sizes are covered for all species, which leaves some uncertainty for P. totara and P. 

trichomanoides. We did, however, sample the largest trees of each species in our sample 

plot. We found that VPD and PAR were the strongest drivers of sap flow (Table 2.2), 

consistent with Jarvis (1976). Due to the stronger influence of PAR on sap flow, we assume 

partial decoupling of the canopy from the bulk air as described by Wullschleger et al. 

(2000). The largest A. australis (AGau3) was an exception, with more variation explained 

by VPD, a pattern associated with tighter stomatal control. This is not surprising because 

this was the tallest tree and therefore its canopy transpiration was likely more tightly 

coupled with the surrounding atmosphere. The influence of soil moisture on sap flow was 

very small for the larger trees and slightly more pronounced for smaller trees (Table 2.2) 

but given the relatively small measurement window, the range of soil moistures was 

limited. 
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We also see some evidence of nocturnal sap flow in our data, especially for the larger A. 

australis. This is likely due to greater water storage capacities of large trees (Scholz et al., 

2011) and refilling during the night. But another possibility might be actual transpiration at 

night time in order to enhance nutrient uptake while minimising dehydration.  

The water potential values measured for all four tree species are not very negative, 

suggesting none of the trees showed signs of elevated water stress. This is not surprising 

as the soil moisture during the measurement period was well above the permanent wilting 

point defined for clay. Our measured water potentials are similar to those reported by 

Macinnis-Ng et al. (2016) at the same site during the 2013 drought summer, when soil 

moisture declined to 30 %. Even though the soil moisture was lower in 2013, our predawn 

water potentials were similar. A. australis are likely drought avoiders, due to a low P50 

values in stems and roots (Pittermann et al., 2006) maintaining low water potentials 

through tight stomatal control to avoid embolism (Wyse et al., 2013). The same was 

reported for P. totara (Innes and Kelly, 1992) despite their high P50 values (unpublished 

data, M. J. Clearwater). In terms of hydraulic safety, P. totara and P. trichomanoides could 

theoretically risk much lower water potentials, as both species have much lower P50 values 

than the measured midday water potential.  A. australis on the other hand has a much 

smaller safety margin as the difference between P50 and the measured water potential was 

only 0.6 MPa. 

We measured water potential at up to three different locations of the crown in the two 

biggest A. australis. The minimum water potential showed a significant difference between 

upper and lower crown location. This could be due to the increased path length within the 

spreading crown of A. australis, which causes an increase in hydrostatic and hydrodynamic 

tension (Jarvis, 1976; Ryan and Yoder, 1997; Woodruff et al., 2004). Different microclimates 

at the two crown locations might also play a role, as the upper crown is likely more tightly 

coupled with the surrounding atmosphere. Additionally, leaf anatomy (sun vs. shade 

leaves) might differ slightly at the two measurement heights leading to differences in 

stomatal and mesophyll conductance which could also influence the measured water 

potentials (Cano et al., 2013). 
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Unsurprisingly the whole tree hydraulic conductance was low, which is common in conifers, 

due to their xylem anatomy (Tyree and Ewers, 1991). Moreover, high conductance is a 

condition of high productivity (Tyree, 2003) and all of our study species are known to be 

slow growing in A. australis dominated forests. This is reflected in our measurements. All 

three conifer species had similarly low hydraulic conductance, lower than angiosperms 

measured in tropical northern Australian (O'Grady et al., 2006) or savanna and dry 

woodland trees (David et al., 2004). 

2.4.3 Hydraulic Safety or Nutrient Limitation? 

Our study site is situated on a ridge and all trees were growing on sloped ground. This could 

lead to increased water runoff, less water retention and potentially limit water accessibility 

(Hawthorne and Ford Miniat, 2018). Due to the measured water potentials, we concluded 

that the study trees did not actually show signs of water stress. Additionally, the soil 

moisture was measured at two locations within the study plot and did not drop below 30 

% in the upper 10 cm, neither during the time of the field campaign, nor during the weeks 

before. We therefore assume that water availability was not a limiting factor. 

For A. australis, we know that they are highly vulnerable to embolism (Pittermann et al., 

2006) and therefore very conservative in their water use, governed by a tight stomatal 

control (Macinnis-Ng et al., 2016; Wyse et al., 2013). This stomatal sensitivity (Wyse et al., 

2013) points to an isohydric water use strategy (Tyree and Ewers, 1991) also observed in 

other Araucariaceae (Zimmer et al., 2015). A. australis also influences the soil properties in 

its vicinity, causing a general limitation of nutrients. The addition of fertiliser enhanced 

growth of A. australis (Barton and Madgwick, 1987) suggesting A. australis is often nitrogen 

limited itself while also being the cause of nitrogen limitation. We still know little about the 

three co-occurring species. The two podocarps are not as vulnerable to embolism 

(Pittermann et al., 2006) and should therefore have an advantage over A. australis on the 

sites where they grow (mainly drier ridges). All co-occurring species also have a much wider 

distribution than A. australis which includes drier parts of Aotearoa-New Zealand (Wardle, 

2011). Surprisingly they show low water use and low assimilation rates as well. This could 

mean that the co-occurring species show signs of nutrient limitation which supresses 

photosynthesis and growth. Their demand for water would consequently be limited and 
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that would be the most likely cause of functional convergence of water relations of the 

studied trees in kauri forest. The relative contributions of nutrient and water limitation for 

growth of each species could be easily teased apart with fertilisation and dry down 

experiments in pots or in the field. Data for other sites without A. australis present would 

help properly determine the influence of A. australis on canopy level processes of P. totara, 

P. trichomanoides and K excelsa.  

It is the first time either water-use or leaf gas exchange were measured on P. 

trichomanoides, P. totara and K. excelsa and also the first in situ measurements of leaf-gas 

exchange of mature A. australis. All measurements show little difference among the four 

species and point towards functional convergence, which is likely caused by the very 

nutrient poor growing conditions. A. australis influences its environment and seems to 

create a competitive advantage for itself, by inhibiting growth and related physiological 

processes of surrounding species due to nutrient limitation. On the other hand, A. australis 

also facilitates an environment where the co-occurring species are able to out compete 

plants that are not suited to the soils created by A. australis (mainly angiosperms), even 

though A. australis inhibits their physiological processes. The balance of both processes, 

competition and facilitation (Callaway and Walker, 1997) shapes the plant community in 

the kauri forest. Our measurements also suggest no competitive advantage of any species 

under the current climate change scenarios for New Zealand (more frequent drought 

events), at least not in the ‘kauri forest’ ecosystem. 
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CHAPTER 3 KAURI FOREST SAP FLOW AND STAND 

TRANSPIRATION 
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3.1 INTRODUCTION 

Terrestrial ecosystems have a large influence on the global water cycle. Globally, 64 % of 

precipitation is returned to the atmosphere via evapotranspiration (ET) (Oki and Kanae, 

2006) and the associated latent heat flux plays a large role in controlling surface 

temperatures (Seneviratne et al., 2006). In times of a changing climate it is vital to 

understand the drivers of evapotranspiration and how changing climatic conditions could 

influence evapotranspiration in the future (Vose et al., 2011). This is still one of the biggest 

uncertainties in climate modelling and an understanding of evapotranspiration in different 

ecosystems is crucial (Friedlingstein et al., 2014) because different plants behave in 

different ways depending on localised environmental conditions. Evapotranspiration is 

influenced by multiple environmental factors including solar radiation, temperature, 

humidity and soil moisture and we know that climate change will affect all of these factors, 

but the consequences for terrestrial evapotranspiration are difficult to predict. This is 

largely due to insufficient data on a global scale, on both the spatial and temporal levels 

(IPCC, 2014a). While great advances have been made over the last 25 years for example 

with the setup of the FLUXNET network (Chu et al., 2017) this time frame is still too short 

to make confident predictions (IPCC, 2014a) about the impact of a changing climate on tree 

water use. Moreover, there is also a general lack of study sites in the world’s tropical 

regions and the southern hemisphere which results in uncertainties about the 

representativeness of findings (Chu et al., 2017). Higher temperatures have caused global 

evapotranspiration to increase by 7.1 mm per year, but this trend seems to be slowing 

down (Jung et al., 2010). The mechanisms for this slow-down are not clear yet but could be 

due to a multitude of reasons like a decline in soil moisture (Jung et al., 2010) or a decrease 

in plant water use efficiency caused by rising C02 levels (Klein et al., 2016b; Peñuelas et al., 

2011). These uncertainties about the trends in evapotranspiration emphasise the need for 

more regional measurements in order to understand the mechanisms and drivers of 

terrestrial evapotranspiration better.  

Forests cover 30 % of the global land surface (Schlesinger and Jasechko, 2014) and account 

for nearly 60 % of terrestrial ET (Mu et al., 2011). The amount of ET depends on the forest 

type which in turn is influenced by geographic location and the local climate. Boreal forests 
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for example lose 356 mm of water as evapotranspiration per year whereas ET in tropical 

rainforests is nearly three times as high (Mu et al., 2011, based on remote sensing data). 

The proportions of the two components of ET, transpiration (T) and evaporation (E) also 

change with land cover type and climate. T/ET is generally higher in wet climates and also 

higher in forests compared to other land cover types (Mu et al., 2011). Globally, 

transpiration accounts for up to 90 % of ET (Jasechko et al., 2013). Mu et al. (2011) reports 

values ranging from 65 % in boreal forests to 70 % in tropical rain forests.  

Forest water use is strongly related to seasonality of climate as changes in temperature, 

incoming solar radiation (related to day length) and rainfall influence plant functioning 

(Matyssek et al., 2010). While day length depends on latitude, temperature can also 

depend on altitude. The effect can be clearly seen when comparing tropical rain forests 

around the equator and boreal forests at high latitudes. Tropical rain forest trees are 

physiologically active throughout the whole year, as there is little variation in radiation 

energy over the year and temperatures and soil moisture are high (Oliveira et al., 2005). 

Boreal forest trees on the other hand have a distinct dormancy period, caused by 

temperatures dropping below zero and day length and radiation energy decreasing 

markedly during the winter months. This is the main reason why boreal forest trees 

transpire a lot less water than tropical forests and show distinct seasonal patterns of water 

use (Matyssek et al., 2010). 

The main drivers of forest transpiration are solar radiation and vapour pressure deficit 

(VPD) (Whitehead, 1998). Soil water content is often of secondary importance as long as 

water is still available to the trees, but soil moisture content can change the response to 

the main drivers and a general decline in water use when it is limited (Bovard et al., 2005; 

Ford et al., 2005; Zeppel et al., 2006). VPD is usually positively correlated with transpiration 

but due to hydraulic limitation and stomatal closure on days with high VPD or dry soils, 

water use might be temporarily unrelated to VPD (Ryan and Yoder, 1997). Apart from 

environmental drivers, biotic factors can influence transpiration, for example stand 

structure, mainly tree size and age (Meinzer et al., 2005). In long-lived forests, older trees 

are often the most dominant in a stand and have larger crowns with an overall larger leaf 

area, which leads to greater transpiration (Berry et al., 2017; Granier et al., 1996). At the 



70 
 

same time older, larger trees often have more developed and larger root systems which 

gives them access to a larger volume of water and deeper water sources than younger trees 

and contributes to greater hydraulic lift (Dawson, 1993, 1996). Another factor that 

influences transpiration is a closer coupling of larger trees with the surrounding 

atmosphere (Meinzer, 1993) meaning trees receive more light and experience higher VPD. 

This can lead to more transpiration due to an increased evaporative demand. Wind speed 

can also increase transpiration and therefore has a greater effect on larger trees than on 

smaller supressed individuals. In resource limited forest environments, where trees 

compete for resources, tree size can influence water use more than differences in tree 

species due to functional convergence and studies have shown that tree diameter has a 

greater influence on water use than species-specific differences (Bucci et al., 2004; 

Meinzer, 2003; Meinzer et al., 2005).  

Hysteresis often occurs in the daily patterns of water use or transpiration in response to 

environmental drivers (Meinzer et al., 1997; Novick et al., 2016; O'Grady et al., 1999; Zhang 

et al., 2014). In this case the response of the dependent variable, water use, differs during 

an increase or decrease of the independent variables (environmental drivers) (Zeppel et 

al., 2004). The response of water use to changes in vapour pressure deficit (VPD) is a 

prominent example. Increasing VPD in the morning causes an increase in sap flow rates in 

the morning. The decrease of VPD in the afternoon may however not show the same rate 

of decrease as the rate of increase in the morning. This creates a hysteresis loop. The 

reasons for the occurrence of hysteresis are not fully understood, but the most likely 

explanation is the use of stored water and potential changes in hydraulic conductivity and 

strong stomatal regulation (O'Grady et al., 1999).  

3.1.1 Stand Water Use Estimation from Sap Flow Measurements 

Interest in accurately estimating forest water use has grown over recent decades with a 

greater need for sustainable forest management and growing need to understand 

vegetation for climate impact assessments and hydrological models (Köstner et al., 1996; 

Steppe et al., 2015b; Vandegehuchte and Steppe, 2013). There are a range of techniques 

to determine forest water use. Some focus on overall hydrology or soil water aspects of an 

area where plant water use is often not the main focus. These methods are useful for soil 
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water budgets (Eastham et al., 1988) or catchment water balance calculations (Bosch and 

Hewlett, 1982). Other approaches quantify integrated evapotranspiration for the stand 

either with expensive weighing lysimeters (Edwards, 1986) on a small scale or 

micrometeorological techniques like Bowen ratio (Denmead et al., 1993) and eddy-

covariance (Baldocchi and Meyers, 1998) on a larger spatial scale. Both methods estimate 

evapotranspiration of all components of the stand (including soil, understorey and canopy) 

which can be an advantage, but components may be difficult to separate if required (Wilson 

et al., 2001). Micrometeorological methods work well, but their use is limited due to 

specific site requirements. The terrain needs to be flat and without obstacles that interfere 

with the air flow and the vegetation cover should be homogenous. Measurements also 

need to be taken above the canopy which requires tall towers in forested vegetation, 

making it a costly technique (Wullschleger et al., 1998). The most commonly used method 

is based on measuring sap flow in a number of individual trees, then estimating whole tree 

water use and finally extrapolating stand water use by using scaling up (Wullschleger et al., 

1998). This is a more cost-efficient method that can be used for almost any site. It is the 

best option when determining species effects on stand water use (Wilson et al., 2001) as 

sap flow is measured in individual trees.  

Scaling to stand level using water use of individual trees involves choosing a number of 

representative trees and a scalar that can be easily surveyed for the whole stand 

(Wullschleger et al., 1998). The number of study trees depends on the heterogeneity of the 

stand, on the stand’s age structure and species composition. A variety of different scalars 

have been used to determine whole stand water use including diameter at breast height, 

basal area, sapwood area, leaf area (Wullschleger et al., 1998) and wood density (Barbour 

and Whitehead, 2003). Tree domain-based measures like area of crown coverage or 

distance between stem have also been applied but proved less successful (Hatton et al., 

1995). The greatest uncertainty in estimating stand water use based on sap flow is the sap 

flow measurement itself and the estimation of individual whole tree water use (Berry et 

al., 2017; Hatton et al., 1995; Vertessy et al., 1997; Wilson et al., 2001).  

Sap flow measurements allow us to address questions concerning daily and seasonal water 

use patterns and the variation of these patterns with changes in climatic conditions and 
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soil moisture content and plant functioning in general (Steppe et al., 2015b). Using 

upscaling methods, we can estimate patterns of forest and catchment water use. The use 

of sap flow sensors has made a great impact on many fields allowing greater insights into 

tree water use, ecophysiology and catchment hydrology due to the possibility of 

continuous measurements over long time periods, covering seasons, they allowed greater 

replication which made and still makes scientific advances in fields related to tree water 

use (Eamus et al., 2006). There are four different measurement techniques used to 

determine the rate of sap flow through the xylem. All four require the heating of xylem 

water and use the rate of heat transfer up the stem to determine sap flow rate or sap flux 

density depending on the method used (Vandegehuchte and Steppe, 2013). Table 3.1 

provides a comprehensive overview on the different measurement methods including their 

merits and drawbacks.  

The three methods measuring sap flux density measure this at a single point, which means 

that sapwood area is required in order to estimate whole tree water use. This can be done 

by visually determining sapwood depth on increment cores or using the dye injection 

technique when there is no clear colour change at the sapwood-heartwood boundary 

(Meinzer et al., 2001; described in Chapter 2). To scale up to the whole tree the radial depth 

profile of sap flow needs to be considered as well, especially when the sapwood is deep 

(Berry et al., 2017; Ford et al., 2004). In most cases a decline of sap flow rate from the outer 

sapwood towards the pith is observed but this can vary depending on the wood anatomy 

(Phillips et al., 1996). To determine the radial profile, multiple sensors can be installed at 

different depth. One of the main disadvantages of the three sap flow methods where the 

probes are inserted into the xylem is the fact that they cannot account well for azimuthal 

variations of sap flow around the stem which can be substantial and might result in over- 

or underestimation of whole tree water use (Hatton et al., 1995). Multiple sensors could 

be installed around the stem, but this is impractical and too expensive to be common 

practise. Moreover, Komatsu et al. (2017) showed that installing sensors in multiple trees 

rather than in fewer trees with more sensors, results in better stand transpiration 

estimates. Overall, comparative studies like Fuchs et al. (2017) demonstrated that all three 

methods can deliver similar results when calibrated for the species and installed correctly. 

Sap flow sensors are a reliable and comparably inexpensive method to determine stand 
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transpiration (Čermák et al., 1995). Granier-type sensors are cheap, easy and quick to build 

which is why they are the most commonly used sensor type. This is also why I decided to 

use this sensor type.  

3.1.2 Research Questions 

So far, studies looking at the water use of New Zealand’s forest are rare. This is largely due 

to the fact that New Zealand receives high amounts of rainfall, and water availability is not 

perceived to be limited (Mark and Dickinson, 2008). This perspective is starting to change 

as annual temperatures have consistently been above long-term averages for recent years 

(NIWA National Climate Centre, 2015, 2016, 2017) and many areas have become drier over 

recent decades (Ministry for the Environment and Stats NZ, 2017). More frequent and 

longer lasting droughts are predicted for the drier parts of the country during the next 

century (Mullan et al., 2005; NIWA, 2011). Potential vulnerability and sustainability of 

water resources in New Zealand is therefore receiving more attention, especially in the 

context of the forestry industry and agricultural sector, but less so for indigenous forests 

(NIWA, 2011). I am aware of only a handful of studies investigating native forest stand 

water use. Barbour and Whitehead (2003) and Barbour et al. (2005) explored sap flow in 

Dacrydium cupressinum (rimu, a southern conifer of the Podocarpaceae family). Recent 

work by Macinnis-Ng et al. (2013, 2015, and 2017) looked at sap flow of A. australis in 

contrasting seasons including drought conditions and investigated drought adaption 

strategies. Clearly more effort to understand the water balance of New Zealand’s native 

forests are needed to assess current and future vulnerability of forest ecosystems. 

 

 



 

 

Table 3.1 Overview of the four most commonly used techniques to measure sap flux density or sap flow rates in trees.  

Method Advantages Disadvantages 

Techniques measuring sap flux density 

Thermal dissipation Most widely used technique 2 Continuous heating means greater power consumption  

(Granier type) 1 Robust, reliable3 Calibration needed for every species 6 
 Can be easily constructed from inexpensive components 4,5 Underestimation if not entirely installed in conducting sapwood 7 

 Work well at all flow rates 6 Determination of 'zero flow' point necessary 1 

  Cannot detect reverse flow  

  
Cannot account for radial and azimuthal variability, point 
measurement 8 

  Reported to underestimate sap flux density slightly 6 

Heat field  Additional axial and tangential probe 9,10 More complex installation compared to Granier sensors 

deformation 8,9 Can measure reverse flow 6 Calibration needed for every species 6 

 No need to determine 'zero flow' point 9,10 Continuous heating means greater power consumption 

  
Cannot account for radial and azimuthal variability, point 
measurement 8 

Heat pulse 11 Uses heat pulses, not continuous heating, less power required More complex installation compared to Granier sensors 12 
 Can measure reverse flow 6 Determination of 'zero flow' point necessary 6 

  Initial designs did not account well for low flow rates 13,14 

  Calibration needed for every species 15 
  Cannot account for radial and azimuthal variability 8 

Techniques measuring sap flow rate 

Heat balance 16 Gives whole tree (branch) sap flow rate not sap flux density 16 Potential overheating of the stems in hot environments 3 
 Accounts for radial and azimuthal variability Accurate placement is vital 16 
 No drilling required for installation means no tissue damage 3 Only available for branches and small DBH trees 
 Can measure reverse flow Determination of 'zero flow' point necessary 16 
1) Granier (1985), 2) Poyatos et al. (2016), 3) Eamus et al. (2006) 4) James et al. (2002), 5) Lu et al. (2004), 6) Vandegehuchte and Steppe (2013), 7) 
Clearwater et al. (1999), 8) Hatton et al. (1995) 9) Nadezhdina (1999), 10) Nadezhdina et al. (2012), 11) Marshall (1958), 12) Ren et al. (2017), 13) 
Steppe et al. (2010), 14) Burgess et al. (2001), 15) Forster (2017), 16) Smith and Allen (1996),  
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In this chapter I am estimating stand transpiration of A. australis, P. trichomanoides and P. 

totara in a dense A. australis dominated forest. The two-year data set will reveal seasonal 

patterns of sap flow and stand water use, as well as the environmental drivers of sap flow 

and stand water use. I hypothesise that larger trees use more water than smaller trees (1), 

which means that only a few of the large trees in the stand would use as much water as a 

large number of the smaller trees. I expect a common relationship between tree size (DBH) 

and water use, irrespective of tree species (2). A. australis uses the greatest proportion of 

stand water due to their dominance in size and number of stems (3). Stand water use 

follows seasonal trends, with more water use in summer than in winter (4). Due to the low 

evaporative demand in the study area I expect that stand water use is only a small 

proportion of available water, but that proportion changes seasonally (5). Finally, the 

influence of environmental drivers changes depending on soil moisture content (6). The 

overall aim of this chapter is the quantification of stand water use and its environmental 

drivers during normal (non-drought) conditions in order to understand the seasonal 

variations of water use. 

3.2 METHODS 

3.2.1 Study Area and Plot Characteristics 

The study plot is situated within the University of Auckland Huapai Scientific Reserve in the 

northern foothills of the Waitakere Ranges (Figure 3.1). The 15 ha large reserve consists of 

well-preserved, mature kauri-broadleaf forest, which is the most species rich forest in New 

Zealand (Thomas and Ogden, 1983). The reserve has an average altitude of 91 m a.s.l. and 

can be topographically divided into a plateau area, two large ridges and gullies in between 

(Figure 3.2). The plateau area is characterised by kanuka scrub and younger mixed 

podocarp-broadleaf forest, while the gullies are densely vegetated with tree ferns, nikau 

palm, cabbage trees and some kahikatea. The two main ridges feature podocarp-broadleaf 

forest dominated by kauri of all ages. The oldest kauri are estimated to be at least 640 years 

old (Thomas and Ogden, 1983).  

The climate of the Auckland region is subtropical, with warm and humid summers and mild 

winters. The annual average temperature is 14.2 °C (NIWA station, Kumeu, 4 km away from 
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the field site). Due to the proximity to the Tasman Sea and the Pacific Ocean (Figure 3.1) 

rainfall is usually plentiful throughout the year with 1302 mm per year on average (NIWA 

station, Kumeu, 4 km away from the field site). The reserve’s soil is described as Parau clay 

(Thomas and Ogden, 1983). 

 

 
Figure 3.1 Satellite image from Google Earth (DigitalGlobe 2018) illustration the location of the field 
site (Huapai Scientific Reserve) and the location of the field and official Whenuapai Airport 
meteorological stations. The distance to the closest oceans and the city of Auckland are also given. 

The study plot itself is a long-term vegetation plot, set-up in 2009 (Wunder et al., 2010). It 

is located mid-slope on the eastern ridge of the reserve (Figure 3.2). The plot size is 40 m 

by 50 m (0.2 ha). The stand is clearly dominated by A. australis covering nearly 80 % of the 

total stand basal area (Table 3.2). Compared to other kauri forest sites, this is an unusually 

high proportion, but can be explained by a major disturbance event (possibly wildfire) 

which likely only left few larger A. australis standing. The conditions after the disturbance 

event were then favourable for the regeneration of A. australis causing the high stand 

density (Wunder et al., 2010). The overall basal area of the stand is not unusual compared 

to other stands of similar forest (Ahmed, 1984). A. australis cover a wide range of 

diameters. Other common tree species are smaller P. trichomanoides and K. excelsa with 
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average diameters below 15 cm, while only a few larger P. totara are present in the plot 

(Figure 3.3). 

 
Figure 3.2 Map of the Huapai Scientific Reserve from Thomas and Ogden (1983) 

 

Table 3.2 Overview of the studied species within the Huapai Scientific Reserve permanent vegetation 
plot. Species and diameter (DBH) are taken from Wunder et al. (2010). The stand total includes all 
trees with a DBH greater than 2.5 cm, but does not include the large number of silver fern (Cyathea 
dealbata) which is the most abundant understorey tree with 785 stems / ha. Sapwood areas for A. 
australis and P. trichomanoides were calculated from sapwood area to DBH regression equations 
from Karikala (2015).  

Species Trees 
Mean DBH 

[cm] 
Basal area [m² 

ha-1] 
Sapwood area 

[m² ha-1] 
Stand basal 

area [%] 

A. australis 154 25.34 74.85 40.0 79.29 

K. excelsa 21 12.95 1.68 - 1.78 

P. trichomanoides 51 14.57 5.16 3.1 5.47 

P. totara 5 38.04 3.12 1.3 3.30 

Total study 
1155 ha-

1 
- 84.85 44.4 89.84 

Stand total 2240ha-1 - 94  100 
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Figure 3.3 Box and whisker plot of diameter at breast height (DBH) for the four main tree species 
within the Huapai Scientific Reserve permanent vegetation plot. All outliers are shown by the black 
dots. Mean is shown as dashed line. Tree species are A. australis (AGau), K. excelsa (KNex), P. 
trichomanoides (PHtr) and P. totara (POto) 

3.2.2 Environmental Data 

Meteorological data were measured at a nearby open paddock, 1.5 km from the study site 

forest (Figure 3.1). A tipping bucket (RIM8020, Measurement Engineering Australia (MEA), 

Magill, Australia) was used to measure precipitation with a resolution of 0.2 mm. All other 

instruments were installed on a weather station tripod (MEA). A Licor quantum light sensor 

(Li190, Lincoln, NE, USA) was used to measure photosynthetically active radiation (PAR, 

µmol m-2 s-1) and a cup anemometer and wind vane (WMS301, MEA) were used for wind 

speed (m s-1) and wind direction (°). An air temperature (T, °C) and humidity (RH, %) sensor 

(HMP155, Vaisala HUMICAP, Vaanta, Finland) was housed in a radiation shield. The data 

were recorded as 30 min averages (30 min for rainfall) with a Campbell Scientific data 

logger (CR 10x, Logan UT, USA) and all equipment was powered by a solar panel. Due to 

reoccurring problems with the temperature and humidity sensor malfunctioning, data had 

large gaps from April 2015 onwards so data from the closest (12 km, Figure 3.1) official 

meteorological station at Whenuapai Aerodrome (kindly provided by the Meteorological 
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Service of New Zealand Ltd, MetService) was used for this time period. These data were a 

good surrogate for our on-site data (R2 of 0.91 for temperature and 0.84 for relative 

humidity, see Figure A2 in Appendix). Vapour pressure deficit (VPD, kPa) was calculated 

from air temperature (T) and relative humidity (RH) for the Huapai and Whenuapai data 

using the following equation: 

𝑉𝑃𝐷 =   
(100 −  𝑅𝐻)

100
∗ 610.7 ∗ 107.5 𝑇 (237.3+𝑇) 

Soil volumetric water content (VMC, %) was measured with water content reflectometers 

(CS616, Campbell Scientific) at two locations within the study plot. The soil moisture probes 

were horizontally installed at four depths (soil-litter boundary, 10, 30, and 60 cm from the 

soil-litter-boundary). Data were recorded and logged as 30 min averages using a Campbell 

Scientific logger (CR10x). The water content measurements were later adjusted according 

to the soil type (litter for the litter-soil boundary measurements and loam/clay for the three 

deeper sensor probes) using the Campbell Scientific calibration equations. Daily values are 

the minimum daily mean of the two sensors at any given depth. 

3.2.3 Sap Flow Measurements and Stand Water Use Estimation 

Granier-type sap flow sensors were installed on 14 trees covering four different species 

with varying stem diameters (Table 3.3). For the sap flow sensor installation, two holes 

were drilled 10 cm apart on a vertical plane and sensors quickly inserted before the holes 

filled with resin. After installation, sensors were protected from sunlight with silver foil 

bubble-wrap and connected to a multiplexer and a Campbell CR10x logger (Campbell 

Scientific, Logan, UT, USA) which recorded the mean temperature difference between the 

upper and lower probes every 15 min. The system was powered with three 12 V, 40 AH 

batteries that were exchanged fortnightly. A. australis has very deep sapwood (Macinnis-

Ng et al., 2013) therefore more than one sensor was installed to better account for 

variation along the radial profile (Berry et al., 2017). 
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Table 3.3 Overview of trees equipped with sap flow sensors. The ID refers to the location in the plot. 
The installation depth is the centre point of the 1 cm long measurement tip, which means that if the 
depth is for example 1.5 sap flow is measured for a depth of 1 to 2 cm. *Data not shown 

Tree species ID DBH in 
(cm) 

Installation depth of sensors 
(cm from cambium) 

Agathis A046 38.4 1.5, 3.5 

australis A050 77.6 1.5, 3.5 
 A109 44.5 1.5, 3.5 
 B079 19.8 1.5, 3.5 
 C022 128.0 1.5, 3.5, 5.5, 7.5 
 D024 174.2 1.5, 3.5, 5.5, 7.5, 9.5 

Podocarpus A124 26.1 1.5 

totara D096 57.0 1.5 
 D133 70.0 1.5 

Phyllocladus B018 32.0 1.5 

trichomanoides C050 16.2 1.5 
 D087 35.1 1.5 

Knightia A036 19.3 1.5 

excelsa* A077 28.6 1.5 

 

The sensors were custom-built following a protocol developed by M. Clearwater (Macinnis-

Ng et al., 2013; Macinnis-Ng et al., 2016) using a sensor design adapted from James et al. 

(2002). Each sensor consisted of two probes, both equipped with thermocouple junctions 

(Constantan – copper – constantan) to measure the temperature difference between the 

two probes. One of the probes has an additional heating element which is made of a 

soldered assembly of four chip resistors for a total resistance of 660 Ω. The thermocouple 

junctions and the heater are housed in an epoxy filled 1 cm long aluminium tube with wire 

leading through thin but stable PEEK tubing. The tubing is of variable length and can 

therefore be adjusted according to the installation depth. The ends of the constantan 

thermocouples and copper coming out of the PEEK tubing are soldered onto Beldon cable 

and protected by an epoxy filled pipette tip. The copper thermocouple leads from one 

probe end to the other and is surrounded by protective clear plastic tubing.  

The temperature differential measured between the two sap flow sensor probes is 

influenced by the sap flux density around the probe (Granier, 1985). When sap flow is zero 

the heat generated by the upper heated probe causes the difference between the heated 
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and unheated probe to be high. If water travels up the stem the heated probe is cooled by 

the water flow and the warmed water moves further up. Consequently, the temperature 

differential is smaller compared to times with zero flow. As a result, ΔT can be converted 

to sap flux density Fd using the equation from Granier (1985): 

𝐹𝑑 = 119((∆𝑇𝑚 −  ∆𝑇)/∆𝑇)1.231 

Where ΔT is the temperature difference measured between the two probe’s thermocouple 

junctions and ΔTm is the maximum temperature which is recorded when sap flow is zero. 

The constants in the above equation account for the heat conducting properties of wood 

and depend on water content and wood anatomy. These should be experimentally verified 

for every species (Fuchs et al., 2017) by installing sap flow sensors in stem segments and 

then forcing water at known a known flow rate through the segment. I used the constants 

confirmed by Macinnis-Ng et al. (2013) for A. australis which is the same value as Granier’s 

constant for Pseudotsuga menziesii (Granier, 1987). Since no stem segments could be 

obtained for P. trichomanoides, P. totara and K. excelsa, I used same values for all species. 

We can be reasonably confident that the calibration for A. australis is suitable for the P. 

trichomanoides and P. totara because they have similar wood structures. However, K. 

excelsa has a very different wood structure and because I was unable to calibrate the 

sensors for this wood type, I have therefore not reported sap flow results for K. excelsa. 

Another challenge when using Granier-type sap flow probes is to determine the “zero flow 

point”. Since A. australis showed clear signs of nocturnal sap flow (Macinnis-Ng et al. 2016) 

and has a large water storage capacity (see Chapter 4) it was unlikely that zero flow 

occurred every night. The temperature differential at zero flow, Tm can be selected in 

different ways. We can assume flow rate will be zero when solar radiation is absent and 

vapour pressure deficit in the surrounding air is low, such as during a night-time rain event. 

However, it is difficult to automate detection of rainy wet nights in calculating running zero 

flow values. I used an approach similar to Lu et al. (2004) whereby I assumed that during a 

period of 10 days the environmental conditions for zero flow are met and sap flow reaches 

zero. The 10 day window was small enough to account for changes in wood water content 

and at the same time large enough to meet the environmental conditions necessary for 

zero flow for most 10 day periods.  
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The estimation of stand water use required a number of steps, which are illustrated in 

Figure 3.4 and described in more detail. The first step for scaling sap flow to whole tree 

water use is the determination of the trees’ sapwood depth. As all three study species did 

not show a clear colour change at the transition of sapwood to heart wood I determined 

sapwood depth for each tree by following the dye injection technique described by Meinzer 

et al. (2001) using a 0.1 % carmine blue solution. A 5 mm increment borer (Haglöf Sweden 

AB, Långsele, Sweden) was used to drill a hole as deep as the tree radius or 30 cm for trees 

with a radius greater than the length of the borer. Using a syringe fitted with a long flexible 

plastic tube the holes were then filled with the dye solution and the hole was covered with 

blue-tac to prevent dye flowing out. I topped up the dye every hour. After four hours, a 

second core was taken 5 cm above the initial hole. Meinzer et al. (2001) drilled the second 

hole 10 cm above, but I found that the sap flow rate for sapwood close to the centre of the 

tree was too small to reach the recommended distance within the four hours and therefore 

adjusted it. The second cores showed green-blue stains (example shown in Figure 3.5) 

where water carried the dye up through the conducting sapwood. The depth of the stained 

part of the core is therefore a good measurement for sapwood depth. The dying 

experiment was conducted on sunny days in summer when sap flow was highest. 
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Figure 3.4 Illustrated processes of upscaling sap flux measurements to whole tree water use and 
stand water use.  
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Figure 3.5 Example of an increment core taken during the dye determination of sapwood depth. 
Picture shows a P. trichomanoides (B018) core. The blue dye is clearly visible and shows the extent 
of conducting sapwood. 

The second step, of upscaling sap flow measurements to whole tree water use differed by 

species. Because multiple sap flow sensors were installed in A. australis only, the radial sap 

flow profiles were still unknown for the other three species. I therefore used the sapflux R 

script by Berdanier et al. (2016) to scale up to whole tree water use. For A. australis the sap 

flow measurements were multiplied by the area they covered (see Figure 3.6). For deeper 

sapwood, not covered by sensor measurements a linear decline from the deepest sensor 

to the sapwood-heart-wood-boundary was assumed simply because a decline was 

observed from the outer sensors to the inner sensors and studies like Phillips et al. (1996) 

or Ford et al. (2004) have shown a decline of sap flow towards the centre as well. Many 

studies, for example Lu et al. (2004) assume consistent flow rates, but due to the deep 

sapwood of A. australis a linear decline seemed more appropriate (Delzon et al., 2004) 
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Figure 3.6 Example of how sap flow sensor measurements are weighted by area for a tree with five 
sap flow sensors, like A. australis D024, the largest sample tree. 

Stand water use was calculated by first summing up the 15 min whole tree measurements 

to daily whole tree measurements for each sample tree. I used diameter at breast height 

(DBH) as a scalar. For every day of the sample period a power function was fitted to identify 

the relationship between DBH and whole tree water use. The resulting regression equation 

was used to predict the whole tree water use of all other trees of the study plot. The survey 

data was taken from Wunder et al. (2010) who recorded DBH, species and canopy 

dominance for all trees in the plot with a diameter greater than 2.5 cm. Results from the 

two instrumented K. excelsa trees were not included in the results because the data for 

both trees was overall very noisy and had too many gaps and I was not confident that the 

calibration equation used for the other trees was appropriate since the wood anatomy 

differs significantly (K. excelsa wood is diffuse porous). 

3.2.4 Data Analysis 

I performed multiple linear regression analysis using the R stats package for each individual 

tree with hourly averages to identify the drivers of water use. This was the best possible 

resolution due to the Whenuapai temperature and humidity data for 2015 being provided 

as hourly averages. A two-hour lag was applied to all environmental variables to account 

for the effects of hysteresis and water storage after an initial assessment of lag times using 

cross correlation. Variables with strong collinearity were excluded from the analysis if the 
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variance inflation factor (VIF) was above the threshold suggested by Quinn and Keough 

(2002). Unsurprisingly soil moisture at all four depths showed collinearity. Therefore, only 

the soil moisture content at a depth of 10 cm was used. Relative humidity was also excluded 

for collinearity with VPD. I also excluded temperature even though the VIF was under the 

threshold, but previous regression analysis showed little impact of temperature (Chapter 

2). Lags between environmental variables and sap flow were calculated using cross-

correlation. In order to investigate the varying influence of environmental drivers during 

times of high and low soil moisture, I used the upper and lower quantile of soil moisture 

values (10 cm depth) to create subsets of sap flow data and daily water use. Dry periods 

are therefore defined as times when the soil moisture was lower than 38 % and wet times 

when soil moisture was above 52 %. In addition, for regression analysis using sap flow of 

individual trees only midday values between 11 am to 2 pm of sap flow were used.  

3.3 RESULTS 

3.3.1 Environmental Conditions 

The environmental conditions during the two-year study period (July 2014 to June 2016) 

showed a clear seasonal trend (Figure 3.7) with January and February being the warmest 

months and July the coldest. The years 2014 to 2016 were all warmer than the long-term 

average especially the first half of 2016. Average annual temperatures at the station in 

Auckland were 0.5 (NIWA National Climate Centre, 2015), 0.6 (NIWA National Climate 

Centre, 2016) and 1.2 ˚C (NIWA National Climate Centre, 2017) warmer than normal in 

2014, 2015 and 2016 respectively, making 2016 the warmest year since the beginning of 

the record in 1909 (NIWA National Climate Centre, 2017). The mean temperature for the 

Huapai and Whenuapai stations was 14.8 °C which is nearly a degree colder than the 

average temperature at the official NIWA station in Auckland. The coldest recorded 

temperature was -3.4 °C and the maximum was 29.8 °C during the study period. VPD 

followed the same seasonal trend as temperature with maximum VPD reached between 

January and March and the lowest in July. VPD ranged from 0.0 to 2.1 kPa with a mean of 

0.4 kPa. Rainfall during the study period was near normal for the official station in Auckland 

(2014: 964 mm, 2015: 964, 2016: 1143 mm). The annual rainfall sums in Huapai (Table 3.4) 

were around 200 mm greater than for the official Auckland climate station, which is 
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expected since the Huapai station is located further west and there is a known rainfall 

gradient moving west from central Auckland. Overall summers and early autumns received 

less rainfall than winter and spring. Soil moisture was lower in summer 2014/15 than in 

2015/16 due to low rainfall in January and February 2015 and levels stayed relatively low 

until May 2015. The litter-soil boundary showed very low moisture content during that 

time. The larger gap in rainfall and solar radiation data sets (end of Oct 2015 – beginning of 

Dec 2015) were due to problems with the power supply of the data logger. This could be 

solved by using a regulator between the solar panel, battery and logger and the 

replacement of the logger’s internal battery, but over the two-year period 44 days (6 %) of 

data are missing.  

3.3.2 Sap Flow and Stand Water Use 

Daily water use of individual trees (Qtree, L day-1) showed a clear seasonal trend (Figures 3.8 

and 3.9). Qtree was highest during the summer months and lowest during the winter. The 

largest tree (A. australis D024) used the most water, up to 300 kg per day in summer. The 

smallest instrumented tree (A. australis B079) only used up to 6 kg per day in summer.  

There was a strong relationship (R2 = 0.953) between Qtree and DBH (Figure 3.10) which 

justifies the use of DBH as a scalar. Despite the good fit, the model used to scale up does 

not work perfectly for all trees (Figure 3.11). Qtree is overestimated for some trees and 

underestimated for others. The model achieved a very good fit for the largest tree but 

slightly underestimates daily Qtree. The fit for the smallest trees like P. trichomanoides B018 

was not as good and over- and underestimates Qtree without being consistent over time, 

underperforming especially during times of high daily water use.  
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Figure 3.7 Environmental condition from July 2014 to June 2016. Soil moisture content (VMC) was 
measured at the field site. Precipitation and photosynthetically active radiation (PAR) were 
measured at the field meteorological station in Huapai. Temperature and humidity were measured 
at the station in Huapai until March 2015. After that date data from Whenuapai Aerodrome data 
are shown. All data are 30 min means, except for precipitation where 30 min sums were recorded. 
The data from Whenuapai is the mean of the 10 min prior to the recording.   
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Stand water use varied between 0.2 and 3.4 mm. The average stand water use over the 

two year study period was 1.6 mm. Minimum values were recorded during winter, mainly 

during July each year. Maximum water use occurred during the summer months of January 

and February. The seasonal variability visible for single trees in Figures 3.8 and 3.9 was also 

apparent in daily stand water use (Qstand, Fig. 3.12). Summer Qstand was more than twice as 

high as winter Qstand. Overall only 34 days (<5 %) were missing out of the 731 day 

measurement period. This is mostly shorter gaps, but also one longer gap in November and 

December 2015. All gaps were due to problems with the power supply either due to 

batteries running low because the weather conditions did not permit a change over or 

cable connections coming loose and thereby cutting the power supply to the heaters and 

the data loggers. 

Over the course of the study period, Qstand was between 50 and 56 % of annual precipitation 

(Table 3.4). During the first measurement year Qstand exceeded the amount of rainfall during 

two summer months. In the second year, there was slightly less rainfall from late spring 

(Oct 2015) to early autumn (Apr 2016) and Qstand was close to or greater than the monthly 

rainfall amount. Unfortunately, November and December 2015 had gaps in either Qstand or 

rainfall data. A. australis used between 76.8 and 86.3 % of Qstand with the proportion 

greatest in autumn in both study years. P. totara used only 2.3 to 4.4 % and P. 

trichomanoides use 10.5 to 18.9 % of Qstand (Table 3.5). With regards to canopy dominance 

the ten dominant trees of the stand were using 19 % of the total stand water use (Table 

3.6). The co-dominant proportion of trees accounted for half of Qstand. The majority of trees 

fell into the intermediate or suppressed canopy dominance category and only accounted 

for about a third of Qstand. Eighty-four percent of the trees in the stand had a DBH smaller 

than 40 cm and accounted for half of Qstand (Table 3.7). The three largest trees (99th 

percentile) alone used 10 % of the Qstand. Trees in the 95th DBH percentile use 21 % of the 

water. 
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Figure 3.8 Measured daily whole tree water use for A. australis (AGau) for the two year study period 
(July 2014 – June 2016). Species, tree ID and DBH are given in the upper right corner of each panel. 
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Figure 3.9 Measured daily whole tree water use for P. totara (POto) and P. trichomanoides (PHtr) 
for the two-year study period (July 2014 – June 2016). Species, tree ID and DBH are given in the 
upper right corner of each panel. 
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Figure 3.10 Relationship of diameter at breast height (DBH) and mean daily tree water use (Qtree) 
with standard deviation for the two-year study period. ● are A. australis, Δ are P. trichomanoides 
and □ are P. totara. The regression line is a power function, R2 is 0.953 (p < 0.001). 
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Figure 3.11 Observed daily whole tree water use from instrumented trees versus predicted values 
calculated using the estimation equation for each day. The four trees were chosen to cover a range 
of sizes and different species. This illustrates how well the obtained regression equation works for 
individual trees of different sizes. It works well with the large A. australis, but underestimates 
medium size A. australis. P. totara are slightly underestimated and for the small P. trichomanoides 
the model unfortunately underperformed especially during times of high sap flow. 
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Figure 3.12 Estimated stand water us in mm per day for the two-year period from July 2014 to June 
2016. Out of 731 measurement days 34 values are missing due to power failures. 
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Table 3.4 Monthly values of stand water use Qstand and rainfall data from the Huapai meteorological 
station and the proportion of rainfall used by the stand. Numbers in superscript next to the values 
indicate the number of days missing from the monthly stand data. For months with more than three 
days of data missing, the proportions were not calculated. 

 
Rainfall Qstand 

Qstand / 
rainfall 

 mm mm % 

Jul 2014 151.6 30.2 19.9 

Aug 117.4 39.3 33.5 

Sep 133.2 41.9 31.5 

Oct 109.0 49.8 45.7 

Nov 84.2 56.0 66.5 

Dec 103.81 64.2 61.9 

Jan 2015 18.4 79.9 434.0 

Feb 43.2 59.2 137.0 

Mar 90.2 56.9 63.1 

Apr 89.8 49.5 55.1 

May 157.6 38.1 24.2 

Jun 101.0 31.22 30.9 

Annual 1199.4 596.1 49.7 

Jul 146.6 35.4 24.1 

Aug 190.4 37.4 19.6 

Sep 84.0 46.62 55.4 

Oct 24.03 52.8 220.2 

Nov 30 34.113  
Dec 51.87 30.517  
Jan 2016 80.2 70.1 87.4 

Feb 79.4 61.1 77.0 

Mar 33.0 64.0 194.0 

Apr 48.4 46.2 95.4 

May 127.81 34.9 27.3 

Jun 104.22 29.8 28.6 

Annual 969.8 542.9 56.0 
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Table 3.5 Monthly values of stand water use Qstand split into the contributing species. Values are 
given in mm and as a proportion of Qstand in %. 

 Qstand 
Species 

A. australis P. trichomanoides P. totara 

n = 210 154 51 5 

 mm mm % mm % mm % 

Jul 2014  30.2 24.7 81.8 4.5 15.0 1.0 3.2 

Aug 39.3 30.2 76.8 7.4 18.9 1.7 4.2 

Sep 41.9 32.7 78.0 7.5 18.0 1.7 4.0 

Oct 49.8 39.8 80.0 8.1 16.3 1.8 3.7 

Nov 56.0 46.1 82.4 8.1 14.5 1.7 3.1 

Dec 64.2 53.1 82.7 9.1 14.2 2.0 3.2 

Jan 2015 79.9 67.2 84.1 10.3 12.9 2.3 2.9 

Feb 59.2 50.9 86.0 6.7 11.3 1.6 2.6 

Mar 56.9 49.6 87.2 6.0 10.5 1.3 2.3 

Apr 49.5 42.6 86.0 5.6 11.3 1.3 2.7 

May 38.1 31.5 82.7 5.3 13.9 1.3 3.4 

Jun 31.2 25.0 80.2 4.9 15.7 1.3 4.1 

Total 596.1 493.4 82.3 83.6 14.4 19.0 3.3 

Jul 35.4 27.9 78.7 6.0 16.8 1.6 4.4 

Aug 37.4 29.5 78.9 6.3 16.8 1.6 4.3 

Sep 46.6 37.0 79.5 7.5 16.2 2.0 4.3 

Oct 52.8 42.8 81.1 8.0 15.1 2.0 3.8 

Nov 34.1 28.4 83.4 4.6 13.4 1.1 3.2 

Dec 30.5 23.9 78.3 5.3 17.3 1.3 4.4 

Jan 2016 70.1 55.3 78.9 11.9 17.0 2.9 4.1 

Feb 61.1 50.7 83.0 8.3 13.6 2.1 3.4 

Mar 64.0 54.1 84.6 7.9 12.3 2.0 3.1 

Apr 46.2 39.9 86.3 5.1 11.0 1.2 2.7 

May 34.9 28.9 82.8 4.8 13.8 1.2 3.3 

Jun 29.8 23.7 79.6 4.9 16.4 1.2 4.0 

Total 542.9 442.3 81.3 80.5 15.0 20.1 3.7 
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Table 3.6 Monthly contribution of trees grouped by canopy dominance according to Wunder et al. 
(2010) towards stand water use Qstand. Values are given in mm and as a proportion of Qstand in %. 

 
Qstand 

Canopy dominance 
 dominant Co-dominant Intermediate Suppressed 

n = 210 10 62 83 55 

 mm mm % mm % mm % mm % 

Jul 2014 30.2 5.6 18.6 14.8 48.8 7.7 25.4 2.1 7.1 

Aug 39.3 7.3 18.5 18.4 46.9 10.8 27.5 2.8 7.0 

Sep 41.9 7.7 18.4 19.9 47.6 11.3 27.0 3.0 7.1 

Oct 49.8 9.2 18.5 24.0 48.3 13.0 26.2 3.5 7.1 

Nov 56.0 10.6 18.9 27.3 48.8 14.1 25.2 4.0 7.1 

Dec 64.2 12.2 18.9 31.3 48.8 16.1 25.1 4.6 7.1 

Jan 2015 79.9 15.3 19.1 39.3 49.2 19.5 24.5 5.7 7.2 

Feb 59.2 11.4 19.3 29.4 49.7 14.0 23.7 4.3 7.2 

Mar 56.9 11.0 19.4 28.5 50.1 13.2 23.3 4.1 7.2 

Apr 49.5 9.6 19.4 24.5 49.6 11.8 23.8 3.6 7.2 

May 38.1 7.2 18.8 18.6 48.8 9.6 25.2 2.7 7.1 

Jun 31.2 5.8 18.7 14.9 47.8 8.2 26.4 2.2 7.1 

Total 596.1 112.8 18.9 291.1 48.7 149.5 25.3 42.6 7.1 

Jul 35.4 6.6 18.5 16.8 47.4 9.6 27.0 2.5 7.1 

Aug 37.4 6.9 18.4 17.8 47.6 10.1 26.9 2.6 7.1 

Sep 46.6 8.7 18.6 22.2 47.7 12.4 26.7 3.3 7.1 

Oct 52.8 10.0 19.0 25.3 48.0 13.7 25.9 3.8 7.1 

Nov 34.1 6.5 19.1 16.6 48.8 8.5 24.9 2.4 7.1 

Dec 30.5 5.7 18.6 14.4 47.3 8.2 27.0 2.2 7.1 

Jan 2016 70.1 13.0 18.6 33.4 47.6 18.8 26.8 4.9 7.1 

Feb 61.1 11.6 19.0 29.9 48.9 15.3 25.1 4.4 7.1 

Mar 64.0 12.2 19.1 31.6 49.3 15.6 24.4 4.6 7.2 

Apr 46.2 9.0 19.4 22.9 49.7 10.9 23.7 3.3 7.2 

May 34.9 6.7 19.1 17.0 48.7 8.7 25.0 2.5 7.1 

Jun 29.8 5.6 18.7 14.3 47.9 7.9 26.4 2.1 7.0 

Total 542.9 102.4 18.8 262.2 48.2 139.7 25.8 38.6 7.1 
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Table 3.7 Monthly contribution of trees grouped by DBH towards stand water use Qstand. Values are 
given in mm and as a proportion of Qstand in %. N represents the number of overall trees in the stand 
or the DBH group. The rounded percentage of trees per group compared to the overall number of 
trees in the plot is given in brackets. 

 Qstand 
DBH [cm] 

 0 < 20 20 < 40 40 < 60 60 < 80 80 < 100 ≥ 100 

n = 210 126 (60 %) 50 (24 %) 23 (11 %) 7 (3 %) 1 (1 %) 3 (1 %) 

  mm % mm % mm % mm % mm % mm % 

Jul 14 30.2 8.0 26.3 9.2 30.5 6.9 22.7 2.9 9.5 0.6 2.0 2.7 9.0 

Aug 39.3 11.2 28.5 11.7 29.8 8.4 21.4 3.9 9.8 0.7 1.9 3.4 8.6 

Sep 41.9 11.7 28.0 12.5 29.9 9.2 21.9 4.0 9.5 0.8 1.9 3.7 8.8 

Oct 49.8 13.5 27.1 15.1 30.2 11.1 22.4 4.6 9.3 1.0 1.9 4.5 9.1 

Nov 56.0 14.7 26.2 17.0 30.3 12.7 22.7 5.3 9.4 1.1 2.0 5.3 9.4 

Dec 64.2 16.8 26.1 19.4 30.2 14.7 22.9 6.0 9.3 1.3 2.0 6.1 9.5 

Jan 15  79.9 20.4 25.6 23.9 29.9 18.7 23.4 7.3 9.2 1.6 2.0 7.8 9.8 

Feb 59.2 14.7 24.9 17.7 29.9 14.1 23.9 5.4 9.1 1.2 2.1 6.0 10.1 

Mar 56.9 13.9 24.4 17.2 30.2 13.7 24.0 5.1 9.0 1.2 2.1 5.8 10.2 

Apr 49.5 12.3 24.9 14.8 30.0 11.7 23.7 4.6 9.2 1.0 2.1 5.0 10.1 

May 38.1 10.0 26.2 11.4 30.0 8.8 23.2 3.5 9.1 0.8 2.0 3.6 9.6 

Jun 31.2 8.5 27.3 9.2 29.6 7.0 22.6 3.0 9.5 0.6 2.0 2.9 9.1 

Total 596.1 155.6 26.3 179.1 30.0 137.1 22.9 55.4 9.3 12.0 2.0 56.8 9.4 

Jul 35.4 9.8 27.7 10.5 29.7 7.9 22.2 3.3 9.4 0.7 1.9 3.2 9.1 

Aug 37.4 10.3 27.6 11.1 29.8 8.4 22.3 3.5 9.3 0.7 1.9 3.4 9.0 

Sep 46.6 12.8 27.5 13.8 29.6 10.5 22.6 4.3 9.2 0.9 1.9 4.3 9.3 

Oct 52.8 14.2 26.9 15.6 29.6 12.0 22.7 5.0 9.4 1.0 2.0 5.0 9.5 

Nov 34.1 8.8 25.9 10.2 29.9 7.9 23.1 3.2 9.5 0.7 2.0 3.3 9.6 

Dec 30.5 8.5 27.9 9.0 29.4 6.8 22.2 2.9 9.5 0.6 1.9 2.8 9.0 

Jan 16 70.1 19.4 27.6 20.9 29.8 15.6 22.2 6.6 9.4 1.3 1.9 6.3 9.1 

Feb 61.1 15.9 26.0 18.3 29.9 14.2 23.3 5.7 9.3 1.2 2.0 5.8 9.5 

Mar 64.0 16.3 25.4 19.1 29.8 15.2 23.7 6.0 9.3 1.3 2.1 6.2 9.7 

Apr 46.2 11.4 24.8 13.8 29.9 11.0 23.9 4.4 9.5 1.0 2.1 4.6 9.9 

May 34.9 9.1 26.0 10.4 29.9 8.0 23.1 3.3 9.6 0.7 2.0 3.3 9.4 

Jun 29.8 8.1 27.2 8.9 29.8 6.7 22.5 2.8 9.4 0.6 1.9 2.7 9.1 

Total 542.9 144.6 26.7 161.7 29.8 124.1 22.8 50.9 9.4 10.8 2.0 50.9 9.3 
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3.3.3 Drivers of Transpiration 

Hysteresis occured in all trees in response to VPD (Figure 3.13) and PAR (Figure 3.14). 

Hysteresis area is similar and little difference is visible between tree sizes for the response 

to VPD and PAR on a summer day. For both VPD and PAR the direction of hysteresis is anti-

clockwise. The area of the hysteresis loop was smaller in winter, especially in response to 

VPD where the loop nearly disappeared for some trees, for example P. totara D133 (Figure 

3.13). The time lags needed to achieve the best correlation of sap flow at the base of the 

tree and environmental drivers showed no consistent time lag for the cross-correlation 

with VMC and rainfall (Table 3.8). The average time lag for wind speed and VPD ranged 

between 1 to 3 h, the longest time lags were needed to achieve the best correlation with 

PAR where they ranged between 2 to 3 h. Overall there was no clear relationship between 

tree size and the length of the time lag. In some trees a small secondary hysteresis loop 

occurred during dry periods in response to VPD that was not visible in the response to PAR. 

This small loop followed a clockwise direction. 

Multiple linear regression models using five environmental variables as independent 

variables (Table 3.9) could explain between 70 to 83 % of variation for most trees. For the 

smallest trees of each species the R2 was a lot lower, ranging between 33 to 56 %. Partial 

R2 was largest for either PAR or VPD for all trees, but VPD tended to have more explanatory 

power for the larger trees and PAR more for the smaller trees. A comparison of the 

response to VPD and PAR during times of high and low soil moisture (Figure 3.15, Figure 

3.16 and Table 3.10) showed a clear difference between these times. The slope was always 

steeper during wet periods than during dry periods. The slopes were also very similar for 

VPD and PAR. In all but one case (A. australis A050), the explanatory power of the 

relationships of sap flow and PAR and sap flow and VPD was always greater when the soil 

was wet. 

  



 

100 
 

0.0 0.5 1.0 1.5 2.0

0

5

10

15

20

25

0.0 0.5 1.0 1.5 2.0

0

1

2

3

4

5

0.0 0.5 1.0 1.5 2.0

0

1

2

3

4

5

6

0.0 0.5 1.0 1.5 2.0

0

2

4

6

8

10

12

14

VPD [kPa]

0.0 0.5 1.0 1.5 2.0

Y
 D

a
ta

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.5 1.0 1.5 2.0

Q
tr

e
e
 [ 

kg
 h

-1
]

0.0

0.1

0.2

0.3

0.4

0.5

AGau - D024 POto - D133

AGau - A109 POto - D096

AGau - B079 PHtr - B018

 
Figure 3.13 Example of hysteresis in summer and winter for selected study trees in response to VPD. 
Trees were selected to cover a range of sizes and species. Displayed is data collected on Jan 26 2015 
(open circles) and July 4 2014 (grey circles). Note the change in scale on the y-axes. Direction of 
hysteresis is anti-clockwise.   
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Figure 3.14 Example of hysteresis in summer and winter for selected study trees in response to PAR. 
Trees were selected to cover a range of sizes and species. Displayed is data collected on Jan 26 2015 
(open circles) and on July 4 2014 (grey circles). Note the change in scale on the y-axes. Direction of 
hysteresis is anti-clockwise.  
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Table 3.8 Time lags determined using cross-correlation with the maximum possible lag time set to 
12 hours. Cor is the correlation coefficient between the Qtree and the environmental variable and lag 
is the lag time in hours. Only the variables used for the multiple linear regression analysis were 
tested.  

Tree VPD PAR VMC at 10 cm Windspeed Rainfall 
 cor lag cor lag cor lag cor lag cor lag 

D024 0.89 3 0.87 4 0.10 12 0.48 3 -0.02 -12 

C022 0.90 2 0.88 4 0.07 12 0.45 2 -0.04 -12 

A050 0.84 2 0.86 3 0.21 12 0.46 1 -0.04 -12 

A046 0.91 2 0.88 3 0.09 12 0.48 2 -0.04 -12 

A109 0.89 2 0.90 3 0.11 12 0.48 2 -0.04 -12 

B079 0.72 3 0.79 4 0.17 8 0.33 3 0.00 12 

D096 0.85 3 0.88 4 0.14 11 0.52 3 -0.01 12 

D133 0.84 2 0.85 3 0.23 12 0.50 2 -0.03 12 

A124 0.48 2 0.52 3 0.28 -2 0.47 2 0.35 2 

B018 0.67 2 0.74 3 0.21 0 0.47 2 0.11 2 

D087 0.75 1 0.76 2 0.21 7 0.42 1 0.05 12 

mean  2.18  3.27  8.73  2.09  -0.73 
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Table 3.9 Multiple linear regression results for each study tree using hourly measurements over the 
two-year measurement period. A lag of two hours was applied to the environmental variables. 
Significance of P-values is indicated by: *** (0.001), ** (0.01) and * (0.05). The response variable is 
whole tree sap flow rate for individual trees, tree ID, DBH in cm and species (AGau – A. australis, 
POto – P. totara, PHtr – P. trichomanoides) are indicated. 

Response 
Predictor 
variable 

Parameter 
estimate 

Standard 
error 

t-value P-value Partial R2 

AGau (Intercept) 0.603 0.160 3.78 *** 0.77 

D024 Rain -0.447 0.066 -6.76 *** 0.00 

174 cm VMC  0.010 0.003 3.13 ** 0.03 
 VPD 9.288 0.095 98.01 *** 0.38 
 Wind  0.308 0.036 8.60 *** 0.00 
 PAR 0.010 1.50E-04 67.60 *** 0.23 

AGau (Intercept) 1.859 0.106 17.62 *** 0.80 

C022 Rain -0.247 0.044 -5.64 *** 0.00 

128 cm VMC  -0.028 0.002 -12.49 *** 0.02 
 VPD 6.731 0.063 107.42 *** 0.43 
 Wind  -0.209 0.024 -8.83 *** 0.01 
 PAR 0.007 9.96E-05 74.64 *** 0.26 

AGau (Intercept) 0.434 0.029 14.96 *** 0.73 

A050 Rain 0.118 0.012 9.84 *** 0.01 

78 cm VMC  -0.002 0.001 -3.19 ** 0.02 
 VPD 1.016 0.017 58.90 *** 0.18 
 Wind  -0.067 0.007 -10.35 *** 0.01 
 PAR 0.003 2.74E-05 93.41 *** 0.36 

AGau (Intercept) -0.011 0.007 -1.75 0.080 0.82 

A046 Rain -0.011 0.003 -3.96 *** 0.00 

38 cm VMC  0.001 1.38E-04 5.61 *** 0.02 
 VPD 0.372 0.004 95.45 *** 0.37 
 Wind  0.015 0.001 9.98 *** 0.01 
 PAR 0.001 6.19E-06 98.45 *** 0.38 

AGau (Intercept) 0.035 0.004 8.28 *** 0.40 

B079 Rain 0.009 0.002 5.16 *** 0.00 

20 cm VMC  0.001 8.90E-05 7.32 *** 0.01 
 VPD 0.170 0.003 67.64 *** 0.23 
 Wind  -0.002 0.001 -2.25 * 0.00 
 PAR 1.25E-05 3.99E-06 3.12 ** 0.00 

AGau (Intercept) 0.062 0.023 2.70 ** 0.83 

A109 Rain -0.026 0.010 -2.77 ** 0.00 

45 cm VMC  2.36E-04 4.84E-04 0.49 0.625 0.01 
 VPD 1.015 0.014 74.22 *** 0.26 
 Wind  0.001 0.005 0.25 0.802 0.00 
 PAR 0.003 2.17E-05 130.59 *** 0.52 
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Table 3.9 continued 

Response 
Predictor 
variable 

Parameter 
estimate 

Standard 
error 

t-value P-value Partial R2 

POto (Intercept) -0.327 0.012 -26.68 *** 0.72 

D133 Rain -0.030 0.005 -5.82 *** 0.00 

70 cm VMC  0.009 2.57E-04 34.23 *** 0.08 
 VPD 0.319 0.007 43.78 *** 0.11 
 Wind  0.030 0.003 10.88 *** 0.01 
 PAR 0.001 1.15E-05 93.88 *** 0.36 

POto (Intercept) -0.025 0.002 -11.56 *** 0.33 

A124 Rain 0.035 0.001 37.59 *** 0.09 

26 cm VMC  0.001 4.54E-05 22.17 *** 0.04 
 VPD 0.036 0.001 27.80 *** 0.05 
 Wind  0.002 4.99E-04 3.93 *** 0.00 
 PAR 5.64E-05 2.06E-06 27.39 *** 0.05 

PHtr (Intercept) -0.013 0.003 -4.31 *** 0.56 

B018 Rain 0.028 0.001 22.37 *** 0.03 

32 cm VMC  0.001 6.30E-05 17.89 *** 0.02 
 VPD 0.049 0.002 27.36 *** 0.05 
 Wind  0.007 0.001 10.74 *** 0.01 
 PAR 1.97E-04 2.83E-06 69.68 *** 0.24 

PHtr (Intercept) -0.244 0.082 7.59 *** 0.70 

D087 Rain -0.018 0.009 -3.15 *** 0.00 

35 cm VMC  0.007 0.002 -7.00 *** 0.02 
 VPD 0.343 0.011 35.54 *** 0.30 
 Wind  0.034 0.006 4.24 *** 0.01 
 PAR 0.001 2.16E-05 18.97 *** 0.11 
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Figure 3.15 Response of sap flow of A. australis to PAR and VPD. Midday sap flow values were used 
and VPD and PAR were offset by 2 hours. Grey circles and dashed lines represent values during time 
of high soil moisture (VMC > 52 %) and open circles and solid lines represent dry periods (VMC < 38 
%). Numbers next to the trend lines are R2 values (all significant, p < 0.001). 



 

106 
 

0 200 400 600 800

0.0

0.5

1.0

1.5

2.0

2.5
Wet
Wet
Dry
Dry

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0 200 400 600 800

Q
tr

e
e
 [k

g
 h

-1
]

0.0

0.2

0.4

0.6

0.8

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

PAR [µmol m
-2 s-1]

0 200 400 600 800

0.0

0.1

0.2

0.3

0.4

0.5

VPD [kPa]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POto - D133

POto - D096

PHtr - B018

0.24

0.14

0.46

0.37

0.25

0.06

0.40

0.34

0.03

0.00

0.29

0.27

 
Figure 3.16 Response of sap flow of P. totara (POto) and P. trichomanoides (PHtr) to PAR and VPD. 
Midday sap flow values were used and VPD and PAR were offset by 2 hours. Grey circles represent 
values during time of high soil moisture (VMC > 52 %) and open circles represent dry periods (VMC 
< 38 %). Numbers next to the trend lines are R2 values (all significant, p < 0.001). 
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Table 3.10 Comparison of linear regression fit for the study trees and VPD and PAR during wet (VMC 
10 > 52 %) and dry periods (VMC 10 < 38 %). Significance of P-values is indicated by: *** (0.001), ** 
(0.01) and * (0.05). 

Tree   Est. SE 
t-
value 

P-
value 

 Est. SE 
t-
value 

P-
value 

  PAR     VPD     

D024 Dry (Intercept) 2.251 0.444 5.075 *** (Intercept) 1.205 0.366 3.290 ** 

  PAR 0.014 0.001 10.235 *** VPD 0.020 0.001 24.609 *** 

  R2 0.222    R2 0.509    

 Wet (Intercept) 1.779 0.313 5.684 *** (Intercept) 1.265 0.258 4.896 *** 

  PAR 9.107 0.524 17.384 *** VPD 17.616 0.489 36.040 *** 

  R2 0.447    R2 0.682    

C022 Dry (Intercept) 1.679 0.281 5.969 *** (Intercept) 0.516 0.241 2.137 * 

  PAR 0.014 0.001 15.447 *** VPD 0.013 0.001 25.495 *** 

  R2 0.394    R2 0.532    

 Wet (Intercept) 1.832 0.195 9.387 *** (Intercept) 0.433 0.156 2.774 ** 

  PAR 7.522 0.327 23.035 *** VPD 12.376 0.295 41.971 *** 

  R2 0.587    R2 0.748    

A050 Dry (Intercept) 0.956 0.078 12.302 *** (Intercept) 0.569 0.076 7.478 *** 

  PAR 0.003 0.000 10.522 *** VPD 0.003 0.000 20.217 *** 

  R2 0.232    R2 0.412   

 

 Wet (Intercept) 1.155 0.067 17.326 *** (Intercept) 0.480 0.053 9.091 *** 

  PAR 1.075 0.112 9.633 *** VPD 3.227 0.100 32.331 *** 

  R2 0.199    R2 0.633    

A046 Dry (Intercept) 0.084 0.019 4.466 *** (Intercept) 0.037 0.019 1.903 0.057 

  PAR 0.001 0.000 13.963 *** VPD 0.001 0.000 25.898 *** 

  R2 0.347    R2 0.535    

 Wet (Intercept) 0.083 0.013 6.416 *** (Intercept) 0.067 0.015 4.422 *** 

  PAR 0.477 0.022 22.119 *** VPD 0.916 0.029 31.952 *** 

  R2 0.567    R2 0.628    

B079 Dry (Intercept) 0.048 0.005 10.378 *** (Intercept) 0.030 0.007 4.652 *** 

  PAR 0.000 0.000 3.252 ** VPD 0.000 0.000 14.724 *** 

  R2 0.028    R2 0.271    

 Wet (Intercept) 0.035 0.004 9.778 *** (Intercept) 0.036 0.006 6.475 *** 

  PAR 0.055 0.006 9.156 *** VPD 0.181 0.011 17.193 *** 

  R2 0.183    R2 0.328    

A109 Dry (Intercept) 0.308 0.071 4.314 *** (Intercept) 0.137 0.065 2.111 * 

  PAR 0.004 0.000 16.653 *** VPD 0.004 0.000 30.469 *** 

  R2 0.430    R2 0.615    

 Wet (Intercept) 0.455 0.055 8.238 *** (Intercept) 0.330 0.054 6.113 *** 

  PAR 1.838 0.092 19.884 *** VPD 3.489 0.103 33.975 *** 

  R2 0.514    R2 0.656    
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Table 3.10 continued 

Tree   Est. SE 
t-
value 

P-
value 

 Est. SE 
t-
value 

P-
value 

  PAR     VPD     

D096 Dry (Intercept) 0.090 0.010 8.750 *** (Intercept) 0.070 0.012 6.090 *** 

  PAR 0.000 0.000 4.961 *** VPD 0.000 0.000 17.081 *** 

  R2 0.063    R2 0.337    

 Wet (Intercept) 0.066 0.008 8.357 *** (Intercept) 0.080 0.010 8.287 *** 

  PAR 0.146 0.013 11.110 *** VPD 0.369 0.018 20.058 *** 

  R2 0.248    R2 0.401    

D133 Dry (Intercept) 0.283 0.028 10.115 *** (Intercept) 0.350 0.031 11.449 *** 

  PAR 0.001 0.000 7.565 *** VPD 0.001 0.000 18.643 *** 

  R2 0.135    R2 0.373    

 Wet (Intercept) 0.278 0.022 12.574 *** (Intercept) 0.376 0.025 15.201 *** 

  PAR 0.397 0.037 10.735 *** VPD 1.060 0.047 22.711 *** 

  R2 0.236    R2 0.459    

A124 Dry (Intercept) 0.046 0.004 12.849 *** (Intercept) 0.052 0.005 10.270 *** 

  PAR 0.000 0.000 2.179 * VPD 0.000 0.000 4.834 *** 

  R2 0.013    R2 0.042    

 Wet (Intercept) 0.043 0.003 14.419 *** (Intercept) 0.048 0.004 11.320 *** 

  PAR 0.022 0.005 4.350 *** VPD 0.057 0.008 7.137 *** 

  R2 0.048    R2 0.084    

B018 Dry (Intercept) 0.091 0.006 15.419 *** (Intercept) 0.083 0.007 11.608 *** 

  PAR 0.000 0.000 0.405 0.686 VPD 0.000 0.000 14.835 *** 

  R2 0.000    R2 0.274    

 Wet (Intercept) 0.081 0.005 16.680 *** (Intercept) 0.090 0.006 14.656 *** 

  PAR 0.025 0.008 3.084 ** VPD 0.184 0.012 15.880 *** 

  R2 0.025    R2 0.293    

D087 Dry (Intercept) 0.184 0.023 7.902 *** (Intercept) 0.260 0.040 6.445 *** 

  PAR 0.001 0.000 7.754 *** VPD 0.001 0.000 12.702 *** 

  R2 0.141    R2 0.216    

 Wet (Intercept) 0.159 0.018 8.990 *** (Intercept) 0.220 0.033 6.683 *** 

  PAR 0.385 0.030 12.918 *** VPD 1.053 0.062 16.912 *** 

  R2 0.309    R2 0.320    
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The linear response of daily stand water use to PAR (Figure 3.17) showed little difference 

between wet and dry soil conditions, with very similar slopes. The response to VPD on the 

other hand showed the same change in slope steepness as seen for the individual trees. 

The slope was steeper for days with high soil moisture content. In addition, stand water 

use plateaued just below 2.5 mm once VPD was greater than 1.5 kPa. Multiple linear 

regression models for environmental variables and daily stand water use (Table 3.11) were 

assessed for the entire measurement period and again for periods of high and low soil 

moisture. Like for the single tree analysis, explanatory power was greatest during periods 

of high soil moisture content and lowest during periods with dry soils with R2 values ranging 

from 0.68 to 0.76. Partial R2 were greatest for PAR and VPD and they were also very similar 

in each of the regression models.  
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Figure 3.17 Comparison of the response of daily stand water use to the daily maximum of VPD and 
PAR for wet (VMC > 52 %) and dry (VMC < 38 %) soils. The upper and lower quantiles of soil moisture 
were used to create subsets of for wet and dry soil conditions. Lines are linear regressions. Dotted 
line is wet soils and solid line is dry soils.  
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Table 3.11 Results of multi linear regression models for daily stand water use over the entire 2 year 
study period and during wet (VMC 10 > 52 %) and dry periods (VMC 10 < 38 %). Predictor variables 
are daily rainfall sums, minimum daily soil moisture at a depth of 10 cm, maximum VPD, mean wind 
speed and daily cumulative PAR. Significance of P-values is indicated by: *** (0.001), ** (0.01) and 
* (0.05). 

Response 
Predictor 
variable 

Parameter 
estimate 

Standard 
error 

t-value P-value Partial R2 

Qstand (Intercept) 0.044 0.136 0.32 0.75 0.74 
 Rainfall -0.012 0.002 -4.95 *** 0.04 
 VMC 0.007 0.003 2.58 * 0.04 
 VPD 0.796 0.060 13.23 *** 0.22 
 Wind speed 0.020 0.029 0.70 0.49 0.06 

  PAR 8.95E-05 7.14E-06 12.54 *** 0.20 

Qstand wet (Intercept) -3.628 1.242 -2.92 ** 0.76 
 Rainfall -0.018 0.005 -4.02 *** 0.09 
 VMC 0.072 0.023 3.11 ** 0.05 
 VPD 1.114 0.143 7.82 *** 0.26 
 Wind speed -0.028 0.046 -0.62 0.54 0.04 

  PAR 9.26E-05 1.18E-05 7.86 *** 0.26 

Qstand dry (Intercept) 2.771 0.955 2.90 ** 0.68 
 Rainfall -0.019 0.006 -2.97 ** 0.07 
 VMC -0.067 0.026 -2.56 * 0.05 
 VPD 0.665 0.140 4.76 *** 0.16 
 Wind speed 0.102 0.084 1.21 0.23 0.01 
 PAR 9.67E-05 2.07E-05 4.67 *** 0.15 
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3.4 DISCUSSION 

The overall aim of this chapter was a quantification of whole tree water use of A. australis 

and three associated species of different sizes. Seasonal patterns were clearly visible, and 

I found the assumption of larger trees using more water to be true. Using whole tree water 

use and DBH from plot survey data as a scalar I estimated daily stand water use over the 

two-year study period. I analysed the contribution of the different species and trees of 

different sizes towards the whole stand water use. Finally, I looked at the influence of 

environmental drivers on tree and stand water use and how this influence changes with 

changing soil water availability.  

3.4.1  Whole Tree and Stand Water Use 

The first research question of this chapter, was to investigate if whole tree water use scales 

with tree size. Whole tree water use and stem diameter were significantly correlated which 

is a common phenomenon (Goldstein et al., 1998; Horna et al., 2011; Meinzer et al., 2001; 

Meinzer et al., 2005; O'Grady et al., 1999). A comparison of the tree dominance (Wunder 

et al., 2010) of our study trees suggests that large diameter trees are more dominant, 

meaning they have a more prominent position in the canopy and are likely to use more 

water because the canopy is more exposed to the environment. For instance, they receive 

more light, which was also identified as a main driver of water use. Less dominant trees will 

likely be more shaded and might experience less VPD resulting in less evaporative demand. 

Leaf area is another large influence on tree water use (Zeppel, 2013; Zeppel and Eamus, 

2008). With increasing size most trees also increase their leaf area; supressed (or less 

dominant) trees on the other hand tend to have a lesser leaf area (Sterck and Bongers, 

2001). I have not quantified the leaf area of individual study trees, but visual assessment 

confirms that supressed trees have a much smaller leaf area, partly due to fewer branches 

and a diminished dripline. The increased leaf area of older trees more than compensates 

for the reduced stomatal conductance often commonly observed in larger and older trees 

(Ryan et al., 2006). Lastly, larger trees tend to have a more pronounced root network and 

potentially deeper roots allowing better access to soil water, particularly when trees are 

water stressed (McDowell et al., 2008). One concern about observed relationship of DBH 

and water use was pointed out by Goldstein et al. (1998). Whole tree water use is in most 
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cases calculated by multiplying sap flow measurements with the sapwood area which is 

strongly dependent on DBH. This automatically introduces a bias and explains for example 

why Horna et al. (2011) found a stronger relationship of water use with DBH than with 

height.  

Strong seasonality was apparent in whole tree water use and stand water use with low 

transpiration in winter and high transpiration in summer. This is typical for forests in 

temperate regions mainly caused by seasonal changes in solar radiation, temperature and 

VPD (Ford et al., 2005; Zeppel et al., 2006). Even though all three study species are 

conservative water users (at least in this location, see chapter 2), stand transpiration was 

not particularly low in comparison with other studies (Table 3.12). The maximum daily 

value of 3.4 mm is similar to water use of many other forest stands around the world. 

Annual transpiration places about midway between the lowest and highest reported 

values: 60 mm for Mediterranean Pinus canariensis forest (Brito et al., 2015) and 1334 mm 

for an Australian Pinus radiata plantation (Benyon et al., 2015) respectively. The overview 

in Table 3.12 also reveals that forest with limited growing seasons and dormant periods 

due to cold temperatures or dry seasons show lower annual stand transpiration. The lack 

of a dormant period for the kauri forest site during the winter months contributes to higher 

annual stand water use even though water use declines markedly during this time. The 

annual stand transpiration is most similar to a site of native forest in tropical Queensland 

(McJannet et al., 2007) despite the much higher reported stand density, slightly lower basal 

area but much lower sapwood area and likely higher evaporative demand due to the 

geographical location. Due to the deep sapwood of A. australis and the dominance of this 

species in my forest stand, the stand has a very large sapwood area. This is a measure that 

is rarely reported (Table 3.12). The only study reporting a greater value is Bosch et al. (2014) 

who estimated stand transpiration in a riparian forest ecosystem and reported an annual 

stand water use about twice as high as this stand. This illustrates, that the deep sapwood 

cannot make up for the low conductance of the species (see chapter 2). 
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Table 3.12 Overview of stand transpiration estimates for a range of forest types, all estimated using 
sap flow measurements.  

Forest type, location 

Stand 
density 
(stems 
ha-1) 

Basal (Sap 
wood) area 
in m2 ha-1 

Maximum 
Qstand in 
mm 

Annual 
Qstand in 
mm 

Reference 

Kauri forest 1155 84.9 (43.1) 3.4 
542.9, 
596.1 

This study 

Semi-arid Mediterranean Pinus 
canariensis, tree line, Tenerife 

219 16.7 1.12 
60 - 140 
(growing 
season) 

Brito et al. 
(2015) 

Drought-affected Pinus 
sylvestris forests (NE Germany) 

  1.5 82–113 
Lüttschwager 
et al. (1998) 

Inner Alpine dry valley forest, 
Tyrol, Austria 

600 21.8  74–88 
Wieser et al. 
(2014) 

Picea abies monoculture, Fagus 
sylvatica forest, Germany 

  1.5 – 3, 
2.6 – 6.4 

 Köstner (2001) 

Young Robinia pseudoacacia 
plantation, semi-arid, China 

1300  0.45 
36 
(growing 
season) 

Jiao et al. 
(2016) 

Regenerating Eucalyptus 
regnans forest, Yarra Ranges, 
Australia, (data for plot 4) 

172 72.7 (8.4)  848 
Benyon et al. 
(2017) 

Warm-temperate multi-specific 
broadleaved forest, Japan 

1600  1.8  Chiu et al. 
(2016) 

Pinus taeda, Araucaria 
angustifolia and Eucalyptus 
grandis plantations, NE 
Argentina 

1300, 
240, 500 

  633, 561, 
560 

Cristiano et al. 
(2015) 

Native subtropical forest NE 
Argentina 

480   841 
Cristiano et al. 
(2015) 

Pinus strobus planting, N 
Carolina, USA 

  ~ 7 726 - 686 
Ford et al. 
(2007) 

Pseudotsuga menziesii 
(thinned, unthinned) 
plantation, Amanace, France 

1384, 
2545 

31.0 (17.3),  
45.2 (25.2) 

3.6 
117, 169 
(seasonal, 
100 days) 

Granier (1987) 

Fagus sylvatica forest, Hesse, 
France 

3800 19.6 ~ 5 
256 
(growing 
season) 

Granier et al. 
(2000) 

Tilia amurensis dominated 
broadleaf forest, cold 
temperate, South Korea 

1025 21.2 0.97  
Jung et al. 
(2011) 

Cypress (Chamaecyparis 
obtusa) plantation (Upper and 
lower slope), Japan 

1700 
32.6 (16.8),  
64.2 (21.9) 

~1, ~2 
136.1,  
245.4 

Kume et al. 
(2016) 

Old growth Abies amabilis 
dominated forest, Washington 
State, USA 

625 83.4 3.37  
Martin et al. 
(2001) 

Pinus radiata plantation, 
Australia 

  6.8 
346  
(Nov – 
Mar) 

Teskey and 
Sheriff (1996) 

Tropical rainforest, Queensland, 
Australia 

644 - 
2019 

62 – 74  
(15.8 – 26.3) 

2.2 – 3.8 353 - 591 
McJannet et 
al. (2007) 
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Table 3.12 continued 

Forest type, location 

Stand 
density 
(stems 
ha-1) 

Basal (Sap 
wood) area 
in m2 ha-1 

Maximum 
Qstand in 
mm 

Annual 
Qstand in 
mm 

Reference 

Kauri forest 1155 84.9 (43.1) 3.4 
542.9, 
596.1 

This study 

Riparian forest (Pinus elliottii, 
Pinus palustris, Liriodendron 
tulipifera), Georgia, USA 

 (45.2) 3.6 
1114  
(Apr – Dec) 

Bosch et al. 
(2014) 

Old growth Eucalyptus regnans 
forest, Yarra Ranges, Australia 

  3.1  
Vertessy et al. 
(1997) 

Second-growth Abies amabilis – 
Tsuga heterophylla forest, 
Washington state, USA 

2241 94.8 3.52  
Martin et al. 
(1997) 

Pinus radiata, Eucalyptus 
globulus, E. grandis and 
Corymbia maculate plantations 

1200, 
818, 
1333, 
1333 

  
1343, 
1193, 704, 
1277 

Benyon et al. 
(2006) 

Mixed conifer-broadleaf forest, 
dominated by Dacrydium 
cupressinum, Westland, NZ 

 33.2 1.8 
88.5  
(Nov – 
Mar) 

Barbour et al. 
(2005) 

Boreal conifer forest (P. 
sylvestris, Picea abies), Uppsala, 
Sweden 

 32 2.8 
207  
(Apr- Oct) 

Cienciala et al. 
(1998) 

Maritime pine (P. pinaster) 
forest, SW France   

385 21.8 (11.6) 3.5  
Granier et al. 
(1990) 

P. abies forest, S Germany   3.56  
Köstner et al. 
(2017) 

Old growth P. sylvestris forest, 
central Siberia 

200 - 
9400 

(3.72 – 11.4) 0.4 – 1.5  
Zimmermann 
et al. (2000) 

Sub-tropical broad-leaved 
evergreen forests, China 

  ~ 3.2 717 - 869 
Liu et al. 
(2015) 

Open wood land (Eucalyptus 
cerbra, Callitris glaucophylla) 
NSW, Australia 

253 20.4 (3.8) 3 – 4 309 – 629 
Zeppel et al. 
(2006) 

 

The location of the stand half way down a slope might play a role in overall stand water use 

and single tree water use as well. Granier et al. (1990) reported lower transpiration for 

trees on an upper slope which they believed was due to a smaller depth of unsaturated soil 

and a consequently reduced number of roots able to extract soil water. Similar 

observations were also reported by and Hawthorne and Ford Miniat (2018). In my case this 

could of course play a role, but since soil moisture does not seem to have a great impact 

on water use in terms of a reduction during drier periods, this is most likely to have a 

minimal effect. Moreover, because most kauri forests grow in exactly these conditions 
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(Steward and Beveridge, 2010) it would still be very much representative for the general 

forest type.  

3.4.2 Drivers of Water Use 

The strongest drivers of whole tree and stand transpiration were VPD and PAR. For the two 

largest A. australis VPD was the most important driver closely followed by PAR, but the 

opposite was the case for all other individuals, no matter which species. The two larger 

trees were likely more coupled with the surrounding bulk air while the smaller trees 

experienced lower variations of VPD due to the specific microclimate within the canopy 

(Wullschleger et al., 2000). For the stand, the influence of PAR and VPD was equally strong. 

The explanation for this is likely the larger relative difference in PAR over the day, 

contributing more to diel variations in sap flow (Horna et al., 2011). Stand transpiration, on 

the other hand, was calculated as a daily value and VPD seemed to have a stronger 

influence on day-to-day variations which is consistent with findings by Phillips et al. (1999).  

The explanatory power of soil moisture levels was low for diurnal variation in water use of 

individual trees and day-to-day variations in stand water use. This was already visible in the 

data presented in Chapter 2, but because the measurement period only covered a few 

summer months, variation in soil moisture was low. However, the finding still holds true 

for measurements over two entire years with a much wider range. This suggest sufficient 

availability of soil moisture over the two-year period, either due to access to deeper more 

saturated soil layers or potentially ground water. Nevertheless, changes in soil moisture 

availability influenced the relation of PAR and VPD with water use. The response of sap 

flow and stand water use to the main drivers VPD and PAR changed when soil moisture 

declined. In case of VPD the slope of the linear regression became less steep in comparison 

to high soil moisture periods. Whitehead (1998) showed that the slope of the relationship 

of sap flow and VPD is directly proportional to stomatal conductance. This suggests 

stronger stomatal regulation in individual trees and the stand under dry soil conditions 

(Zeppel et al., 2008b) which is not surprising because gas exchange measurements in 

Chapter 2 revealed tightly regulated stomatal conductance in all three species. In addition, 

stand water use plateaued at VPDs greater than 1.5 kPa.  
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Hysteresis occured in all study trees both in response to VPD and PAR in both cases it was 

anti-clockwise pattern which means that the increase of VPD or PAR in the morning was 

not matched by the same increase in sap flow rate. Later during the day, when PAR and 

VPD declined, sap flow was still increasing and then decreasing at a slower rate. The same 

direction of hysteresis was previously observed by Meinzer et al. (1997), Zeppel et al. 

(2004), O'Brien et al. (2004) and Zheng and Wang (2014) for the response to PAR. The 

degree of hysteresis (area enclosed by the loop) was much smaller in winter, due to all 

variables being only a fraction of the summer values. Cross-correlations revealed a 

persistent lag of sap flow behind these two environmental variables and I assume the 

hysteresis can generally be attributed to the use of stored water. The greater lag of sap 

flow behind PAR than VPD can be explained by the fact that PAR increases earlier during 

the day, while VPD increases slightly later because there is a delay between sunrise and 

temperatures increasing. In some trees a small secondary clockwise loop could be observed 

at the upper end of the larger loop during the summer day. The small secondary loop 

occurred when both VPD and sap flow rates were highest. This loop had a clock-wise 

direction. Hysteresis with this direction was described in several studies for the response 

to VPD (O'Brien et al., 2004; Zeppel et al., 2004). This secondary loop could be due to a 

stronger regulation of stomata during the summer, with stomata closing early during the 

day causing sap flow rates to drop while VPD is still increasing. Because VPD did not reach 

such high values during winter, this effect did not show. PAR peaked earlier during the day 

(Zeppel et al., 2004) so there was no secondary loop for PAR. O'Brien et al. (2004) found a 

connection between leaf wetness and the hysteresis occurring with sap flow and 

irradiance. As leaves are wet, diffusion might be limited and cause a lag between the 

increase of light levels and sap flow in the morning, resulting in an anti-clockwise hysteresis 

loop. This could be an additional explanation to the lags just caused by capacitance, since 

humidity in Auckland is usually high due to the proximity to the ocean. This results in 

relatively high dew points even in summer and often leads to marked surface condensation 

at night and during the early morning hours and therefore wet leaf surfaces.  

3.4.3 Hydrological Implications 

The median value for precipitation (P) lost to transpiration is 45 %, rarely up to 80 % (Ellison 

et al., 2017). My annual estimates are close to this median, but slightly higher with a 
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proportion of Qstand to P of 50 to 56 %. Considering the high precipitation of the region this 

is surprising, even more so when considering that the large number of understorey tree 

ferns have not been accounted for. Understorey can contribute significantly towards stand 

transpiration. Lüttschwager et al. (1998) for example showed that up to 60 % of stand 

transpiration originated from the understorey in a Pinus sylvestris forest in Germany. For 

an open forest in Southern New Zealand, Barbour et al. (2005) reported 35 % of stand 

transpiration originating from understorey vegetation. Clearly this stand transpiration is 

underestimated, but by what degree remains unclear, as transpiration rates of the tree fern 

Cyathea dealbata are so far unknown. Apart from the large number of ferns there is little 

more understorey vegetation therefore understorey transpiration should be much smaller 

compared to Lüttschwager et al. (1998) or Barbour et al. (2005).  

Evaporation from the soil should be low as the ground is thickly covered with kauri leaf 

litter and the canopy is quite closed. This creates a mechanical barrier against the drivers 

of E like wind and VPD and shields from incoming solar radiation (Hares and Novak, 1992; 

Raz-Yaseef et al., 2010). Moreover, soil E decreases with increasing forest succession (Liu 

et al., 2015). Barbour et al. (2005) reported a contribution of 25 % of soil E to stand ET in 

New Zealand beech forest which is a lot more open than my study site.  

Interception loss on the other hand presumably plays a much larger role in the kauri forest. 

Sangster (1986) found that interception accounted for 44 % of annual precipitation, 

throughfall and stem flow for 56 %. Combining these numbers with my estimates of 50 to 

56 % of annual rainfall accounting for transpiration, this leaves little to no precipitation to 

go towards other water budget components (Figure 1.1) like soil evaporation, runoff, soil 

infiltration or understorey transpiration. Globally, interception values range between 10 to 

30 % (Crockford and Richardson, 2000) with values being highest in wet climates (Kool et 

al., 2014). In a review, Wang et al. (2007) reported no value greater than 42 %. New Zealand 

beech forest had an interception loss ratio of 24.4 % (Pearce and Rowe, 1981) and 

Amazonian rain forest only reached 24 % (Wang et al., 2007). E (which includes 

interception) is usually far smaller than T resulting in E/ET ratios of up to 21 % in forests 

(Kool et al., 2014). Looking at the interception value reported by Sangster (1986), E would 
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be far greater, which is why this value is possibly overestimated but it is also likely that the 

trees in Huapai have access to deeper water sources, potentially ground water.  

3.5 CONCLUSION 

Rates of transpiration are strongly dependant on plant adaptations and environmental 

conditions so local measurements of sap flow can be an important part of establishing the 

water budget of a site. In this two-year dataset, I captured a range of environmental 

conditions (PAR, VPD, soil moisture) and was able to show how they influenced water use 

of three native conifer species. PAR and VPD were the most important drivers for all 

species. Soil moisture had overall little influence on sap flow, suggesting that all trees might 

have access to deeper water sources. The only effect of declining soil moisture was the 

slightly higher stomatal control apparent in minimal changes in the relationship of VPD or 

PAR with sap flow. Stand water use followed a clear seasonal pattern with little water use 

in winter and high water use during summer months. Even though the kauri stand is much 

denser and has a much larger sapwood area, stand water use is comparable to that of other 

forests.  
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CHAPTER 4 WATER STORAGE AND TREE WATER DEFICIT 

 

 

 

 

Kaplick, J., Clearwater, M.J., and Macinnis-Ng, C. (in review). Stem water storage of New Zealand Kauri 
(Agathis australis). Acta Horticulturae. Preliminary results from sap flow base water storage measurements 
were presented at the 10th International Sap Flow Workshop and will be included in the proceedings. The 
Chapter includes a longer data set and additional analyses. 
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4.1 INTRODUCTION 

4.1.1 Water Storage in Trees 

Roots, stems, branches and leaves serve as water storage compartments along the water 

pathway (Waring et al., 1979; Waring and Running, 1978). The use of internally stored 

water makes it possible to transiently uncouple leaf water status from hydraulic resistance 

of the transport pathway (Phillips et al., 2009). The discharge of water into the transpiration 

stream from storage can therefore buffer daily fluctuations of xylem tension and reduce 

the risk of xylem embolism and hydraulic failure under dynamic conditions (Scholz et al., 

2011). Stored water can contribute to transpiration even under well-watered conditions 

(Holbrook, 1995). Overall, water storage plays an important role in the water and carbon 

economy of some trees (Phillips et al., 2003). The flow from storage might also play an 

important role in refilling embolised conduits (Čermák et al., 2007).  

There are three potential stores of water in xylem: elastic storage, capillary storage and the 

use of water released by cavitation (Tyree and Yang, 1990). Water stored in elastic tissue is 

probably the smallest contributor to water for transpiration. Cells contract and expand 

during changes in water potential. This allows water to flow in and out of cells and causes 

measurable changes in tissue or organ volume. In trees, elastic storage is mainly found in 

cambial and bark tissue. Xylem cells have mostly thick and lignified walls which do not 

expand as much. They are also more confined. Therefore, the capacity of elastic storage is 

minimal in trees. Capillary storage is a much more substantial source of water for 

transpiration. This source is mostly derived from the water filled small lumina where water 

can be held due to strong capillary forces. This storage compartment can be accessed under 

relatively low tension. Water released from embolised cells can also contribute to 

transpiration and can thereforealso be considered a storage compartment. This storage 

source is only available during considerable xylem tension unlike capillary storage. Water 

from cavitated cells gets sucked into surrounding cells and can be important in contributing 

much needed water during drought conditions, but in contrast to elastic and capillary 

storage, refilling does not occur readily. 
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In the literature, two measures are commonly used to describe tree water storage: water 

storage capacity (WSC) and capacitance. These measures are fundamentally different but 

positively related (Carrasco et al., 2015). Capacitance depends on the tissue’s intrinsic 

properties like wood density (Carrasco et al., 2015) and wood anatomy (Jupa et al., 2016). 

Water storage capacity on the other hand depends on the availability of water within the 

storage compartments which is influenced by capacitance but also by the volume of the 

storage compartments (Scholz et al., 2011). It is the maximum amount that is theoretically 

available for transpiration (Waring et al., 1979). Water storage capacity is a highly plastic 

property because it declines as soon as water is withdrawn from storage compartments 

and the wood water content decreases (Waring and Running, 1978). 

Water is mostly extracted from the closest source and where conductance is highest. If an 

electrical circuit is used as an analogy, water storage is a capacitator. If water from storage 

is more easily extracted than water drawn up from the roots, then stored water is used 

more immediately. This can lead to time lags along the transpiration stream (Waring and 

Running, 1978). Time lags between basal and crown sap flow are regularly used to estimate 

the contribution of stored water to transpiration and can be used to estimate capacitance 

(Čermák et al., 2007; Chapotin et al., 2006; Goldstein et al., 1998; Meinzer et al., 2004; 

Phillips et al., 1997; Phillips et al., 2003). The longer the lag time, the greater the use of 

stored water. There has been some criticism when comparing the timing of sap flow onset 

at two positions on the tree (Burgess and Dawson, 2008). Nevertheless, these time lags are 

present in many types of trees and the when cross correlating time series for example for 

24 h periods instead of looking at absolute time lags of sap flow onset and peak they can 

be a valid approach (Phillips et al., 2009). There are suggestions that the path length 

between the two measurement points is a determining factor for the length of the lag time, 

but other studies have found no consistencies. Time lags are also not constant over the 

season and vary with weather conditions much like the use of stored water. Despite 

limitations, time lags seem to be a good proxy for estimating the use of stored water.   

4.1.2 Stem Radius Changes as a Measure of Water Relations 

The use of automatic dendrometers with high temporal resolution offers insight into tree 

water relations. Variations in stem diameter can be separated into size increments due to 
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growth (irreversible increase in diameter) and size fluctuation due to swelling and 

shrinkage caused by variation in water content and water movement (Daudet et al., 2005; 

Zweifel et al., 2014). Reversible radius changes reflect changes in xylem tension and varying 

amounts of stored water in the elastic tissue of xylem, phloem and bark (Herrmann et al., 

2016). Dendrometer measurements can therefore help to show the diurnal dynamics of 

discharge and refilling of water from stem tissues (Zweifel et al., 2001). Overall stem diurnal 

diameter variations represent the sum of all internal and external influences on tree water 

relations (Devine and Harrington, 2011; Zweifel and Häsler, 2001) and water related/ 

reversible radius changes directly represent the tree water status (Chan et al., 2016). 

Elastic tissues of a tree, like needles and leaves, not yet lignified branch wood and bark 

undergo a diurnal process of swelling and shrinking. To a lesser extent this is also happening 

in the more rigid xylem. All these tissues swell overnight when the tissue water content 

increases due to refilling. During transpiration, tissue volume decreases due to water being 

withdrawn into the transpiration stream. While variations in needle and leaf water content 

are complicated to measure, the water content in elastic stem tissue can be measured as 

diurnal fluctuations of the stem radius.  

4.1.3 Research Question 

Stem water storage can be an important contributor to transpiration (Pfautsch et al., 

2015a; Waring and Running, 1978; Zweifel and Häsler, 2001) and plays an important role 

in buffering xylem tension thereby reducing the risk of embolism development (Meinzer et 

al., 2009). The use of stored water can allow stomata to stay open longer and result in 

greater carbon gain (Goldstein et al., 1998; Phillips et al., 2003). This chapter seeks to 

explore the potential for stem water storage as a buffer against the development of fatal 

xylem tension in A. australis. The objective of this study was to quantify the daily amount 

of stored water use of large A. australis trees. I measured sap flow at two different positions 

of the stem, as well as stem and branch radius changes at four positions. I investigated the 

magnitude and dynamics of stem expansion and contraction in relation to discharge and 

refilling of the storage compartments. Finally, I looked at time lags of sap flow onset and 

peak and radius changes between the different locations. Due to the size and deep 

sapwood of A. australis I hypothesise that the tree is likely to be able to store large amounts 
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of water because water storage capacity scales with tree size (Scholz et al., 2011). This 

could be a good strategy to protect the hydraulic integrity against hydraulic failure of A. 

australis while ensuring C uptake.  

4.2 METHODS 

4.2.1 Study Trees and Environmental Measurements 

The study of water storage in A. australis was carried out at the Huapai Scientific Reserve. 

The two largest trees in our permanent plot were chosen due to their size, age and healthy 

appearance. All equipment installed higher than the sensors at breast height was installed 

in May 2016 with the help of professional climbers. The details of the sensor locations are 

shown in Figure 4.1.  

 
Figure 4.1 Set up of sap flow sensors and dendrometers on the two main study trees (C022 and 
D024). Blue lines indicate the placement of sap flow sensors, green lines represent dendrometer 
locations. The adjacent numbers show the diameter in cm for the respective stem or branch 
segment. Arrows indicate the distance in cm between the sensor locations (cm).  

Meteorological data (precipitation, wind direction, wind speed, PAR) were measured at our 

field meteorological station on an open paddock less than 1 km away. All data were 
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recorded as 30 min averages with a CR10x data logger (Campbell Scientific, Logan, UT, USA) 

powered by a solar panel. Solar radiation was measured for the photosynthetically active 

bandwidth (PAR, µmol m-2 s-1) with a quantum light sensor (Li190, Licor, Lincoln, NE, USA). 

Wind speed (m s-1) and wind direction (°) were measured using a standard anemometer 

and a weather vane (WMS301, MEA), both installed on top of the station. Precipitation 

(mm) at a resolution of 0.2 mm was measured with a tipping bucket (RIM8020, MEA, Magill, 

South Australia). Due to a failure of the temperature and humidity sensor at the field 

station, data recorded at Whenuapi airport (15 km away) were used for the entire study 

period instead. These data were provided as 30 min averages by the Meteorological Service 

of New Zealand (MetService). From temperature (°C) and humidity (%), vapour pressure 

deficit (VPD, kPa) was calculated.  

Soil volumetric moisture content (VMC, %) was recorded as 30 min averages less than 20 

m away from both study trees. The sensors were horizontally installed water content 

reflectometers (CS616, Campbell Scientific) and attached to a CR10x data logger (Campbell 

Scientific). The recorded raw data were adjusted for the soil type (litter layer, clay/ loam) 

using a calibration equation provided by Campbell Scientific. The soil moisture probes 

measured at four different depths: at the boundary of litter layer and soil, 10 cm, 30 cm 

and 60 cm deep.  

4.2.2 Sap Flow Measurements and Data Analysis 

One additional sap flow sensor per tree was installed on the two study trees at the top of 

the stem just before the main crown branches started to spread. Both trees already had 

multiple sensors at different depths installed at breast height as described in chapter 3. 

D024 had 5 sensors and C022 had 4 sensors. The top sensors were installed at a depth 

centred at 3.5 cm (measuring from 3 to 4 cm). This was found to be the depth with the 

highest flow rates in these specific large A. australis individuals (Macinnis-Ng et al., 2013). 

The sap flow calculations for the individual sensors and the procedure to calculate whole 

tree water use are described in the previous chapter.  

In order to calculate diurnal water storage, I scaled the upper stem sap flow so that the 24 

hour integral matched the 24 hour integral of the base sap flow and then calculated the 
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difference for every 15 min measurement (Goldstein et al., 1998). Negative values 

represent withdrawal of stored water and positive values show refilling from the roots. The 

method assumes full refilling over a 24 h period.  

4.2.3 Dendrometer Measurements and Data Analysis 

Automatic point dendrometers (DR, Ecomatik, Dachau, Germany) were installed adjacent 

to sap flow sensors and two additional dendrometers were installed on smaller branches 

further up in the crown (see Figure 4.1). Due to the high resin production of A. australis it 

was not possible to remove bark and cambium and place the dendrometer heads right onto 

the xylem. The measurements therefore represent a mixed signal of changes in xylem, 

cambium and bark radius. We did however remove and smooth as much dead bark as 

possible without causing injuries to living tissue.  

To separate growth (irreversible change) and water related radius changes (reversible), I 

used the detrending method by Zweifel et al. (2016) using an R script from Häni (2014). This 

approach is simple and does not require any additional input of environmental variables 

apart from temperature (which affects the calculations when dropping below freezing) or 

the use of two sensors like the method by Chan et al. (2016). The main assumption for the 

Zweifel method is that growth does not occur at times of water deficit as these times would 

be characterised by low turgor pressure which should inhibit cell enlargement and division. 

The detrended data could be split into growth and tree water deficit (TWD) which 

represents the difference of the current measured radius to a fully refilled radius. In order 

to calculate elastic storage withdrawal, I assumed that the change of stem volume was 

entirely due to changes in water content, similar to the method used by Zweifel and Häsler 

(2001). I simplified the shape of the stem to a truncated cone using the sensor location at 

breast height as the cone base and the sensor below the spreading braches as the top of 

the cone. To calculate the daily base radius any growth that previously occurred was added 

to the original radius measured during the installation process at both locations. The daily 

maximum radius was calculated by adding the daily amplitude of radius change to the 

radius. Minimum daily volume of the cone-shaped stem was then subtracted from the 

maximum daily volume. All time lags were calculated by cross correlating pairs of time 
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series recorded at two different locations along the stem over 24 h periods (Goldstein et 

al., 1998).  

According to the manual provided by the manufacturer (Ecomatik), the screws of the point 

dendrometers should be anchored into the heartwood. The standard 10 cm screws were 

too short to achieve this because of the deep sapwood of A. australis. For this reason, I 

used custom-made 20 cm screws provided by Ecomatik. To compare the effect of the 

length of screws used to anchor the dendrometers I compared sensors set up with 10 and 

20 cm long screws. Both sensors were installed only 10 cm apart on the same tree (different 

to the study trees) and at the same height. Like the sensors on the two study trees they 

were installed over the bark and therefore measure changes in overall elastic storage. Since 

the bark and cambium thickness are the same (or very similar) for both sensors any 

difference between the two should result from the difference in xylem volume sampled by 

the two screw length. This is an unconventional approach to quantify the contribution of 

different tissues to the overall daily radius change. It is more common to place one 

dendrometer on the bark and a second one on the xylem by removing bark and cambium 

(Sevanto et al., 2011).  

4.3 RESULTS 

4.3.1 Meteorological Conditions 

The study period from September 2016 through to August 2017 covered four full seasons 

starting exactly with the start of meteorological spring (the start of A. australis growing 

season) and ending with the end of meteorological winter. The winter was wetter than 

usual but the spring and summer periods were close to average climate conditions (NIWA 

National Climate Centre, 2017). Soil moisture in spring ranged between 50 and 60 % for the 

different depths (Figure 4.2). The moisture content then started to decline from the 

beginning of December (start of summer) until the middle of March with only short 

increases after rainfall events. The litter layer and the 10 cm layer took the longest to 

increase again. At the litter to soil boundary moisture content dropped to 25 % whereas 

the deepest probe at 60 cm showed the smallest drop staying above 40 % throughout the 

whole period. Precipitation declined in the summer months consistent with the drop in soil 
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moisture. The start of autumn was characterised by a few larger rainfall events and winter 

followed with only short breaks without rain. There was a large data gap due to power 

issues at the meteorological station between mid-April and mid-March which also affected 

the PAR measurements. PAR, temperature and VPD showed a similar and expected pattern. 

All measures increased from September to February and then decreased again, reaching 

the lowest values at the beginning of August (Figure 4.2).  

 
Figure 4.2 Environmental conditions from September 2016 (beginning of spring) to August 2017 
(end of winter). Soil moisture at multiple depths was recorded within the field site. Daily 5 am 
measurements are shown in the graph. Rainfall and PAR were recorded at the field meteorological 
station close to the study site in Huapai. Temperature and the humidity data used to calculate the 
vapour pressure deficit (VPD) were recorded at Whenuapai airport 15 km away from the field site. 
The daily mean was used in the graph for all meteorological measurements.  
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4.3.2 Sap Flow and Water Storage 

Mean daily water use showed that the larger tree (D024) used more water than the smaller 

tree (C022) in spring, with 181 and 105 L d-1 respectively (Figure 4.3, Table 4.1). During the 

summer months C022 used more water than D024. On average C022 used a larger 

percentage of stored water compared to the whole tree water use, but during spring the 

absolute amount was nearly the same with 24.3 and 24.5 L d-1. For D024 the percentage 

was largest in winter, but the absolute amount was greatest in autumn. Withdrawal from 

elastic storage compartments (based on volume changes) was greatest in summer for both 

trees with mean daily values of 2.95 L for C022 and 2.75 L for D024. The maximum volume 

withdrawn from elastic tissues occurred during the summer and was 4.8 and 5.3 L for C022 

and D024 respectively. The smallest mean daily amounts were withdrawn in winter. The 

mean daily withdrawal for the entire study period was very similar in both study trees (1.94 

and 1.97 L). Overall, the withdrawal from elastic compartments was much smaller than the 

withdrawal of water from the xylem and contributed only around 10 % to overall stored 

water.  

The diurnal pattern of sap flow measured at the base and the top of the bole showed a 

similar pattern with very similar onset sap flow onset times but slightly offset peaks 

(example shown in Figure 4.4). The main time of storage withdrawal was the morning hours 

and refilling predominantly occurred during the afternoon, but the pattern was not always 

as clear as the example for tree D024 illustrates in Figure 4.4. 

There were clear (significant) relationships between daily whole tree water use, withdrawal 

from storage overall, withdrawal of water from elastic compartments and maximum daily 

TWD (Figure 4.5), but only for tree D024. Daily water use was positively related with 

withdrawal from storage. While TWD became greater (more negative) with increasing 

water use.  
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Figure 4.3 Seasonal patterns of daily whole tree water use, daily withdrawal from storage (based 
on sap flow measurements at the base and the top of the stems) and daily withdrawal of water from 
elastic tissue (based on dendrometer measurements at the base and the top of the stems) 
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Table 4.1 Overview of sap flow and dendrometer measurements including growth related calculations and storage measures based on sap flow and volume 
changes (elastic storage). Annual and seasonal averages are shown, when available and at least half the season’s worth of data was available.  

 C022     D024     

 Annual Spring Summer Autumn Winter Annual Spring Summer Autumn Winter 

Growth - radius increase [μm] 2159.33 1106.57 68.65 514.90 469.21 2001.82 445.39 682.75 771.82 101.86 

Basal area increase [%] 0.65 0.33 0.02 0.16 0.14 0.44 0.10 0.15 0.17 0.02 

Mean TWD [μm] -174.35 -66.52 -399.40 -169.80 -63.20 -55.39 -54.80 -69.96 -47.88 -46.76 

Maximum TWD [μm] -689.68 -173.76 -689.68 -585.40 -138.81 -128.80 -122.30 -128.80 -99.08 -95.96 

Elastic storage [L/d] 1.94 1.57 2.95 1.92 1.21 1.97 1.99 2.75 1.63 1.36 

Mean whole tree water use [L/d] - 105.3 309.1 - - 185.3 181.5 226.5 201.4 138.9 

Mean storage withdrawal [L/d] - 24.3 - - - - 24.5 - 28.1 25.6 

Mean contribution of stored water [%] - 22.0 - - - - 16.3 - 15.8 20.4 



 

 

 

 

 
Figure 4.4 Representative daily pattern of sap flow at the base and the top of the stem (both sensors three to four cm depth) for the two study trees. The 
difference between both sensors shows the patterns of storage withdrawal (negative values) and refilling (positive values).  
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Figure 4.5 Relationship of daily whole tree water use in L, daily use of stored water in L, withdrawal from elastic storage in L and maximum daily tree water 
deficit for both study trees: C022 and D024. Due to sensor failures on C022 fewer data points are shown for this tree. 
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4.3.3 Time Lags 

Time lags were apparent between sensor locations for both sap flow and dendrometer 

measurements. Cross correlation revealed time lags between the base and the top of the 

stem for sap flow time series (Table 4.2). Timing of maximum swelling and minimum 

shrinkage followed a similar wave pattern (Figure 4.6) with the branches at the top reaching 

the maximum and minimum earlier than the stem top and the stem base. Peak swelling 

occurred most frequently between 7 and 8 am for the branches and between 8 and 9 am 

for the stem and the base. Minimum radii were most frequently recorded between 3 and 

4 pm for branches and 4 and 5 pm for both locations of the stems. Even though the sensors 

at the base and branches are only a third further apart than between the sensors at the 

stem base the top of the stem, the lags between the base and the branches were around 

three times longer. 

 

Table 4.2 Overview of lag times found using cross correlation analysis of the dendrometer and sap 
flow time series between different locations on the tree 

Cross correlation of time series Tree D024 Tree C022 

Sap flow base vs top [min] 30 30 

Dendrometer base vs top [min] 15 25 

Dendrometer base vs branch 2 [min] 60 55 
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Figure 4.6 Frequency of timing of daily minimum (white bars) and maximum (grey bars) radius 
at different positions in the two A. australis study trees. The dashed lines and accompanying 
numbers are the median times of minimum and maximum values. 
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4.3.4 Growth and Tree Water Deficit 

Both trees displayed a major growing period starting in mid-September lasting until the 

middle of December (Figure 4.7). This period was followed by a stagnant phase during the 

summer, which lasted longer for tree C022 (until April) than for D024 which showed small 

growth increments from the middle of February. C022 on the other hand had another 

pronounced growth increment increase in autumn through to winter. Both trees showed a 

similar growth increment of 2 mm at the end of the growing season (Table 4.1) TWD was 

lowest in spring and winter for both trees and for these time periods. This changed during 

the summer when TWD of C022 started to increase considerably. The maximum value in 

both trees was reached in summer, but the deficit in C022 was more than five times higher 

than that of D024.  

 
Figure 4.7 Dendrometer data for the base of the study trees from September 2016 to August 2017 
at 10 min resolution. Black lines show the raw data, representing combined changes of tree radius 
due to growth and water relations. Green and blue lines show separated data for growth 
(irreversible radius change) and TWD (reversible radius change) respectively. 

Sep  Oct  Nov  Dec  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  

R
ad

iu
s 

ch
an

g
e

 [
m

]

-500

0

500

1000

1500

2000

2500
Raw radius change
Growth
TWD

Sep  Oct  Nov  Dec  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  

0

500

1000

1500

2000

2500

C022

D024



 

136 
 

TWD was strongly influenced by environmental drivers (Figure 4.8 and 4.9). The daily 

amplitude of TWD was positively correlated with PAR, temperature, VPD and wind speed, 

but negatively with relative humidity, rainfall and soil VMC. The correlation with soil VMC 

was more pronounced in tree C022 than D024.  
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Figure 4.8 Correlation coefficients (Spearman) for the relation of daily amplitude and daily maximum 
TWD with environmental variables. Grey bars are significant with p < 0.001, white bars indicate p > 
0.05. PAR: daily sum of photosynthetic active radiation, T: mean daily air temperature, RH: mean 
daily relative humidity, VPD: maximum daily vapour pressure deficit, Rain: daily sum of 
precipitation, Wind: mean daily wind speed, VMC: 5 am volumetric soil moisture content.  
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Figure 4.9 Relationship of environmental variables (VMC – volumetric soil water content, PAR – 
photosynthetic active radiation, VPD – vapour pressure deficit) and maximum daily tree water 
deficit (TWD). TWD had a much larger range in tree C022 than D024, the scales for both are 
therefore different.  
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4.3.5 Dendrometer Screw Length Comparison 

The comparison of dendrometers installed with two different length screws showed that 

the comparably thin layers of bark and cambium were responsible for the greatest volume 

change (Table 4.3, Fig. 4.10). With the 10 cm long screws, 69 % of the volume change was 

due to changes in bark and cambium. With the longer screws covering 10 cm more xylem, 

this percentage decreased to 51 %. There was also a slight time difference between both 

sensors. The radius increased earlier for the sensor with the longer screws than in the 

sensor with the shorter screws. The daily radius decrease showed a similar but less 

apparent pattern.  

Table 4.3 Comparison of measurements for two dendrometers installed at the same location with 
different length screws 

Dendrometer screw length: 10 cm 20 cm Difference 

Measurements    

Phloem/ cambium coverage [cm] 1.5 1.5 0 

Phloem/ cambium coverage compared to screw length [%] 15 7.5 7.5 

Xylem coverage [cm] 8.5 18.5 10 

Xylem coverage compared to screw length [%] 85 92.5 7.5 

Xylem coverage [%] compared to total stem radius 30 66 36 

Mean daily amplitude of reversible radius change [μm] 35.42 48.37 12.92 

Mean daily amount from elastic storage [L] 1.05 1.44 0.39 

Theoretical calculations    

Mean daily reversible xylem radius change [μm] 10.98 23.90 13.0 

Mean daily reversible xylem radius change [%] 31 49 18 

Mean daily reversible phloem/ cambium change [μm] 24.44 24.44 0 

Mean daily reversible phloem/ cambium change [%] 69 51 18 

Storage withdrawal from elastic xylem [L] 0.33 0.72 0.39 

Storage withdrawal from elastic xylem [%] 31 50 19 

Storage withdrawal from bark [L] 0.72 0.72 0 

Storage withdrawal from bark [%] 69 50 19 
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Figure 4.10 Comparison of radius changes of two sensors installed with screws of different length 
for a representative 48 h period. The upper panel shows the raw measurements . The bottom panel 
shows the same period normalised to the maximum.  
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4.4 DISCUSSION 

There are very few (if any) studies of water storage in southern conifers. I assumed that 

due to the stem sizes and deep sapwood, A. australis trees should have large potential 

water storage. This may be important during dry periods because A. australis is vulnerable 

to drought-induced embolism (Pittermann et al., 2006). The results from sap flow 

measurements at different heights did reveal that the stored water from the stem 

contributed a substantial proportion of water transpired on a daily basis. In comparison, 

the proportion of stored water originating from elastic storage was much smaller. 

Withdrawal and refilling from the stem xylem of A. australis had little effect on stem 

shrinkage and expansion which was mainly due to hydration and dehydration of the bark 

and phloem. I found that stored water contributed substantial amounts of water to 

transpiration. Most of this water originated from the xylem storage while elastic tissue, 

mainly bark only contributed 10 % to the overall storage term. 

4.4.1 Water Storage in Agathis australis 

Sixteen to 22 % of daily transpiration of A. australis originated from storage. These values 

were within the reported range of up to 15 % in tropical tree species (Goldstein et al., 1998), 

up to 25 % in temperate broad leaved and coniferous trees (Köcher et al., 2013; Phillips et 

al., 2003) and 10 % on sunny days in temperate conifers (Zweifel et al., 2001). Because the 

upper sap flow sensors were installed at the top of the trunk and not on terminal branches, 

the percentages represent the storage use from the main trunk only, while the 

aforementioned studies had their sap flow sensors on upper branches. In many trees, the 

stem is the largest storage compartment, but, due to the substantial size of the main 

branches of A. australis (growth form unlike northern conifers with spreading crown, see 

picture of “Tane Mahuta” on page ii) above the upper sap flow sensors. I expect the actual 

whole tree water storage to be much larger than the values reported here and therefore 

larger than in other trees.  

The cross correlations of sap flow time series were highest at a lag of 30 min for both trees. 

Chen et al. (2015) found time lags ranging from 5 to 33 min and reported time lags smaller 

than 20 min. Time lags between tree base and upper crown reported by Goldstein et al. 
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(1998) ranged from 10 min to 1 hour, but could reach up to 5 hours in the largest tree 

(Anacardium excelsum, 35 m high) whereas Chapotin et al. (2006) found no time lags in 

Adansonia species in Madagascar. 

There is some uncertainty around the use of time lags to estimate water storage capacity, 

as some large trees do not show any time lags at all (Burgess and Dawson, 2008; Chapotin 

et al., 2006). A. australis has relatively low conductance (see Chapter 2) and therefore high 

resistance which could result in the observed time lags (Phillips et al., 1997). The 

comparison of normalized integrated 24 h measurements at the base and the top of the 

trunk, indicates that this is a representation of capacitive water release. Similar time lags 

were apparent in the dendrometer data which demonstrate that observed time lags are 

unlikely to be a result of the use of Granier-type sap flow sensors as previously suggested 

by Burgess and Dawson (2008). Moreover, time lags were calculated by cross correlation 

analysis and not by just comparing timing of onset or peak.  

The diurnal patterns of radial stem expansion and shrinkage at different heights along the 

stem and branches also exhibited pronounced time lags. Overall, the base shrinks and 

expands later than the stem and branch segments further down the water pathway. The 

occurrence of a wave-like pattern of shrinking and swelling along the stem demonstrates 

that water is withdrawn first from storage compartments closest to the site of 

transpiration, as the branches start to shrink earlier than the upper stem and the base of 

the stem. Similar patterns were previously observed for Picea abies by Zweifel and Häsler 

(2001) with time lags of around 20 min between the stem base and dendrometers 10 m 

high which is similar to my findings. Scholz et al. (2008) hypothezied a relationship between 

the lags and tree size, but lack of enough published studies prevented drawing conclusive 

results.  

The diurnal withdrawal of water from elastic tissues (mainly bark) was small compared to 

the overall storage withdrawal which did include the use of water from elastic tissue. 

Nevertheless, water derived from phloem and bark apparently contribute to the hydraulic 

functioning of the trees. Zweifel and Häsler (2001) reported maximum daily contribution 

of stored water from stem elastic storage of 5.1 L in Picea abies (Norway spruce) with 

diameters up to 50 cm which is similar than the amount measured in the two A. australis 
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(4.8 L for C022 and 5.3 L for the larger D024) with more than twice the diameter. The fact 

the spruce trees were more than twice as tall could explain the similar values despite the 

differences in stem diameters.  

Most stored water originated from the sapwood and not from the elastic bark and 

parenchyma, most likely from capillary storage. Similarly low contribution of water from 

elastic tissue has been found by Tyree and Yang (1990). Capillary storage can however only 

be accessed under low to moderate xylem tension (Holbrook, 1995) which is probably why 

the withdrawal of storage from the sapwood occurred predominantly in the morning, long 

before leaf water potentials (and stem water potentials) reach their minimum (Kaplick et 

al., 2018) and the tension gradient is steepest. This coincides with the time when conditions 

are also most favourable for photosynthesis (Phillips et al., 2003). Water originating from 

cavitation release is also possible. 

4.4.2 Potential Relationship of Wood Anatomy and Water Storage 

Water storage is thought to increase with tree size (Scholz et al., 2011), so it is not surprising 

to find that A. australis showed substantial use of stored water. On the other hand, A. 

australis has a relatively low wood density (Karikala, 2015). Lower wood density is usually 

related to higher capacitance (Carrasco et al., 2015; Jupa et al., 2016), which should also 

result in higher water storage capacity. In our case the large sapwood area/volume of A. 

australis was responsible for the relase of large amounts of water from the storage 

copartments. The high number of ray parenchyma (visually confirmed, but not yet 

quantified) found in A. australis wood should also increase the intrinsic capacitance (Jupa 

et al., 2016). The cross sections of A. australis wood (Figure 4.11) shows that there is some 

ray parenchyma present which would add to the wood capacitance. Rays also play an 

important role in the distribution of water along the radius (Morris et al., 2016). Pfautsch 

et al. (2015b) demonstrated the importance of ray parenchyma for transporting water from 

the phloem to the xylem. 
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Figure 4.11 Stained thin sections of A. australis. Pink stained parts indicate lignified cell walls 
whereas blue stained parts are non-lignified tracheids, meristem, and parenchyma cells in xylem 
and phloem. The upper two panels show a cross section of a surface root and the bottom pictures 
are stem wood. Preparation and staining  according to Gärtner and Schweingruber (2013) 
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4.4.3 Time Lags between Xylem and Phloem/ Bark Radius Variations 

Separating the different influence of xylem and phloem/ bark on stem diameter variations 

by comparing the measurements of sensors anchored with different length screws is not 

as accurate as comparing over bark with xylem measurements. Nevertheless, it gives a 

rough estimate. Most studies have shown that the majority of the diameter changes are 

due to dehydration-rehydration cycle of bark and phloem and attribute as much as 90 % of 

daily diameter variations to changes in water content of phloem and bark. Other estimates 

range from 60 to 99 % (Sevanto et al., 2002; Zweifel et al., 2000). So far only one study on 

fast growing Eucalyptus (Zweifel et al., 2014) showed xylem to be the main contributor (up 

to 100 %) of diurnal diameter changes due to a very large zone of non or partially lignified 

xylem, which cannot be found in slow growing conifers like A. australis.  

Dendrometers with different length of anchoring screws cover different length of xylem. 

More xylem diameter variations are detected with the longer screws. Xylem is generally 

more closely coupled to the transpiration stream than phloem and bark. Xylem diameter 

changes are solely due to transpiration induced tension (Irvine and Grace, 1997). Changes 

in the phloem on the other hand are due to the dynamics of sugar loading and unloading 

as described by the Münch hypothesis. When sugar is loaded into the phloem at the 

carbohydrate sources the water potential of the phloem is lowered and water will flow 

from the xylem into the phloem. This will cause a decrease in xylem diameter but an 

increase in phloem diameter. Sugars are then transported towards the sink and unloaded 

there. At the sink sites the exact opposite happens. The water potential of the phloem 

increases and water is pushed into the xylem resulting in an increase of the xylem diameter 

and a decrease in phloem diameter which explains the lag times at the base of the stem.  

4.4.4 Growth and Tree Water Deficit 

Diurnal patterns of tree water deficit (Figure 4.7) showed daily discharge and refilling of 

water from elastic storage. Stem diameter variations of the two study trees at all locations 

looked similar over the course of the day. The observed diurnal patterns showed clear stem 

shrinkage from the early morning when stomata opened and transpiration started. 

Subsequently water from elastic tissue flows to the xylem conduits as xylem water 

potential decreases due to transpiration being larger than root water uptake (Steppe et al., 
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2015a). In the late afternoon refilling sets in and the stems began to swell again. This 

pattern occurred during clear days, whereas the pattern differed when more substantial 

rain events occurred. The typical diurnal pattern was dampened or hidden by stem 

swelling. This is due to increased water pressure causing living cells in the xylem to enlarge 

(Hinckley and Bruckerhoff, 1975) and increased rehydration of the bark (Čermák et al., 

2007; Goldstein et al., 1998).  

The diurnal amplitude of TWD is an indicator of tree water status (Chan et al., 2016) since 

the elastic tissue of the bark and the xylem are closely coupled through radial exchange of 

water (Steppe et al., 2015a). As such TWD like transpiration is strongly influenced by 

environmental drivers. The daily TWD amplitude correlated strongly and positively with 

PAR and temperature, and negatively with VPD. This is in line with other studies (Aldea et 

al., 2018; Deslauriers et al., 2003; Oberhuber, 2017; Smiljanić and Wilmking, 2018; Urrutia-

Jalabert et al., 2015; van der Maaten et al., 2018; Vieira et al., 2013; Zweifel et al., 2005) 

and results found in Chapter 3. This explains the differences in TWD amplitude over the 

course of the year, with larger amplitudes during summer and smaller amplitudes during 

winter months, when evaporative demand and temperatures were low and the day length 

was shorter. Interestingly the TWD amplitude in tree C022 was negatively correlated with 

soil moisture, more so than tree D024. It is also a much stronger relationship than reported 

for example by Oberhuber (2017) for mature Picea abies and Pinus sylvestris under dry 

summer conditions.  

At the end of November, maximum daily TWD increased for both trees and all locations. 

Days without complete refilling of the stem became more frequent and occurred over 

longer periods of time. TWD was especially pronounced at the base of C022. From the 

beginning of December stem water storage was not completely refilled anymore. 

Maximum TWD in tree D024 was less pronounced. Similar long periods of incomplete 

refilling (shrinkage) and gradual consumption of water reserves were found in other studies 

especially in drought prone environments (da Silva Sallo et al., 2017; King et al., 2013; 

Schäfer et al., 2018; Vieira et al., 2013) but patterns were usually similar in all study trees. 

The difference between the maximum TWD patterns in the two A. australis is surprising. 

During a drought in 2013 Macinnis-Ng et al. (2016) measured sap flow on the same trees 
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and showed that C022 exhibited no decline in sap flow as the soil dried out but a slight 

decline in sap flow for D024. They attributed this result to greater use of stored water and 

access to deeper roots.  

The use of stored water from elastic storage was similar during the measurement period in 

both trees. Since the sap flow sensors on tree C022 failed early on there is unfortunately 

no information on stored water use from non-elastic stem tissue. Chapotin et al. (2006) 

found that Adansonia species do not rely on stored water on a daily basis but deplete their 

stored water just before the beginning of the wet season to promote leaf flush. The trees 

might not be comparable, because of very different wood anatomy, but this example 

demonstrates that there could be seasonal differences in the use of stored water, leading 

to gradually declining water stores over the season. Water content measurement in bark 

and xylem would be an approach that could be used in future research on A. australis to 

investigate long term withdrawal.  

Another explanation for the observed difference in maximum TWD could be differences in 

root systems of the two trees. Even though both trees are in close proximity, D024 sits on 

an edge, with a substantial drop down to a gully. This could mean that D024 has less access 

to soil water due to shallower soils and therefore reduced transpiration earlier compared 

to C022, to protect the cavitation prone xylem. C022 could therefore have a root system 

with better access to moisture. Soil moisture itself is also spatially variable and could be 

lower around D024 than at the two locations where soil moisture was recorded. Moreover, 

the higher TWD in C022 points to lower stem water potentials (Chan et al., 2016) which 

might be beneficial as Dalmagro et al. (2013) and da Silva Sallo et al. (2017) pointed out. 

Decreasing soil moisture causes a relative increase of flow resistance between soil and stem 

storage in comparison to stem storage and transpiration stream. Therefore, water from 

stem storage is gradually consumed which in turn decreases the stem water potential and 

consequently increases the potential to extract soil water. Lastly, the observed TWD 

pattern could be an indicator of hydraulic redistribution with an involvement of the stem 

base as demonstrated by Burgess and Bleby (2006) where water passively flows from the 

stem base to the roots and soil following a gradient of declining water potentials 

(Nadezhdina et al., 2010).  
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4.5 CONCLUSION 

The discharge of stored water from stems plays an important role in A. australis as an 

intermediate source of water on a daily basis with a large proportion of stored water used 

for transpiration. The proportion of stored water originating from the xylem is much larger 

than stored water withdrawn from the bark (or other elastic tissue). Dendrometer 

measurements indicated that the xylem tissue undergoes little volume changes despite 

large amounts of water being withdrawn. During drier summer periods, water from storage 

also seems to help keeping the transpiration rate up while stores are gradually depleted. 

The collected data suggests that water storage could be mechanism in times of drought to 

prevent this drought vulnerable species from developing fatal xylem embolism. 
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CHAPTER 5 NON-STRUCTURAL CARBOHYDRATE DYNAMICS 

AND GROWTH OF AGATHIS AUSTRALIS 
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5.1 INTRODUCTION 

Non-structural carbohydrates (NSCs) play a vital role in tree functioning (Hartmann and 

Trumbore, 2016). Carbon is acquired during photosynthesis and mostly used to support 

primary and secondary metabolism. The required energy originates from carbohydrates 

which can be transported and form the building blocks for biomass production when they 

are synthesised into organic compounds (Chapin et al., 1990; Dietze et al., 2014; Hartmann 

and Trumbore, 2016; Kozlowski, 1992). NSCs are directly involved in most physiological 

processes: growth, respiration, osmoregulation and defence (Dietze et al., 2014).  

All NSCs are produced in leaves (or other green tissue) through photosynthesis (Kozlowski, 

1992). From the source, the acquired C is transported to sink tissues (Figure 5.1) in the form 

of mainly sucrose (Kozlowski, 1992). A proportion of NSCs are used for maintenance 

respiration and some supports growth of leaves, secondary growth and root growth but 

also rhizodeposition (Jones et al., 2004, 2009; Pinton et al. 2007). Leaf area is the main 

driver of assimilation rate. Respiration too depends on the size of the respiring organs, 

which is why both are linked by positive feedback loops (Figure 5.1). On an annual basis, 

there is a balance between the C source and the C sinks (Chapin et al., 1990; Kozlowski, 

1992). However, supply and demand of C are not always synchronised therefore NSCs can 

also be stored and remobilised as needed. In light of this, the size of the stored NSC pool 

theoretically reflects overall C status of the tree (Würth et al., 2005). 

NSC concentrations vary greatly among tree organs (Körner, 2003; Martínez-Vilalta et al., 

2016). Both starch and free sugar concentrations are highest within leaves or needles 

followed by fine and coarse branches which have higher concentrations than the stem due 

to their proximity to the source (Hoch et al., 2003). Stem and coarse root tissue generally 

have lower concentrations but due to the larger volume they represent the largest pool 

(Hoch et al., 2003). Within stems the concentrations are highest closer to the cambium with 

overall higher concentrations in deciduous compared to evergreen species (Würth et al., 

2005). NSC concentrations often increase in stem tissue as trees age (Carbone et al., 2013; 

Piispanen and Saranpää, 2001; Sala and Hoch, 2009). Plavcová et al. (2016) also 

demonstrated that the number of parenchyma cells correlates closely with stored NSC in 
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temperate tree species, but not in tropical species. Trees at higher elevation and latitudes 

tend to have higher concentrations of NSC, likely due to growth but not necessarily 

photosynthesis being limited by shorter seasons and lower temperatures in these areas 

(Hoch and Körner, 2012). Soluble (free) sugars and starch are routinely measured as 

representative NSCs, but in many species, other carbon compounds are probably as 

important. Lipids, like starch are synthesised as storage compounds, but they are rarely 

measured, even though they can make up more than half of all non-structural carbon in 

some conifer species (Hoch et al., 2003).  

 

 
Figure 5.1 Diagram of conceptual carbon fluxes modified from Hartmann et al. (2018). Solid arrows 
show the flow of C through the tree. Valves indicate the possibility of active or passive regulation of 
these flows. Dashed arrows are negative (-) and positive (+) feedbacks. 

The concentration of NSCs in different storage tissue varies seasonally and reflects the 

accumulation, use and redistribution of NSCs (Richardson et al., 2013) and follows the 

biological rhythm of environmentally-driven processes like photosynthesis, respiration and 

growth (Würth et al., 2005). Generally, accumulation occurs when the sink strength is 

limited (Körner, 2003) for example during dormancy (Richardson et al., 2013) when 

temperatures are too cold for growth (Hoch and Körner, 2003) or during drought 
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(Hartmann et al., 2013) but there might also be times of active partitioning into storage 

when allocation is prioritized over growth (Silpi et al., 2007). The magnitude of seasonal 

variation of NSC is larger in boreal temperate biomes compared to Mediterranean and 

tropical biomes (Martínez-Vilalta et al., 2016). Under normal conditions with a sufficient 

supply of fresh assimilates metabolic activity and growth rely solely on new assimilates 

(Gessler et al., 2009; Helle and Schleser, 2004). Nevertheless, a depletion of NSC has been 

observed for many tree species (evergreen and deciduous) during the time of leaf flush in 

spring followed by a gradual increase (Martínez-Vilalta et al., 2016). In contrast, Woodruff 

and Meinzer (2011) found no significant seasonal pattern in stem and branch NSC 

concentrations in taller trees and suggested a weak connection between leaf level 

processes and accumulation and depletion of NSCs within the tree. Hartmann and 

Trumbore (2016) pointed out that most studies so far have focused on seedlings rather 

than studies on storage allocation in mature trees. Due to the biomass ratio changes during 

a tree’s lifetime, allocation dynamics in seedlings might not necessarily reflect that of 

mature trees even of the same species (Hartmann et al., 2018). This shows the need for 

more studies on mature trees alongside manipulative experiments on seedlings.  

NSC storage plays an important role in facilitating long-term tree survival as stored NSCs 

can temporarily buffer changes in C supply and demand (Furze et al., 2018). Due to the 

immobility of plants, the strategic allocation of resources to storage promotes survival 

during and after disturbance events because trees cannot escape adverse conditions 

(Hartmann et al., 2018). During times of low photosynthesis, NSCs can fuel metabolism and 

supply the energy needed to maintain metabolism and even fuel growth (Barbaroux and 

Bréda, 2002; Barbaroux et al., 2003). In deciduous trees for instance, NSCs entirely 

originating from storage compartments are responsible for spring-time leaf flush (Chapin 

et al., 1990; Dietze et al., 2014). Major disturbance events like fire, substantial wind 

damage, defoliation or herbivory attacks can lead to a large source-sink imbalance 

(Luostarinen and Kauppi, 2005). After disturbance events, stored NSCs can therefore 

facilitate recovery. Hoch et al. (2003) demonstrated that deciduous trees store enough 

NSCs to regrow their entire foliage up to four times and conifers 1.8 times. Larger NSC 

reserves were reported for fire-adapted species with the ability to resprout and trees 

adapted to arid environments (Aubrey and Teskey, 2018; Langley et al., 2002). NSCs are 
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also involved in potential refilling of embolised conduits in the xylem (Klein et al., 2018), 

but this might only be true for e few specialised species (Choat et al., 2018). 

Due to the current and projected increases in drought frequency and magnitude and the 

related increase in tree mortality (Allen et al., 2010; Anderegg et al., 2015), NSCs have 

received more attention lately. One proposed mechanism leading to drought mortality is 

carbon starvation (McDowell et al., 2008; McDowell, 2011; McDowell et al., 2013), which 

would be more likely to affect isohydric plants during drought. Isohydric species are 

characterised by early stomatal closure, triggered by declines in soil moisture and/or 

increased atmospheric vapour pressure deficit. With this strategy, declining leaf water 

potentials and increasing xylem tension can be prevented and consequently protects the 

hydraulic integrity of the plant, by preventing the formation of xylem embolism. The 

downside for the plant is the decreased assimilation rate because stomatal closure reduces 

C supply to the leaf, eventually reducing C fluxes throughout the plant. In this situation, 

plants therefore need to rely on stored NSCs to maintain metabolism. During longer 

droughts the exhaustion of stored NSC may lead to death (McDowell et al., 2008), but this 

mechanisms still lacks emperical evidence (Adams et al., 2018).  

In line with the carbon starvation hypothesis it is not surprising that O'Brien et al. (2014) 

found that seedling survival during drought was significantly enhanced by greater NSC 

reserves. On the other hand, multiple studies (Granda and Camarero, 2017; Piper et al., 

2017) found increases in NSC concentrations shortly after the onset of drought, which 

clearly contradicts the carbon starvation hypothesis. The proposed explanation is sink 

limitation. Growth declines much earlier than a reduction in photosynthesis during 

drought. If water is limited, turgor driven cell expansion necessary for growth declines, 

eliminating growth as a sink for fresh assimilates. This results in an accumulation of NSCs 

due to the sink inhibition which in turn could cause a down-regulation of photosynthesis 

(Hoch et al., 2002; Körner, 2003; McDowell et al., 2013; Sala et al., 2010). Carbon starvation 

could still occur after a threshold when reduction of photosynthesis outpaces the reduction 

in respiration (McDowell, 2011) but current consensus is that hydraulic failure is more 

likely. However, this discussion has raised additional questions concerning the question of 

sink limitation as opposed to carbon limitation (Körner, 2003; Wiley and Helliker, 2012), 
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along with questions about the process of storage accumulation (Dietze et al., 2014), and 

whether this is a passive process or an active process at the expense of growth (Schippers 

et al., 2015; Silpi et al., 2007).  

Kauri are large, long-lived trees so are a perfect study species for exploring NSC dynamics 

as trees age. They also have an active growing season and a more dormant season during 

winter. A. australis can be classified as isohydric based on the very conservative stomatal 

behaviour, likely because the species is vulnerable to xylem embolism (Pittermann et al., 

2006). Because larger NSC concentrations are linked to better drought survival (O'Brien et 

al., 2014), active investment into NSC storage could be a further insurance strategy of the 

species to deal with adverse environmental conditions similar to water storage. Moreover, 

Martínez-Vilalta et al. (2016) specifically mentioned a lack of NSC data for Southern 

Hemisphere evergreens as major limitation for drawing general global conclusions 

concerning NSC dynamics, to my knowledge NSC concentrations have notr been measured 

for any members of the Agathis genus nor the Auracariaceae family. 

5.1.1 Research Questions 

In this chapter I analyse NSC concentrations of root and stem wood of A. australis over the 

course of two years and compared these with radial stem growth. The aim of this chapter 

is to identify the seasonal changes in NSC concentration of stem and root tissue and 

compare these patterns to stem growth. I firstly hypothesize that leaves show the highest 

concentrations of NSC followed by root tissue. Stem tissue likely has the lowest 

concertation (1). Second, I expect older, larger study trees to have higher NSC 

concentrations in the stems over all seasons (2) and also exhibit lower growth rates (3). 

Over the season, I expect NSC concentrations will be lowest in spring (4).  

5.2 METHODS 

5.2.1 Study Trees and Sampling 

Six study trees at the Huapai Scientific reserve were equipped with permanent girth tapes 

(UMS GmbH, Munich, Germany). Readings were taken every two weeks. The bands needed 
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to be adjusted occasionally, due to curious possums or large bark flakes coming off the 

trees.  

Table 5.1 Overview of the sampled trees. Leaves were sampled only once (but multiple times during 
the day) during February 2015. Stem and root tissue samples were taken at least seasonally.  

Tree species ID DBH in cm Leaf NSC 
Stem tissue 

NSC 
Root tissue 

NSC 

Agathis 
australis 

A046 38.4  x  

A050 77.6 x x x 

A109 44.5  x x 

B079 19.8  x  

C022 128.0  x x 

D024 174.2 x x x 

 

During a field campaign in February 2015 leaf samples were taken throughout the day from 

A. australis (see table 5.1) while simultaneously measuring leaf gas exchange and water 

potential (see chapter 2). Leaf samples from two trees were analysed for NSC content. 

Samples for NSC measurements of stem and root tissue were taken seasonally (April 2014, 

July 2014, October 2014, January 2015, April 2015, May 2015, July 2015, October 2015, 

January 2016 and March 2016) with a trephor micro corer (Rossi et al., 2006) and kept on 

ice until returned to the lab. Four to five cores were necessary to gain enough sample 

material for the chemical analysis. For stem xylem samples, I removed the thick bark with 

a chisel (up to 2 cm on the largest A. australis) before taking the core. For root samples, I 

followed large surface roots and dug up smaller roots in the vicinity, but still with diameters 

larger than 5 cm to be able to use the corer to extract the samples. From April 2015 

onwards I changed the sampling strategy and started collecting root segments. All sampled 

roots from this point forward were between 1 and 3 cm in diameter. I used a chisel to cut 

out a small root segment. For two of the study trees (Table 5.1) it was not possible to take 

root samples as there were no larger surface roots that could be followed to roots of 

appropriate size. Any roots found by digging up soil around the bases of the two trees could 

not be clearly identified as belonging to the sample tree. Back in the lab, I microwaved all 

samples for 1 min to stop enzyme activity (Popp et al., 1996) and dried them for 72 h at 

75°C. Finally, I ground the sample material into a 25 µm fine powder using a centrifugal mill 
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(ZM200 Retsch, Haan, Germany). Until chemical analysis, samples were stored in 

Eppendorf tubes in dry and dark conditions at room temperature.  

5.2.2 Chemical Determination of NSC Content 

Samples were analysed for NSC content using a protocol based on Wong (1990) and 

described by Hoch et al. (2002) but using amyloglucosidase instead of the originally used 

clarase for starch hydrolysis (e.g. Bachofen et al., 2018; Piper et al., 2017). This procedure 

quantifies the concentration of low molecular carbohydrates (free sugar: glucose, fructose 

and sucrose) as well as the total non-structural carbohydrate concentration (TNC: starch 

and free sugar). First, I extracted 10 to 12 mg of powdered samples (8 to 10 mg for leaves) 

in 2 ml distilled water over steam for one hour. For the free sugar analysis an aliquot of the 

extract was mixed with invertase (from baker’s yeast, I4504 from Sigma Aldrich), vortexed 

and let to react for one hour. The sucrose present in the sample was digested to glucose 

through this process. In the meantime, I mixed glucose assay reagent (G329, Sigma Aldrich) 

and phospho-isomerase (P5381, Sigma Aldrich) and added the mixture into 96-well plates, 

the wells of a second plate were filled with distilled water. The self-absorption (without 

sample) was measured at 340 nm for both plates using a plate reader (SpectraMax ID3, 

Molecular Devices, San Jose, USA). An aliquot of the sample extract was then added to the 

wells of both plates and left to react with the assay reagent for 20 min on a shaker. Finally, 

the absorption was measured at the same wave length and re-measured once more after 

another 15 min had passed. In order to analyse the total NSC content (TNC, starch and free 

sugars combined) I added amyloglucosidase (10115, Sigma Aldrich) to an aliquot of the 

distilled water sample extract and then placed it in a 49 °C water bath where the starch and 

sucrose present in the sample extract were digested to glucose by the added enzyme. The 

glucose concentration was again photometrically determined at the same wavelength. For 

quality control, glucose standard solution (G6918, Sigma Aldrich) and fructose, sucrose and 

starch solutions at concentrations of 1 mg mL-1 were used throughout the chemical analysis 

and results discarded if standards did not reach appropriate concentrations supplied by the 

manufacturer (99 % for sucrose and 87 % for starch standards). 
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5.2.3 Data Analysis 

Basal area increments were calculated for each tree form the recorded diameters using the 

following equation: 

𝐵𝐴𝐼 =  
𝛱

4
 (𝐷𝐵𝐻2

2  −  𝐷𝐵𝐻1
2 ) 

Where DBH1 and DBH2 are consecutive diameter readings in mm.  

Starch was calculated by subtracting free sugar values from TNC values. Means of NSC 

concentrations were calculated and compared to each other using Tukey’s pairwise 

comparison after using a one-way ANOVA to determine if there were significant differences 

between means of tissues, sampling dates and trees of different sizes. Analyses were all 

conducted using R version 3.2.0. 

5.3 RESULTS 

5.3.1 Growth 

Increment growth commenced around September for all six study trees in both spring 

seasons (Figure 5.2 and 5.3). The main growth increments were observed in spring, 

followed by a period in January and little to no growth at all from July to the following 

September each year. While normalised increment growth (Figure 5.2) was smallest for the 

largest trees (C022 and D024) and greatest for the smallest tree (B079), the largest trees 

still added more area. Basal are increment was much larger in the two large trees compared 

to the smallest trees (Figure 5.3).  
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Figure 5.2 Cumulative normalised (by area) area increment of the six study trees. Measurements were taken with permanent girth tapes and recorded fortnightly 
during the period from April 2014 to April 2016. Values next to tree names are DBH at the start of the experiment.  
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Figure 5.3 Basal area increments from fortnightly measurements for the six individual study trees. 
Small increments are visible during winter months, which could be due to water related stem 
diameter variations. The growing season is indicated by the grey area. 



 

160 
 

5.3.2 NSC Concentrations 

Significant differences were detected between mean NSC concentrations varied among 

tissues (Figure 5.4). Leaves had the highest concentrations of TNC and free sugars. Starch 

concentrations were slightly higher in fine roots than in leaves, but without statistical 

significance. Stem concentrations were consistently lower  other tissues, but no significant 

difference could be detected with the slightly higher concentration in coarse roots. Mean 

TNC concentrations in leaves were 3.19 ± 0.24 %, about 30 % lower in fine roots (1.91 ± 

0.31 %) and two thirds lower in stem tissue (0.88 ± 0.08 %). In all organs TNC is made up of 

a greater proportion of free sugar than starch.  

Significant differences were also detected when comparing mean stem NSC concentrations 

varied among trees (Figure 5.5). Mean free sugar and TNC concentrations were higher in 

trees C022 and D024. While C022 had significantly different concentrations to all four other 

trees, values for D024 were only significantly different to two other trees (A046 and B079). 

Starch concentrations were slightly higher in C022 and D024 compared to the other 

individuals, but these differences were not significant. Mean root NSC concentrations on 

the other hand only showed significantly different means between trees for starch 

concentrations. A050 had higher values than C022.  

Because of the differences detected during the pairwise comparison of stem NSC for 

individual trees I tested the relationship of NSC concentrations and tree diameter (Figure 

5.6). NSC concentrations increased with DBH. The slopes of the linear regression were 

similar for sugar and TNC and less steep for starch. R2 values ranged from 0.74 (p < 0.05) 

for free sugars to 0.84 (p < 0.01) and 0.85 (p < 0.05) for TNC and starch respectively. 
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Figure 5.5 Mean tree root (including fine and coarse roots) and stem NSC concentrations. As 
percentage of dry matter. Standard error of the mean is indicated by the error bars. Different letters 
indicate significant differences between means within a NSC category (p < 0.001).  
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Table 5.2 Analysis of variance. Asterisks in parentheses (*) indicate significant differences found 
during the analysis of variance, but none in the following Tukey’s pairwise comparisons. Means for 
different dates or different trees were only compared within the same tissue type. 

Effect Response variable df F ratio p value 

Tissue type TNC concentration 3 32.88 <0.001*** 

 Free sugar concentration 3 31.66 <0.001*** 

 Starch concentration 3 8.891 <0.001*** 

Stem tissue     

Date TNC concentration 9 1.377 0.23 

 Free sugar concentration 9 0.966 0.48 

 Starch concentration 9 4.700 <0.001*** 

Tree TNC concentration 5 11.77 <0.001*** 

 Free sugar concentration 5 8.073 <0.001*** 

 Starch concentration 5 1.214 0.323 

Coarse roots     

Date TNC concentration 4 3.148 0.06 

 Free sugar concentration 4 3.163 0.048(*) 

 Starch concentration 4 0.668 0.63 

Tree TNC concentration 3 1.179 0.36 

 Free sugar concentration 3 0.867 0.48 

 Starch concentration 3 3.328 0.07 

Fine roots     

Date TNC concentration 3 7.955 0.19 

 Free sugar concentration 4 2.419 0.13 

 Starch concentration 2 0.103 0.90 

Tree TNC concentration 3 4.793 0.03* 

 Free sugar concentration 3 0.757 0.55 

 Starch concentration 2 3.853 0.10 
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Figure 5.6 Relationship of DBH and mean stem concentrations of low molecular (free) sugars, total 
non-structural carbohydrates (TNC) and starch for the six studied A. australis. Error bars are the 
standard error of the mean.  

NSC concentration of leaves measured at different times of the day showed slightly 

different trends for both trees (Figure 5.7). Sugar concentrations were higher in leaves of 

tree A050 in the early morning around 7 am compared to leaves of tree D024. The 

concentration then dropped towards 9 am and stabilized, with a similar concentration at 1 

pm and increased slightly at 2:30 pm. TNC followed a similar pattern, only had a more 

marked increase at 2:30 pm. Starch concentrations were lower than sugar concentrations 

and were relatively constant until 2:30 pm when they showed an increased level, exceeding 

the sugar concentration at this point. Sugar concentrations of leaves of tree D024 increased 

slightly from the early morning to 9 am and then decreased, reaching a similar level 

compared to the early morning value at 2:30 pm. TNC concentration looked similar to the 

pattern in free sugar, only with a slight increase at 2:30 pm. Starch concentration was low, 

but increased from the early morning towards the afternoon. 
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Figure 5.7 Changes of total NSC, starch and free sugar concentration as percentage of dry leaf 
matter over the course of a day. Leaves were sampled on the February 17th and 18th 2015 while 
gas exchange and water potentials were measured (as described in chapter 2). All leaf samples 
originate from the upper sunlit parts of the crowns. 

The concentration of NSCs in stem tissue of individual trees (Figure 5.7) showed the lowest 

sugar concentration either in winter (late July) or mid spring (October) and the highest 

sugar concentration for the January (summer) and April (early autumn) sampling dates. 

Variation in root concentration of free sugars was similar to stem tissue for the coarser 

surface roots with low values in July and October. Finer roots had the lowest concentrations 

in summer. TNC and starch concentrations in stems and roots did not follow a clear trend 

when looking at individual trees. Occasionally TNC values were lower than free sugar values 

resulting in negative starch values (in cases were no white bar is visible in Figure 5.8) 

suggesting inconsistencies in the measurement of TNC.  
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Mean stem tissue free sugar concentrations of the six study trees showed the lowest 

concentrations in winter and spring and higher concentrations in January and April (Figure 

5.9). Starch concentrations were highest in autumn and winter and lowest in October. 

Overall, the seasonal variations were small and no significant differences could be detected 

between sampling dates, neither for free sugar nor TNC or starch. Coarse root sugar 

concentrations were lowest in July (winter) and only slightly higher in October. The rest of 

the sampling dates showed similar sugar levels. Mean starch and TNC concentrations 

peaked in April and like the sugar levels were at their lowest in July. Fine root NSC 

concentrations peaked in October and then decreased until April the following year. Again, 

there were no significant differences of the mean NSC concentrations for roots at the 

different sampling dates.  
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Figure 5.8 Seasonal dynamics of NSC concentrations in stem and root tissue. Samples were taken 
from April 2014 to April 2016. Free sugars (dark grey) include sucrose, fructose and glucose. The 
white part of the bars represents starch concentrations, calculated as the difference of TNC (total 
bar height) and sugars. 
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Figure 5.9 Mean growth increments and mean NSC concentrations of stem and root tissue including 
standard errors for all six sample trees. Note, roots A are larger surface roots and B are smaller (> 
5cm diameter) roots.  
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5.4 DISCUSSION 

To my knowledge this is the first study examining NSC concentrations of stems, roots and 

leaves of A. australis or any member of the Araucariaceae family. I found significantly 

different NSC concentrations among different organs, with leaves having higher 

concentrations than roots and stem wood. Secondly, there was a clear relationship 

between tree size and stem wood NSC concentrations, but not with root concentrations. 

Larger trees had higher concentrations than smaller trees. Finally, seasonal variations in 

stems and coarse roots followed a similar trend with lowest values mainly in winter and 

spring followed by a gradual increase towards autumn. Small diameter root concentrations 

displayed the exact opposite trend.  

5.4.1 Methodological Challenges 

TNC and starch measurements showed some inconsistencies, with some of the TNC values 

being smaller than free sugar values as TNC consists of free sugar and starch, they should 

at least be equal to the sugar value. This resulted in starch values being negative (missing 

of white bars in Figure 5.8). The occasions where this occurred were not consistent 

between tissue or sampling dates, which points towards methodology issues. Most studies 

show higher starch than sugar concentrations (e.g. Aubrey and Teskey, 2018; Fajardo et al., 

2013; Hoch et al., 2003; Klein et al., 2014; Michelot et al., 2012; Newell et al., 2002; Sala 

and Hoch, 2009) and even though the absolute values might not be comparable (Quentin 

et al., 2015), the relative changes of starch to sugar can. The starch control standard used 

was a purified corn starch and through all runs showed accurate measurements. In the tree 

tissue samples there may have been incomplete hydrolysis of starch to soluble sugar. As 

the leaf, root and stem tissue are likely chemically different to the corn starch either the 

time or the acidity level could have been too small for complete hydrolysis. Another 

possibility, but less probable (as this would have had an effect on sugar measurements as 

well) could be other substances present in the sample, interfering with the photometric 

measurements. These could be plant phenols for instance. Some NSC studies have added 

additional steps to their chemical protocols to extract phenols before the actual NSC 

analysis (e.g. Gruber et al., 2012) which should be in future measurements. Additionally, 

higher acidity levels could be used during the starch digestion to aid the process of 
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hydrolysis. Furthermore, a number of plant species (Pinus sylvestris, P. cembra and P. 

ponderosa, Tilia and Betula, Hoch et al. (2002); Hoch et al. (2003)) store large amounts of 

lipids. Lipids are fatty acids and like starch are used as a storage compound. Pinus sylvestris 

for instance had low sugar and starch concentrations, but lipid concentrations were 

substantial (Hoch et al., 2003).  

5.4.2 NSC concentrations in tissues 

Mean NSC concentrations were comparably low in all tissues. Evergreen tree species 

especially conifers generally have lower NSC levels compared deciduous species (Hoch et 

al., 2003; Martínez-Vilalta et al., 2016; Würth et al., 2005) but my values were particularly 

low. A. australis leaves had mean values of TNC and sugar of 3.19 ± 0.24 % and 2.36 ± 0.15 

% respectively. Mean stem concentrations were 0.88 ± 0.08 % for TNC and 0.67 ± 0.08 % 

for sugar. Pinus sylvestris and Pinus cembra in Chile had nearly three time as much in 

needles, 8.75 and 9.3 % respectively and nearly twice (1.7 and 1.33 %) the concentration in 

stems (Fajardo et al., 2013). Conifers in Switzerland had needle TNC concentrations of up 

to 10 % and stem concentrations ranging from just under 2 % in Pinus sylvestris, 1 – 3 % in 

Abies alba, 2 – 2.5 % in Picea abies to 2 % in Pinus ponderosa (Hoch et al., 2003; Sala and 

Hoch, 2009). Conifers with especially low stem NSC concentrations, closer to the values 

reported here for A. australis had higher lipid concentrations for instance P. cembra and P. 

sylvestris (Hoch et al., 2002; Hoch et al., 2003), which should be considered for A. australis 

as well. Values reported by different studies even for the same species vary greatly. 

Bachofen et al. (2018) reported up to 6 % starch and additional 6 % sugar in dry matter of 

P. sylvestris seedlings, which amounts to 6 times the amount found by Fajardo et al. (2013) 

or Hoch et al. (2003). This illustrates firstly that there is a difference between allocation 

dynamics in seedlings and mature trees (Hartmann et al., 2018) and secondly even using 

the same method does not necessarily lead to the same results (Quentin et al., 2015). 

Nevertheless, comparing relative differences in seasonal dynamics or different tissues 

amongst studies, and differences within the same study is considered valid (Quentin et al., 

2015).  

As expected leaves showed the highest concentration of NSCs, followed by fine, then 

coarse roots. The stem had the lowest concentrations (Figure 5.4). This is a common 
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observation in NSC studies where concentrations in different organs are compared and 

occurs in evergreen and deciduous trees alike (e.g. Barbaroux et al., 2003; Fajardo et al., 

2013; Jung and Burd, 2017; Kannenberg et al., 2018; Klein et al., 2014; Klein et al., 2016b; 

Piper et al., 2017; Smith et al., 2018; Woodruff and Meinzer, 2011). The differences in 

concentration reflects the function of the different organs (Martínez-Vilalta et al., 2016). 

NSCs are produced in the leaves (Chapin et al., 1990; Kozlowski, 1992), so one would expect 

the concentration of sugars in particular, to be highest here. Branches also show high NSC 

concentrations, probably due to their close proximity to the leaves (Barbaroux et al., 2003). 

Concentrations in the stem drop considerably, but even though concentrations are low, 

stems account for the greatest pool overall (Smith et al., 2018). Considering this, stems of 

A. australis likely have a large NSC pool because of the deep active sapwood, despite the 

low stem concentrations. Roots generally have higher concentrations than stems and 

starch concentrations can be even higher than in leaves (Martínez-Vilalta et al., 2016), but 

the overall picture for roots is less clear as it is influenced greatly by sampling strategy and 

the functional differences between sampled roots (McCormack et al., 2015).  

Diurnal NSC dynamics were recorded in leaves of two of the study trees. Free sugar levels 

remained relatively constant throughout the day, which is in agreement with diurnal 

measurements presented by Woodruff et al. (2015) for leaves of Juniperus monosperma 

and Pinus eludis. The NSC concentrations for A. australis are more comparable to the 

isohydric P. eludis, which closed stomata early during the day similar to A. australis 

(Macinnis-Ng et al., 2017a; Wyse et al., 2013 and Chapter 2). Sugar concentrations were 

much higher in J. monosperma and starch concentrations were higher in both, P. eludis and 

J. monosperma. Sugars are produced during the day and transformed to sucrose in order 

to be loaded into and transported via the phloem. Surplus free sugar might also be 

synthesised into starch and stored within the chloroplasts. Starch is broken down at night 

for continued phloem loading and supports growth and maintenance respiration within the 

leaves (Stitt and Zeeman, 2012). This pattern is visible in A. australis leaves with the slight 

increase of starch in the early afternoon (Fig. 5.7).  
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5.4.3 Relationship between Tree Size and NSC Concentration 

Samples for NSC analysis were taken from trees with a wide range of diameters, from 20 

to 175 cm (Table 5.1). Sugar, starch and TNC concentration were significantly higher in stem 

tissue of larger older trees (Figure 5.5) and 95 % of the variance in TNC for instance was 

explained by variations in DBH (Figure 5.6). An accumulation of NSCs in tree stems over 

time was suggested by Piispanen and Saranpää (2001) who found higher myo-inositol (a 

soluble sugar) concentrations in older compared to younger birch (Betula pendula) trees, 

but no such trend for the other more commonly measured NSCs like glucose, fructose, 

sucrose or starch. Sala and Hoch (2009) showed more convincing evidence of increases in 

NSCs and lipid in larger Pinus ponderosa. They also found declining growth rates with tree 

age which is a common phenomenon (Ryan and Yoder, 1997 and references therein) and 

occurs in A. australis as well. Similar results were reported by Woodruff and Meinzer (2011) 

who measured NSC concentrations along a height gradient in Pseudotsuga menziesii, while 

Genet et al. (2010) observed the same decrease in growth rates in Fagus sylvatica and 

Quercus petraea, but no apparent increase in NSC concentration with tree age.  

As trees grow older and taller the path length resistance increases which causes greater 

xylem tension. As a result, turgor pressure is reduced (Woodruff et al., 2004) and might 

limit cell expansion which in turn limits growth (hydraulic limitation hypothesis, Ryan and 

Yoder, 1997). The growth reduction is consequently a sink limitation (Körner, 2003) which 

would lead to an accumulation of NSCs as shown by Sala and Hoch (2009). However, this 

probably just one part of the story for A. australis, even though they can grow incredibly 

old, they do not grow very tall. In fact, the tallest A. australis (Tane Mahuta, pictured on 

page ii of this thesis) is only around 45 m tall (The New Zealand Tree Register, May 2018) 

despite being older than a thousand years. The sampled trees all have similar heights. The 

two larger trees probably have longer path lengths because they have more branching 

crowns, but this alone cannot explain the substantially higher NSC concentrations. 

The main difference between the two larger and the four smaller A. australis trees is the 

biomass. The trunks are much bigger, the crown branches out more and the leaf area is a 

lot greater in comparison. The larger leaf area is responsible for higher C acquisition, 

regardless of potentially lower stomatal conductance and assimilation of older A. australis 
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due to hydraulic limitations (Chapter 2). Therefore, C supply is higher in the two older 

individuals which is one reason for the greater NSC concentration. Secondly, the larger 

biomass (leaves, branches, trunks and root system) creates an increased demand of NSC 

for respiration (positive feedback, Figure 5.1). Macinnis-Ng et al. (2017b) measured stem 

efflux rates in the same forest and showed around 30 % higher rates (~3 µmol CO2 m-2 s-1) 

for trees from the dominant canopy class than for the co-dominant and intermediate 

classes (~1.5 to 2 µmol CO2 m-2 s-1). Considering the larger surface area of the stems of the 

two large A. australis, the difference in overall stem respiration would be significant. The 

higher concentration of larger A. australis is therefore not only due to the height/age 

difference but due to higher C supply which is necessary because of higher metabolic 

demand. 

5.4.4 Seasonal NSC dynamics 

Seasonal variations of NSC concentrations in stem and root wood were not significant 

(Table 5.2). Nevertheless, a seasonal trend was still visible in all trees. Piispanen and 

Saranpää (2001) suggested that seasonal oscillations are more pronounced in more 

seasonal climate with clear distinction between more and less favourable times for C 

assimilation. Therefore, less pronounced seasonal variations in this maritime temperate 

climate might not be surprising and have been reported before (e.g. Hoch et al., 2003; 

Körner, 2003; Newell et al., 2002).  

The mean stem sugar levels were lowest in October (spring) which is during the primary 

growing season. It is often reported that sugar levels are lowest right around the time of 

leaf flush (Martínez-Vilalta et al., 2016; Palacio et al., 2018), but this is more pronounced in 

deciduous compared to evergreen trees and more so in branches than in stems or roots 

(Newell et al., 2002). The onset of growth was around September in both study years and 

leaf growth of A. australis usually occurs a few weeks earlier than the onset of stem growth 

(Ogden and Ahmed, 1989). No marked decline can be reported for this time, as I did not 

capture that particular period with my measurements in A. australis. It can however be 

assumed that the concentrations were low at that time, since they were also relatively low 

during the sampling in late July. Over the summer the concentrations increased, likely 

because of greater photosynthetic C supply and continuous allocation of sugar to the stem. 



 

174 
 

This pattern is consistent with other studies (Deslauriers et al., 2009; Hoch et al., 2003; Jung 

and Burd, 2017; Klein et al., 2016b) and higher transpirations rates reported in Chapter 3 

for this period support this conclusion. The winter values were slightly higher than the 

lowest values in spring, indicating decreased supply from the leaves and greater respiratory 

demand. In comparison to transpiration rates Macinnis-Ng et al. (2017b) demonstrated 

that stem respiration in winter does not drop as much but is at about half the rate of 

summer respiration in canopy dominant trees while efflux in intermediate trees remains 

relatively constant all year round. There is consequently a constant demand for C for 

respiration in A. australis. Muhr et al. (2013) have also shown that the NSCs used for 

respiration is often several years old, which means that C demand for respiration is 

frequently met by NSCs from storage and not only from fresh assimilates. The patterns in 

individual trees were not as clear as the mean, with some trees showing the lowest values 

in winter instead of spring, however the increase in sugars towards autumn was consistent 

among the study trees. In contrast, the trends in TNC and starch values were less clear than 

in the soluble sugars, a pattern which I attribute to the previously mentioned 

methodological issues.  

Coarse root NSC dynamics followed the same seasonal patterns as the stems, indicating as 

similar functional role (Martínez-Vilalta et al., 2016), storage and redistribution of 

resources. Dynamics in fine roots were exactly opposite, with high sugar and starch 

concentrations in winter, followed by a decline during the growing season and lowest 

values in autumn which is similar to root dynamics reported by Aubrey and Teskey (2018) 

and Smith et al. (2018) for starch concentration for Pinus palustris and Eucalyptus species, 

respectively. This could be due to conversion of starch to sugar and the subsequent use for 

growth and maintenance. As the root dynamics and stem dynamics show opposing trends, 

there might also be some exchange between the two organs. Roots are more likely to use 

stored NSC for growth and respiration than stems (Langley et al., 2002). The difference in 

NSC dynamics and the low stem growth rates during summer, point towards different 

temporal growth dynamics as root and shoot growth often alternate (Herrmann and 

Buscot, 2008). Roots growth could predominantly occur during the summer month in A. 

australis and is in line with observations of potted A. australis seedlings exhibiting greater 

root than shoot growth during drier conditions (Bieleski, 1959; Wyse et al., 2013). 
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Additionally, A. australis are likely to rely on mycorrhiza to increase nutrient uptake as soil 

fertility in kauri forest is low (Padamsee et al., 2016; Silvester, 2000). The decline in NSC 

could therefore also point to maintenance of this symbiotic relationships, at times when 

nutrients are most needed for photosynthesis and growth (Langley et al., 2002; McCormack 

et al., 2015).  

5.5 CONCLUSION 

Seasonal dynamics of NSCs were small in A. australis and radial growth did not have an 

obvious impact on NSC stores, especially not during summer and autumn, indicating that 

stem growth in A. australis relied mostly on fresh assimilates. The concentrations of NSCs 

in stems increased with age and diameter of A. australis. All study trees, no matter what 

age, experienced the same environmental conditions with no indication of stressors or C 

limitation. In light of this, the usefulness of NSC concentration as a proxy for C supply (Sala 

et al., 2012) remains questionable (Fajardo et al., 2013; Woodruff and Meinzer, 2011) and 

should probably only be considered within the same age/height group or the same tree 

over time. In addition, minimum thresholds of NSC concentration required for tree survival 

as found by Weber et al. (2018) for a variety of seedlings cannot simply be used to assess 

the vigour of mature trees (even for the same species) as minimum NSC supply likely scales 

with age, due to greater C demand for metabolic maintenance.  
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CHAPTER 6 GENERAL DISCUSSION 
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6.1 STUDY OVERVIEW 

Despite being one of the most iconic species in the world, our understanding of the 

influence of environmental conditions on the physiology of A. australis remains limited. 

Because of the functional role and dominance of A. australis in the kauri forest ecosystem 

it is especially important to expand our knowledge about its physiological processes, 

especially water and carbon relations. I set out to address four specific goals:  

1) Determine differences in water use strategies of A. australis and associates. 

2) Identify the seasonal patterns of water use of individual trees and on the stand 

level in response to ambient climate. 

3) Quantify the use of stored water in A. australis as a drought-avoidance strategy. 

4) Investigate patterns of carbon allocation and the dynamics of NSC pools in A. 

australis.  

6.2 RESEARCH SUMMARY 

Because of the size of mature kauri trees, capturing whole-tree and stand-scale processes 

at fine temporal scales is challenging. I measured fluxes of water at leaf and whole-tree 

scales and extrapolated to stand-scale to explore plant responses to environmental drivers 

of plant water use. I measured carbon uptake leaf-scale assimilation, stem increment 

growth and NSC concentrations of leaves, stems and roots (Fig. 6.1). 
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Figure 6.1 Conceptual model linking carbon and water measurements collected during my PhD 
research. Numbers in brackets related to the thesis chapters. While water use/transpiration is a flux, 
NSC concentration represents net C supply at a given point and growth represent C use over a period. 
This means that only the leaf level measurement can be directly compared. Nevertheless, sap flow 
measurements illuminate water use strategy, growth and NSC concentrations show how this affects 
the carbon status of the tree.  
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6.2.1 Leaf Level Water and Carbon Relations (Chapters 2 and 5) 

In Chapter 2 I compared leaf level water relations of A. australis and three associates, P. 

totara, P. trichomanoides and K. excelsa (illustrated in Figure 6.2) with the aim of assessing 

water use strategies. A. australis is vulnerable to xylem embolism even under low xylem 

pressure according to the published P50 values (Pittermann et al., 2006: -2.32 MPa) whereas 

P. totara and P. trichomanoides loose conductivity at higher water potentials (Pittermann 

et al., 2006: -6.63 MPa, M.J. Clearwater, unpublished: -6.3 MPa). Little is known about the 

vulnerability of K. excelsa and the little information that is publish is contradictory (Metcalf, 

2011; Seward, 2016). The initial expectation was to find different water-use strategies 

under the assumption that A. australis is at greater risk of hydraulic failure and should 

therefore employ a more conservative strategy compared to the other species. However, I 

found that all species had similar low stomatal conductance and assimilation rates 

throughout the day. The results serve as good reminder that a single trait (like xylem 

vulnerability to embolism) is not enough to inform on potential water use strategies or an 

indicator on where a species is placed along the isohydric-anisohydric spectrum. Likewise, 

the risk of drought mortality cannot be predicted from a single trait alone (O'Brien et al., 

2017). 

The hydraulic safety margins (HSM), the difference between the measured minimum water 

potential and P50 (Johnson et al., 2012) differed greatly between A. australis (0.6) and the 

two podocarps P. totara (4.9) and P. trichomanoides (5.3). The narrow safety margin of A. 

australis is unusual for a conifer species and largely due to the low P50, which is also found 

for other members of the Agathis genus (Choat et al., 2012). Low P50 and narrow HSM are 

often found in tropical species (Choat et al., 2012) and apart from A. australis all Agathis 

species are found in the tropics. Hydraulic traits are genetically constraint (Bourne et al., 

2017) and the HSM and P50 do show the tropical heritage of the Agathis family. Moreover, 

species with higher capacitance often exhibit narrow HSM (Johnson et al., 2012) which A. 

australis seem to have (high water storage capacity, probably high whole tree capacitance 

too, Chapter 4). The two podocarps had wider HSM, indicating an even more conservative 

stomatal regulation than A. australis. Predawn water potentials were moderately low, a 

sign that none of the study trees were particularly water stressed and reached equilibrium 
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with the soil overnight (Matyssek et al., 2010). The conservatism of the two podocarps 

seems unnecessarily high.  

 
Figure 6.2 Conceptual diagram of measurements undertaken for Chapter 2, which concentrated on 
diurnal leaf level gas exchange and water potential in combination with tree sap flux (Fd) of A. 
australis and three A. australis associates. The patterns of all measured variables were similar across 
the four species. Stomatal conductance (gs) increased rapidly in the early morning hours after 
sunrise, but peaked before midday. A on the other hand increased gradually until the late afternoon, 
when measurements ended. Leaf water potential decreased continuously until mid-afternoon and 
the start of an increase was just captured before the end of the measurement. The onset of sap flow 
occurred during the late morning hours and peaked in the late afternoon, lagging behind the water 
potential measurements. 

While the strong regulation of stomatal conductance in the A. australis associates could 

very well be genetically driven and all species are isohydric, it could also be due to 

environmental constraints. According to stomatal optimization theory, trees maximise 

photosynthetic assimilation rate according to given water supply and growth demands but 

this can be limited by other resources like nitrogen (Buckley et al., 2017). Water stress, as 

mentioned before is less likely but the low nitrogen availability in kauri forests could be 

responsible for a down regulation of photosynthesis in the two podocarps (and K. excelsa). 

There might simply be no need to increase stomatal conductance if there is no C gain. After 
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all, trees water loss is the cost of C gain (Anderegg et al., 2018). There is no definite answer 

to the question if podocarps to why the stomatal conductance for the A. australis associates 

was so low until measurements on these species are on sites with differing environmental 

conditions.  

Assimilation rates increased over the course of the day in all species (Chapter 2). The first 

measurements of the day were occasionally still negative indicating expected greater 

respiration than assimilation at night time and around the time of sunrise (Figure 6.3). 

While the assimilation showed a gradual increase the sugar, starch and total NSC (TNC) 

concentration remained relatively stable (Chapter 5). In the afternoon however the TNC 

and starch values increased. This suggests that the rate of sugar consumption was outpaced 

by the assimilation rate which caused a surplus in sugar. Consequently, sugar was 

converted into the storage compound starch in order to be used later, for continued 

phloem loading, growth or respiration. The leaves of tree A050 (right side of Figure 6.4) 

showed a greater increase in C assimilation over the day, which is probably the reason for 

a steeper increase of TNC concentration in the afternoon. Leaves in tree D024 had negative 

assimilation rates at the point of the first gas exchange measurement (meaning carbon loss 

was greater than carbon uptake) which could explain why the NSC concentration were 

lower in the leaves of this tree, compared to A050.  
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Figure 6.3 Carbon assimilation rate and stomatal conductance measured for leaves of two A. 
australis in February 2015 (Chapter 2) and corresponding NSC concentrations (Chapter 5). 
Assimilation rate increased over the course of the day, eventually leading to an increase in TNC. 
Accumulated sugar was probably gradually converted into the storage compound starch so it could 
be hydrolysed and used for respiration and growth at night.  

6.2.2 Whole Tree Water and Carbon Relations (Chapters 3, 4 and 5) 

In A. australis, 16 to 20 % of daily transpiration originated from stem water stores (Chapter 

4, illustrated in Figure 6.5). This is similar to percentages reported by other studies where 

stems and branches were considered (Goldstein et al., 1998; Köcher et al., 2013). The 

branches of mature A. australis can have substantial diameters and certainly function as 

storage compartments as well (Waring et al., 1979). The reported values are therefore 

underestimated and mean that A. australis uses more stored water than other trees 

species. This is not surprising at all, due to the large diameters of A. australis and the 

resulting large sapwood volume.  
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Figure 6.4 Conceptual diagram of sap flux rates and dendrometer readings used to calculate stem 
water storage in Chapter 3. I found that 20 % of daily transpiration originates from stem water 
stores. The stored water used from elastic tissue (mainly bark) was much smaller than the stored 
water originating from the non-elastic stem xylem. 

NSC concentrations were low in all measured organs of A. australis, compared to other 

species (Chapter 5). Seasonal variations were not significant and there was no apparent 

depletion during the summer months (conceptually illustrated in Figure 6.5), which 

indicates that even with tight stomatal regulation, no C limitation arose that would force 

the trees to draw on stored NSCs to sustain metabolism and growth. Lower NSC levels in 

winter might however be an indicator of some stored NSC used to sustain respiration 

during that time. The deep sapwood of A. australis could nevertheless mean, that the 

overall NSC is substantial in mature trees. I have not measured NSC concentrations along 

the radial profile, but other studies have shown that NSC concentrations decline towards 

the sapwood-heartwood boundary, but never approaches zero (Richardson et al., 2013). 

The assumption of a large pool is therefore not far-fetched. It is unclear if that pool could 

actually be remobilised. It has however been shown, however, that NSCs used during 

respiration could be several years old (Kuptz et al., 2011; Nogués et al., 2006) supporting 

the idea of remobilisation of NSCs stored further inside the tree.   
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Figure 6.5 Conceptual diagram illustrating the measurements in Chapter 5. I measured diurnal 
variations in leaf NSC concentrations simultaneously to the gas exchange and water potential 
measurements presented in Chapter 2. Secondly, I sampled stem and root tissue in order to quantify 
seasonal variations of NSC content and found lowest concentrations in stems and large roots in 
spring coinciding with the timing of largest growth rates. In small root segments the concentrations 
were highest in winter and lowest in fall, which might indicate differing growth cycles of stem and 
roots and the maintenance of symbiotic relationships with mycorrhiza. However, the seasonal 
variations were not statistically significant. Additionally, I found a significant relationship of stem 
tissue NSC concentration and tree size (DBH). 

The large sapwood volume of A. australis serves as a safety feature against hydraulic failure 

or potential carbon starvation. It contributes large amounts of water from storage (Chapter 

4), transports large amounts of water (Chapter 3) and likely serves as a reserve for a large 

NSC pool as well (Chapter 5). Sapwood area or the ratio of sapwood depth and DBH has 

not received much attention in the literature, in spite of the influence sapwood area can 

have on hydraulic architecture. Horna et al. (2011) reported a large variation of sapwood 

area between tropical species in a rainforest in Indonesia, even though they were all 

growing in the same environment. Steward and Kimberley (2002) investigated the sapwood 
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depth of A. australis in natural forests and plantations in order to find trees with more 

potential for commercial forestry as heartwood is the preferred resource. They found no 

significant difference between natural or planted sites, or an influence of soil quality and 

came to the conclusion that formation of heartwood at certain depths must be genetically 

driven. The large sapwood volume in A. australis could consequently be an evolutionary 

adaption to xylem vulnerability. 

A. australis can grow exceptionally old and reach very large diameters, but trees do not 

grow very tall. The two largest standing individuals are found at Waipoua Forest in 

Northland. Due to their impressive appearance they hold great cultural significance and 

even carry their own names, “Tane Mahuta” and “Te Matua Ngahere”. Their diameters are 

4.92 and 5.34 m, respectively (The New Zealand Tree Register, May 2018). Nevertheless, 

they are not particularly tall. “Tane Mahuta” for instance is only 45 m high but has an 

estimated age of nearly two millennia (according to signage next to the tree). The largest 

trees in my study plot have an estimated height of 35 m. Firstly, there seems to be no 

competitive advantage to grow taller as they form the upper dominant canopy layer 

already. Secondly, height growth is likely restricted due to physiological constraints. 

The height of A. australis could be limited by hydraulic constraints (hydraulic limitation 

hypothesis, HLH) according to Ryan et al. (2006). Water potential measurements at 

different heights of the crown of the two largest study trees (Chapter 2) demonstrated, 

that leaf water potentials become increasingly negative with height. The reasons for this 

are the increasing resistance, because of a greater path length (Ryan and Yoder, 1997) and 

potentially changing wood anatomy with height (Domec et al., 2008). In addition, with 

every metre above ground, gravitation potential also increases by a fixed amount of 0.01 

MPa m-1 (Ryan and Yoder, 1997). To protect the xylem from potential cavitation, trees 

regulate the water potential by reducing their stomatal conductance, particularly in large 

trees compared to smaller trees. Gas exchange measurements in A. australis did indicate 

this phenomenon (Chapter 2) but the sample size was too small to show a clear decline 

with tree size/age. In comparing my measurements with measurements by Macinnis-Ng et 

al. (2017a) on mature but smaller and younger trees at a different site, the evidence 

becomes clearer. The reduction of stomatal conductance in older trees results in a 
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reduction of photosynthetic assimilation rate, which argued Ryan and Yoder (1997) results 

in a limitation of C supply which consequently limits growth. The HLH has been used to 

explain declines in growth and productivity with tree height and age. 

Nevertheless, HLH might not apply to A. australis. The decrease in stomatal conductance 

in larger trees is necessary in taller trees to protect the vulnerable xylem of A. australis 

against cavitation, but this does not limit growth as it is offset by a much larger leaf area in 

the taller trees. NSC measurements (Chapter 5) confirm this, because the tissue 

concentrations of the stems are significantly higher in larger than smaller trees a finding 

also observed for other species (Sala et al., 2011; Sala and Hoch, 2009; Woodruff and 

Meinzer, 2011). It is more likely that height growth is turgor limited (Woodruff et al., 2004). 

The increase of gravitational potential with height remains constant and does not decrease 

at night unlike the water potential driven by the difference between atmospheric and leaf 

water vapour gradients. This can cause a decline in leaf turgor with height if it is not 

osmotically adjusted (Woodruff et al., 2004). The observed changes in growth form of A. 

australis could be an indicator for turgor limitation. Young trees (called rickers) quickly 

grow tall, while keeping only short branches and a monopodial crown. Once the trees reach 

the upper canopy, the crown expands, resulting in old trees with large expansive crowns 

(Steward and Beveridge, 2010). “Tane Mahuta” for example has a crown spread of 30 m 

(The New Zealand Tree Register, May 2018). The spreading branches still cause a longer 

path length, with the aforementioned increase in resistance, but the gravitational 

component of leaf water potential would not increase as much. It might be more feasible 

to branch out instead of keeping the monopodial shape and growing tall.  

However, I would argue that hydraulic limitation cannot be ruled out completely. Due to 

the risk of xylem cavitation it might just not be economically viable to grow taller and 

restrict stomatal conductance even further. Stomatal regulation is already quite 

conservative (isohydric) in A. australis and the hydraulic safety margin very narrow, 

especially in the upper crown. It would therefore not make much sense economically to 

grow taller and invest in leaves that would require stomatal conductance to be even lower 

and with little return in carbon gain. Much larger conifers like Sequoia sempervirens have 
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far greater cavitation resistance than A. australis (Coat et al., 2012), not growing taller 

therefore seems to be a strategy for A. australis to avoid C limitation.  

6.2.3 Stand Level Water Relations (Chapter 3) 

Stand water use (Chapter 3, measurements and analysis illustrated in Figure 6.7) was 

estimated using DBH as a scalar, because preliminary findings in Chapter 2 showed a 

significant relationship between DBH and whole-tree water use.  Stand water use showed 

a clear seasonal trend, as it was mainly driven by solar radiation and VPD.  

 
Figure 6.6 Conceptual diagram, illustrating the measurements and analysis undertaken in Chapter 
3. Qtree scaled universally with diameter, which made it possible to use DBH as a scaling factor. Qtree 
and Qstand were strongly influenced by solar radiation and vapour pressure deficit of the atmosphere, 
while soil moisture had low explanatory power. Low soil moisture content did however decrease the 
effect of VPD on stand water use indicating stronger stomatal regulation when soil moisture was 
dry. In addition, I found that stand water use was dominated by large diameter trees, mainly A. 
australis. 
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Water use of individuals and of the stand was largely decoupled from soil moisture content 

(Chapters 2 and 3). I measured soil moisture in the first 60 cm and it did decline 

considerably especially in the upper layers (65 to 45 % volumetric moisture content at 60 

cm and 60 to 35 % at 30 cm). The first of the two summers of the study period also showed 

a longer dry period, but this did not result in declining water use indicating access to water 

sources deeper than 60 cm. A. australis are known to have extensive fine root systems 

(Steward and Beveridge, 2010), but less is known about the rooting depth. Moreover, I 

have no information about the depth of the ground water table for the study site. 

Considering the water budget by Sangster (1986) (Interception: 44 %, throughfall: 52 %, 

stem flow: 4 %) water use of the three dominant species (accounting for 90 % of stand basal 

area) would use the complete amount of annual precipitation, leaving no residual amount 

for the few angiosperms, the many ferns and few herb and shrub species in the sparse 

understorey. This seems unlikely and means that either stand water use is grossly 

overestimated or the water budget is not representative. The stand water use is an 

estimate, as it uses upscaling methods, but this methodological approach has been found 

to be reasonably accurate when compared to annual water budgets on other occasions 

(Soubie et al., 2016). The estimates by (Sangster, 1986) were however not assessed over a 

complete year and consequently might not reflect all aspects accurately. Throughfall for 

example changes depending on the size rainfall event (Macinnis-Ng et al., 2012). The 

percentage of precipitation reaching the forest floor during short and light rainfall events 

would be much smaller compared to large rain events. A re-evaluation of the stand water 

budget would address this uncertainty. A third and very likely explanation for the observed 

deviation of the two approaches could be the use of deep soil water or ground water.  

The driver analysis for water use in individual trees showed little effect of soil moisture 

content on water use (Chapter 3) which is in agreement with the results reported by 

Macinnis-Ng et al. (2016) as they found little reduction in sap flow in A. australis even under 

drought conditions for most trees. The explanatory power of the main drivers of water use, 

PAR and VPD decreased slightly when I compared them under wet and dry soil conditions 

(Chapter 3), which suggests only a small increase in stomatal regulation when soil was drier. 

I did however not capture drought conditions. Nevertheless, A. australis do not seem to 

solely rely on soil water at least not from the first 60 cm.  
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This assumption is also supported by dendrochronological measurements across multiple 

sites. Fowler et al. (2000) found that tree ring width correlates negatively with spring 

temperatures and rainfall, which at first seem counterintuitive. However, considering that 

TRW showed a positive relationship with rainfall in the previous season, the physiological 

response becomes clearer. Rain during autumn and winter must infiltrate into deeper soil 

layers, that A. australis can access during the following growing season. Dry conditions 

coupled with lower average temperatures caused by less cloud cover and subsequent 

increased radiation emittance on clear nights would cause greater transpiration and 

consequently greater C supply to growth. This of course can only work if roots have access 

to water due to a deep root system.  

Figure 6.7 is a compilation of results from Chapter 3 and 5. Transpiration measured in 

Chapter 3 is lowest in winter and peaks during summer, while it is similar in spring and fall. 

Growth rates on the other hand are highest in spring. NSC concentrations are lowest at the 

time of highest growth and reach their highest levels in fall. Growth onset in spring is 

triggered by increasing temperatures (Bieleski, 1959; Ogden and Ahmed, 1989), but 

transpiration is mostly driven by evaporative demand and solar radiation (Chapters 2 and 

3), which are largest during summer. The high summer transpiration rates likely result in 

high C assimilation, which could be the reason for an increase in NSC concentrations over 

the summer month leading into fall. Fine root NSC concentrations decrease from winter to 

fall, which is likely driven by growth in summer and fall, but also the maintenance of 

symbiotic relationships to increase nitrogen supply (Langley et al., 2002). A switch between 

root and stem growth was reported for other species as well (Angay et al., 2014; 

Markesteijn and Poorter, 2009). Decreasing soil moisture in summer could trigger root 

growth in order to gain better access to water sources. This has at least been found during 

a drought experiments with A. australis seedlings (Bieleski, 1959; Wyse et al., 2013). Water 

access during drier conditions is simply a greater priority than stem growth. 
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Figure 6.7 Compilation of results from Chapters 3 and 5, showing seasonal variations of water use, 
growth and NSC concentrations for A. australis. Qstand are seasonal means of stand water use for A. 
australis. BAI are mean seasonal basal area increment for the six study A. australis. NSC 
concentrations are the means of single measurements taken mid-season for six (stem tissue) and 
four (root tissue) for A. australis. Error bars in each plot show the standard error of the mean. 
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Large old trees are immensely important for the ecological function of forests. Firstly, they 

use a lot more water. 60 % of the trees in my stand have diameters smaller than 20 cm and 

only 5 % of the trees are have diameters greater than 60 cm (qualify as large diameter trees, 

Lutz et al., 2018). The largest 5 % contribute 20 % of overall transpiration. Secondly, larger 

trees also play a disproportionate role in the forest C cycle. They simply account for much 

of the forest biomass, accumulate more carbon and also respire greater amounts of carbon. 

Long term C storage is a particularly important ecological function of old growth forests 

with large trees (Lutz et al., 2018). For example, Silvester and Orchard (1999) found that A. 

australis contributed 95 % of the stand biomass in a stand (Trounson forest, Northland) 

comparable to my stand in Huapai. The fact that kauri forest accumulates and stores 

enormous amounts of carbon over centuries (668 t ha-1 at the above mentioned Trounson 

forest) is an outstanding ecosystem service. Based on the (very simple) allometric scaling 

used by Silvester and Orchard (1999) I estimate that my largest study tree alone 

accumulated 15 t carbon over its lifetime and would account for an estimated 14 % of 

carbon or biomass in my plot. Globally, the largest 1 % of trees in forests account for 50 % 

of the above ground biomass (Lutz et al., 2018). This is why conservation efforts should be 

especially high for large individuals in forest stands.  

6.3 AGATHIS AUSTRALIS IN A CHANGING ENVIRONMENT 

In a recent publication A. australis was ranked 4th in a list comprising the world’s most 

threatened conifers (Forest et al., 2018). The ranking is based on how evolutionary distinct 

the species were in combination with extinction risk factors based on the IUCN Red List of 

Threatened Species, even though A. australis is actually not formally assessed yet (IUCN, 

May 2018). In the past, extensive logging of A. australis posed the largest threat to the 

survival of the species and even though the trees are protected now, the actions of the past 

caused major fragmentation. Remnants of mature forest with large old individuals are 

found only in areas that made exploitation difficult. Since the logging ceased new threats 

have emerged: Kauri dieback caused by Phytophthora agathadicida and climate change. 
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6.3.1 Climate Change 

Climate change is undoubtedly happening. CO2 levels are already 30 % higher than in pre-

industrial times (Ballantyne et al., 2012). Increasing temperatures are also recorded in most 

parts of the world (IPCC, 2013). The six warmest years on record in New Zealand occurred 

during the last two decades and annual temperatures have increased by 1°C since the 

measurements began in 1909 (Ministry for the Environment and Stats NZ, 2017). It is also 

very likely that the frequency and magnitude of extreme events will increase, including 

storms with unusually high amounts of rainfall and droughts. The following section will 

assess how climate change will affect A. australis, based on what is known about the 

physiology of the species so far and the findings presented in the previous chapters. 

It is clear that the CO2 levels will rise further and it is often claimed that this will result in a 

fertilising effect which enhances tree growth while reducing water use at the same time 

because of an increase in water use efficiency (Ainsworth and Long, 2005; Leuzinger, 2006). 

Photosynthetic assimilation increased up to 46 % in some FACE experiments as Rubisco is 

not saturated under the current atmospheric CO2 concentration (Long, 1991). However, 

this effect was in many cases short lived and eventually levelled off (Long et al., 2004). 

Down-regulation of photosynthesis has been observed and attributed to insufficient sink 

strength (Ainsworth et al., 2004). Furthermore, the CO2 fertilisation effect is often limited 

by nutrient availability (Paul and Driscoll, 1997; Terrer et al., 2018) and other adverse 

effects of climate change (Kirschbaum and McMillan, 2018). In the case of kauri forests, my 

findings in chapter 2 showed that photosynthetic assimilation is generally low in the three 

species measured. This, in combination with low leaf nitrogen levels found in kauri forest 

(Jager et al., 2015), low soil fertility and high acidity in kauri forests due to the presence of 

A. australis as a foundation species/ ecosystem engineer (Wyse, 2013) means that elevated 

CO2 levels will probably not increase assimilation due to photosynthesis being limited by 

low nitrogen availability.  

Increasing temperatures are unlikely to pose a serious threat to A. australis. An extension 

of the growing season is a probable effect as well as slightly higher water use because of 

increased ET (Caldwell et al., 2016). But this would occur in times with usually plentiful soil 

moisture. For temperate trees, extended growing seasons can be problematic when high 
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temperatures in late winter or early spring break dormancy and cause leaf flush (false 

spring) followed by unexpected late frost events. It can cause severe damage to cells in all 

organs (Dittmar et al., 2006; Polle et al., 1996). However, A. australis grows in a subtropical 

region with very few occasions of night frost which the leaves can to tolerate (Steward and 

Beveridge, 2010). Moreover, the effects of rising temperature and CO2 together have 

opposite effects on forest transpiration and there is no clear consensus yet which is more 

important (Kirschbaum and McMillan, 2018). 

Extreme events are more threatening because they happen suddenly and not gradually like 

temperature and CO2 increases (Hanson et al., 2006). Storms can cause loss of foliage or 

limbs, but most trees can survive this as long as the damage is not too severe. Conifers for 

instance can renew their canopy foliage twice with NSC reserves (Hoch et al., 2003). Tree 

fall is certainly detrimental for individual trees, but on the forest level it would encourage 

new generations of A. australis to establish, since seedlings rely on canopy gaps to meet 

their high light requirements (Adams and Norton, 1991). Due to the fact that A. australis is 

mostly restricted to ridge sites today, extreme rainfall events are unlikely to cause flooding 

and longer inundation. Large subfossil A. australis are however found on former swamp 

sites (Lorrey and Martin, 2005) which suggests acceptance of occasional inundation.  

Droughts will presumably have the largest impact on A. australis in the future. Globally 

drought is already the main reason of tree mortality and forest decline. Resistance and 

vulnerability of trees to drought conditions depends on a combination of constitutive traits 

and plastic traits that only appear during times of drought (Volaire, 2018). In addition, 

drought survival can be achieved by adjusting multiple traits resulting in variations of water 

use strategy (Pivovaroff et al., 2014; Santiago et al., 2016). The most important strategies 

and if they apply to A. australis are presented in Table 6.1. 
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Table 6.1 To ensure drought survival trees need to manage water loss and carbon uptake. The 
strategies and traits presented in this table have been linked to drought survival (Santiago et al., 
2016; Volaire, 2018).  

Trait/Strategy Finding 

Regulation of gas exchange Yes. Conservative stomatal behaviour, isohydric 
(Chapter 2).  

Water storage capacity/capacitance Yes. High use of stored water on daily basis, might 
contribute to long term maintenance of hydraulic 
integrity as well (Chapter 4). Capacitance not 
measured yet. 

Root access to deeper water sources and access to 
alternative water sources 

Likely. Sap flow decoupled from soil moisture in 
upper 60 cm (Chapter 3).  

Xylem resistance to embolism No. Loss of conductance under low xylem tension, 
roots even more vulnerable than stems 
(Pittermann et al., 2006).  

Hydraulic safety margins No. Very narrow safety margin (Chapter 2). 

Reduction of leaf area/ leaf shedding Yes. Litter fall increased considerably during 
drought (Macinnis-Ng and Schwendenmann, 
2014). 

NSC storage/levels Not conclusive. Concentrations low, but likely 
large pool (Chapter 5). Further research required. 

 

Xylem vulnerability is a trait that is directly linked to drought mortality (Anderegg et al., 

2016). P50, the water potential at which 50 % of the conductance is lost is a good predictor 

and conifers that died during drought showed that reaching this water potential is already 

lethal (Brodribb and Cochard, 2009). With its P50 of -2.32 MPa A. australis is very vulnerable. 

The P50 is in fact unusually high (not very negative) for a conifer so it belongs to the most 

vulnerable 5 % of conifers together with three other members of the Agathis genus (Choat 

et al., 2012). A related but even better predictor of drought mortality is the hydraulic safety 

margin (Anderegg et al., 2016) and measurements in Chapter 2 revealed a very narrow 

margin for A. australis despite conservative stomatal conductance. 

The isohydric water use strategy of A. australis protects hydraulic integrity during drought, 

but it has a downside as it also puts the species at risk of carbon starvation (McDowell et 

al., 2008; McDowell, 2011). A large NSC pool is therefore a good insurance for survival 

(O'Brien et al., 2014). The results from Chapter 5 are unfortunately not conclusive. The NSC 

concentrations were low compared to other species, but I assume that the overall pool is 
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still sizable because of the deep sapwood. On the other hand, this pool might not sustain 

the trees for long, due to the large respiratory cost of large A. australis stems (Macinnis-Ng 

et al., 2017b) which is likely to be even greater under stress conditions (Zhao et al., 2013). 

Further research is required and already underway to resolve this question.  

Drought deciduousness is a trait observed in many seasonally dry regions (Hasselquist et 

al., 2010), but the abscising of leaves (crown thinning) can be a strategy for evergreen trees 

under drought stress as well. If drought stress becomes too large, this strategy can 

minimise water loss and reduce the carbon cost of respiration simultaneously (Santiago et 

al., 2016). Conifer leaves tend to be more vulnerable to embolism than the xylem (Johnson 

et al., 2012), which in case of drought might be the driver of leaf shedding. Macinnis-Ng 

and Schwendenmann (2014) found that leaf litter (with A. australis leaves and twigs as the 

main contributor) increased by 70 % in the stand at Huapai Scientific Reserve after the 2013 

drought which is an indicator that the strategy applies to A. australis.  

Water access is another important resource during drought. Deep roots can ensure 

sustained water uptake while soil moisture in the upper layers declines (West et al., 2012). 

The top soil dries out first, as it is more exposed to the environment but also because the 

competition for water with other species might be higher (Meinzer et al., 1999). Based on 

the finding in Chapter 3, I assume that A. australis has deeper roots (see section 6.2.3). 

Additionally, Wyse et al. (2013) found that drought conditions promoted root growth in 

potted A. australis seedlings which could be a feasible strategy for mature trees as well. 

Hydraulic redistribution could be another way to guarantee water supply, this has not been 

tested but A. australis is known to have an expansive lateral root system which could 

support hydraulic redistribution (Burgess and Bleby, 2006; Oliveira et al., 2005). Moreover, 

foliar water uptake could be an alternative water source. Other coastal conifers like 

Sequioa sempervirens and Sequoia giganteum have been shown to take in larger amounts 

of atmospheric water during fog occurrence (Burgess and Dawson, 2004) and multiple 

other tree species show similar tendencies (Zimmermann et al., 2008). The maritime 

climate of Northern New Zealand is characterised by high relative humidity throughout the 

year (Chappell, 2013a). It would not be surprising if A. australis could access this additional 
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water source. However even if it was a possibility it does not necessarily serve as a drought 

survival strategy since humidity tends to be low during drought.  

Lastly, high capacitance as a trait and use of stored water as a strategy can prevent drought 

mortality. While I have not quantified the actual capacitance of A. australis, a trait strongly 

dependent on wood density (Carrasco et al., 2015), I measured the actual use of stored 

water (Chapter 4). I found that on a daily basis A. australis uses large amounts of water 

from storage. This is a good strategy to decouple root water access and evaporative 

demand for a short time and protects against increases in xylem tension. The daily 

contribution of stored water remained relatively constant, but whether this will change 

during drought is still unknown. 

The timing of drought occurrence during the season can have substantial implications on 

the survival or death of trees (Dale et al., 2001) In New Zealand spring and summer 

droughts are most likely as rainfall is generally lower and evaporative demand higher 

(Macara, 2018) and they could affect A. australis in different ways. NSC stores for example 

are larger in summer and autumn (Chapter 5), which has been shown to increase the 

chance of survival (O'Brien et al., 2014) as trees are less likely to succumb to carbon 

starvation. On the other hand, meteorological drought during spring, could mean, that soil 

water stores are still filled from winter rain (Chapter 3) which might delay physiological 

drought effects.  

Droughts can have lagged effects on trees long after the actual event. Reduced growth in 

the following year is often observed, as resources are allocated to rebuild NSC storage, 

repair damage, regrow foliage or maintain defence mechanisms (Breda et al., 2006). 

Moreover, drought affects not only trees, but also symbiotic organisms like mycorrhiza by 

disrupting their activity (Davidson and Janssens, 2006). In the nutrient poor environment 

of kauri forests, A. australis relies on the symbiotic relationship with mycorrhiza, that have 

been found in abundance associated with A. australis roots (Padamsee et al., 2016).  

With the predicted increase of drought frequency and magnitude, the risk of wild fires 

increases as well (IPCC, 2014a). New Zealand native plants are generally not well adapted 

to fire, as fires were uncommon before humans arrived (Perry et al., 2014). The risk for A. 
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australis might not be too high as Wyse et al. (2016) showed that the species’ flammability 

is only low to moderate. They did however not test droughted trees, when the wood and 

foliage would presumably have lower water content (stem shrinkage in Chapter 4 is an 

indicator for declining water content under normal summer conditions) and could increase 

flammability significantly.  

6.3.2 Kauri Dieback 

Kauri dieback is currently the biggest threat to A. australis and the functional persistence 

of the kauri forest ecosystem. The causal agent of the observed dieback is Phytophthora 

agathadicida, previously known as Phytophthora taxon Agathis (Weir et al., 2015). 

Phytophthora species are major pathogens found in forests worldwide and responsible for 

sudden oak death (by P. romarum) or Jarrah dieback (P. cinnamomi) (Davison and Tay, 

1987; Rizzo and Garbelotto, 2003). P. agathadicida is a virulent soil born primary pathogen 

that kills seedlings and mature trees alike, once trees are infected (Beever et al., 2009; 

Waipara et al., 2013). Like many devastating forest pathogens (Ghelardini et al., 2016), P. 

agathadicida is probably non-native, but it is still unclear where it originated from or how 

long it has been in New Zealand (Beever et al., 2009). P. agathadicida was first reported 

1974 on Aotea/ Great Barrier Island and has since spread over the entire natural range of 

A. australis (Waipara et al., 2013). The pathogen is vectored by soil and soil water 

movements and humans are likely the main facilitator (Beever et al., 2009). The initial 

infection site are the fine roots, but P. agathadicida spreads rapidly through the tree and 

causes a multitude of symptoms: root and collar rot, chlorosis and canopy thinning, and 

resin exuding lesions at the stem base and large roots, that can lead to girdling. All infected 

trees eventually die.  

So far no effective treatment has been found, but phosphite injections seem to suppress 

the activity of P. agathadicida. It is a remedial therapy that stops and even heals visible 

symptoms like the lesions on the stem (Horner et al., 2013; Horner et al., 2015). According 

to my sap flow measurements in Chapter 3, the best time for the phosphite injections 

would be during the summer in order to distribute the chemical as fast as possible. Lower 

soil moisture during the treatment and injections close to the stem base or into large lateral 
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roots might even promote dispersion into the roots by hydraulic redistribution (Burgess 

and Bleby, 2006; see Chapter 4).  

The availability and concentration of NSCs in trees has been linked to the susceptibility to 

pathogen attacks. Jönsson (2006) for example hypothesised that larger NSC concentrations 

in Quercus species, would make them less susceptible to Phytophthora infection because 

more resources could be allocated to defence mechanisms. Experimental work by Angay 

et al. (2014) contradicts this suggestion fundamentally by showing that infection of Quercus 

robur roots with Phytophthora quercina was more likely during root growth when NSC 

levels were highest. In light of this, the infection probability for A. australis with P. 

agathadicida would be highest in winter and spring (Chapter 5) which also coincides with 

the highest soil moisture levels (Chapter 3).  

The strongest drivers of emerging plant diseases worldwide are invasive alien pathogens 

distributed into new geographical areas, due to increasing travel and trade; and climate 

change (Ghelardini et al., 2016). The changing climate can increase the range and fitness of 

pathogens and/or weakens the hosts (Anderson et al., 2004). In case of kauri dieback, 

Bellgard et al. (2016) found that P. agathadicida needs temperatures above 6°C to grow. 

Warmer winters (as predicted and already observed in Northern New Zealand, see Section 

1.5.1) will therefore likely increase the range of P. agathadicida (as demonstrated by 

Thompson et al. (2014) for P. cinnamomi) and also increase disease progression within A. 

australis. Droughts might slow the spread of P. agathadicida because Phytophthora species 

rely on soil water to move (Keča et al., 2016; Thompson et al., 2014). Phytophthora are 

unfortunately able to survive even long drought conditions and would only be dormant 

until environmental conditions become more favourable again (Jung et al., 2013). For 

already infected trees the added environmental stress could cause faster mortality. Firstly, 

P. agathadicida causes root rot which will decrease the uptake of water significantly and 

increase the risk of hydraulic failure. Secondly, the risk of carbon starvation (or hydraulic 

failure induced by low NSC supply) also grows as the stress of infection increases respiration 

rates and allocation to damaged roots could result in NSC leakage to the soil (Jönsson, 

2006), consequently exhausting the existing NSC stores much faster.  
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The loss of A. australis due to widespread kauri dieback would be detrimental for the kauri 

forest ecosystem. The disappearance of A. australis will cause major changes in ecosystem 

functioning especially related to water and carbon cycles. Findings in chapter 3 illustrate 

the functional dominance of A. australis in kauri forest, accounting for around 80 % of 

annual stand transpiration. It can be assumed that the species is also responsible for high 

proportions of interception and crown evaporation. The loss of A. australis will therefore 

substantially affect the water retention capabilities of the forest and increase runoff, 

probably to an even greater extent than predicted after the loss of Tsuga canadensis from 

North American forests (a foundation species like A. australis, threatened by woolly 

adelgid) (Daley et al., 2007; Ford and Vose, 2007).  

Increased runoff and increased soil erosion could actually pose a serious threat to the water 

safety of Auckland. In March 2017 large rainfall amounts caused increased sediment loads 

in the dams of the Hunua Ranges, as it turned out, too much for the water treatment plants 

(New Zealand Herald, March 2017). This caused a water crisis in the city with calls to safe 

as much water as possible and restrictions to water use. Much of the city’s drinking water 

comes from the aforementioned Hunua Ranges and the Waitakere Ranges. Large areas of 

these watersheds are covered with forest, including regenerating kauri forest and some 

older stands and with the loss of A. australis the 2017 scenario is likely to occur again if the 

infrastructure is not updated accordingly. 

The disappearance of A. australis will greatly affect the carbon cycle in kauri forests 

because they dominate the forest biomass as well (Silvester and Orchard, 1999, see section 

6.2.3 for further details) with that they take up, store and respire the main proportion of C 

in this ecosystem. Fundamental changes are of course not just limited to water and carbon, 

but forest structure as well. A. australis is a foundation species and as such shapes the plant 

community in kauri forests (Wyse et al., 2014), a role that can likely not be filled by another 

native tree species, short term or long term. Due to the dominance of A. australis there is 

little functional redundancy in this ecosystem.  
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6.4 RESEARCH LIMITATIONS 

My research, as any academic study suffered from a couple of limitations and even though 

this does not limit the validity of my findings, there is always room for improvement. The 

leaf level measurements (gas exchange, water potential, leaf NSC) in chapter 2 and 5 were 

only a snapshot, for a particular time under average summer conditions. Remaining kauri 

forests are generally on steep or inaccessible sites and this is the case with my study site. 

This meant that climbing the trees was the only option for canopy access as it wasn’t 

possible to get an elevating platform into the site and we don’t have the funds for a canopy 

crane. Additional field campaigns during other seasons would have been greatly 

informative, but due to financial constraints more climbing days were simply not possible. 

In retrospect, measurements of carbon and nitrogen concentrations of the collected leaf 

samples would have been beneficial for the interpretation of results in Chapter 2. In 

addition, stem water content measurements during the study period would have 

accompanied water storage and TWD data (chapter 4) nicely and would have provided 

more information on the potential source of water lost during the gradual dehydration in 

summer. Furthermore, I would have liked to measure stem diameter variations (Chapter 4) 

at the same time as water use (Chapter 3) and NSC concentrations (Chapter 5), but 

complications with the ordering and delivery process of the equipment unfortunately made 

this impossible.  

My research was limited to a single site, the Huapai Scientific Reserves in West Auckland. 

This site is representative for remaining kauri forests in New Zealand characterised by the 

dominance of A. australis with accompanying low soil fertility (Wyse, 2013) and mostly 

restricted to ridges (Steward and Beveridge, 2010). My findings are therefore depictive of 

the physiological processes of A. australis and the investigated associated species in the 

kauri forest ecosystem. However, the three co-occurring species P. trichomanoides, K. 

excelsa and especially P. totara have a much wider distribution than A. australis (Figure 

1.2). Environmental conditions in other podocarp-broadleaf forests might differ from kauri 

forests, in particular the soil conditions. Because plant water relations are strongly 

influenced and even limited by the environment (Hochberg et al., 2018), the three other 

species might display divergent physiological processes on other sites.  
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6.5 FUTURE RESEARCH 

When I started this PhD project, they main question was how A. australis and co-occurring 

trees are affected by environmental drivers, in order to obtain baseline data and an 

understanding of the physiological processes under current climate conditions, but always 

within the context of what might happen when the future becomes warmer accompanied 

by more frequent and severe extreme events like droughts and storms. While I managed 

to answer the questions I set out to find answers for, there are many more questions that 

have developed along the way.  

For the stand scale, I only considered water use as part of the PhD project and did not cover 

the carbon side. Measuring WUE through stable carbon isotopes (Klein et al., 2016a) would 

allow an easy quantification of C uptake, since WUE quantifies the amount of carbon gained 

over the amount of water lost to the atmosphere. This approach could be used to quantify 

C fluxes using the stand water use data from Chapter 3. Additional investigations using 

stable oxygen isotopes could also inform on whether the trees have access to ground water 

or rely solely on rain water (Ehleringer and Dawson, 1992).  

Nitrogen deficiency in the kauri forest was a likely explanation for low assimilation rates 

found in Chapter 2. Even though Wyse (2013) has shown kauri forests have high levels of N 

deficiency, further research is necessary in this area to assess the effects on photosynthetic 

assimilation. For the investigated A. australis associates, physiological processes should be 

measured at additional sites to determine if the presence of A. australis causes the 

observed low assimilation and stomatal conductance. If the limitation theory persists, the 

addition of fertiliser might be beneficial for A. australis and co-occurring species like P. 

trichomanoides in the kauri forest ecosystem to increase photosynthesis C accumulation in 

order to increase defence capabilities against Phytophthora agathadicida infections. 

Hydraulic functioning and wood anatomy are closely coupled but are just now starting to 

be investigated together (Pfautsch, 2016). Traits like xylem vulnerability or water storage 

capacitance are closely connected to the hydraulic architecture. Wood anatomy could for 

example explain, why sap flow decreases radially from the outer to inner sapwood in A. 

australis. Understanding how and when cells are formed and how features like cell wall 
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thickness and lumen area vary with environmental conditions is also vital if wood anatomy 

would be used as an additional climate proxy in the future. 

Furthermore, A. australis possesses a variety of traits and strategies that could prevent 

drought mortality or at least reduce the risk, but so far it is unknown how effective they 

are. Drought experiments with potted seedlings are insightful (i.e. Wyse et al., 2013), but 

seedlings and mature trees differ substantially (Hartmann et al., 2018). A drought 

experiment on mature trees is a lot more challenging to set up and to interpret, due to 

complex interactions like competition between trees for instance, but the results would be 

all the more valuable.  
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APPENDIX 

 

 
Figure A1 Schematic drawing of the permeant plot at the Huapai Scientific Reserve, based on 
Wunder et al. (2010). Purple circles are A. australis, teal coloured circles are either P. totara or P. 
trichomanoides. Orange circles represent angiosperms. The study trees all have a dark blue outline. 
Tree ferns in the plot are shown by the green stars. Locations of litter baskets (Macinnis-Ng and 
Schwendenmann, 2014) are shown by the numbered black dots. Grey lines are isohypses, with solid 
lines showing a 1 m difference in altitude. 
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Figure A2 Comparison of relative humidity and air temperature between the field meteorological 
station and the official Met Service station at Whenuapai Aerodrome. They generally agree well and 
have similar variation. The difference in site conditions do however influence absolute values. The 
temperature range at the field site is slightly larger. Humidity values are similar, but the saturation 
point is reached more often at the field site compared to the station at the airfield.  


