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Abstract  
 

Tropical rainforest ecosystems are projected to become warmer by ca 4°C by the end 

of this century. Such an increase in surface air temperatures will likely have consequences on 

tropical tree growth, physiology, and biochemistry. This is especially concerning for tree 

species that are currently restricted to a narrow range of environmental conditions, such as 

those found on tropical mountaintops, where species operate under resource-poor conditions 

and specific thermal regimes - now subject to change. Such vulnerable systems can be found 

across the Australian Wet Tropics (AWT) World Heritage Area, where bioclimatic models 

suggest a decline in habitat suitability for most tree species restricted to the tropical 

mountaintops (>1000 meters a.s.l.). With no available alternative habitat to migrate toward 

under projected climate warming, these systems are likely facing tree species loss and 

ecosystem degradation. Therefore, understanding how tropical trees will respond to 

increased warming is a necessary first step in conservation and management of these fragile 

ecosystems. This knowledge is currently constrained due to the paucity of data on the 

temperature responses of tree growth, physiology, and biochemistry for species from the 

AWT. 

In this thesis, I address this important knowledge-gap by asking, a) whether 

mountaintop tree species are constrained in their distributions due to physiological 

limitations; and b) whether species display physiological tolerances and growth performance 

with an ability to acclimate to climate warming. 

I first studied (Chapter 2) in-situ microclimate (i.e., Soil, near Surface air, and above 

ground Air temperatures) and soil properties (i.e., C:N ratio, organic matter, pH) to 

understand how they co-vary across an elevation gradient in the AWT. Here, I identified 

trends across elevation in the temperature difference between soil and above ground air 

(∆Tsoil–air), as well as in the diel and annual temperature ranges. I found that ∆Tsoil–air increased 

with elevation, and soils were cooler than air during the day and warmer during the night across 

sites. The diel and annual temperature range for both soil and air was higher for a mountaintop 

site compared to the lowland sites. I also observed that soil C:N ratio and organic matter content 

increased with elevation and were correlated with climatic variables, suggesting an 

interaction of climate and edaphic conditions experienced by the seedlings in the rainforest 

understory. These results are important because of the direct impacts these predictors have on 

below canopy processes, such as seed germination and sapling growth, that shape tree 
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communities. This chapter demonstrates that environmental variables other than temperature 

need to be considered when examining species physiological responses across elevation gradients 

and may be fundamental to predicting responses to future changes in climate. 

Chapters 3 and 4 report on a combination of field and experimental glasshouse 

studies that examined the interactive impacts of soil nutrient availability and temperature on 

plant growth, leaf traits, physiology, and biochemistry. In Chapter 3, I evaluated stem 

diameter growth rates and functional leaf traits of a rainforest tree genus, Flindersia, across 

an elevation gradient in the AWT. I then conducted a controlled-environment glasshouse 

experiment to evaluate the relative roles that nutrient availability and temperature play in 

shaping those observations. For this work, I investigated a tropical mountaintop restricted tree 

species, F. oppositifolia, and three widespread congeners distributed across a relatively wide 

elevational range in the AWT, namely, F. ifflana, F. bourjotiana, and F. brayleyana, with 

seeds sourced from a Lowland, Mid-elevation and an Upland rainforest site respectively. The 

results from the field-based study displayed trends in species’ growth and leaf functional traits 

in relation to elevation, such that stem diameter growth and leaf δ15N decreased and leaf dry 

mass per leaf area trait and leaf δ13C increased with elevation, suggesting controls from either 

climate, soil nutrient availability, and/or species turnover across elevation. However, under 

experimental conditions I observed that species displayed specific growth functional 

strategies and leaf traits that were impacted by an interaction of temperature and soil 

nutrients. There were instances when certain leaf traits such as leaf δ13C displayed opposing 

trends from those observed in the field, indicating the importance of other covarying drivers 

that could not be reproduced in the glasshouse. The distinguishing feature of the mountaintop 

restricted species (F. oppositifolia) was a proportionally higher allocation of resources to 

roots under conditions approximating its mountaintop environment (nutrient-poor soil and 

cold growth temperature). I concluded from these results that species’ traits interact with 

temperature and soil nutrient availability to drive observed functional patterns in the field in 

response to elevation in the AWT. 

In Chapter 4, I used the same experimental set-up as in chapter 3 but evaluated 

species’ physiological performances and relative allocation in foliar biochemistry. 

Specifically, I tested species’ physiological limitations by studying the temperature response 

of leaf photosynthetic capacities (i.e., maximum rates of carboxylation- Vcmax and maximum 

rates of electron transport- Jmax) obtained by fitting the Farqhuar-von Cammemaer-Berry 

(FvCB) model of C3 photosynthesis to light saturated net carbon dioxide assimilation (A–Ci) 

curves. Here, I found the ratio of Jmax/Vcmax to decline with leaf temperature, and with 
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differing slopes in plants grown at higher temperatures. I also found that leaf phenolics 

strongly declined with warming and were positively related to Jmax/Vcmax measured at the 

chamber growth temperature. Thermal generalists (widely distributed congeners) were able to 

take advantage of increased N availability to increase their leaf chlorophyll concentrations 

under warmer growth temperatures, whereas the mountaintop restricted thermal specialist 

displayed limited plasticity in leaf chlorophyll. The results from this chapter suggest species-

specific physiological controls on the flexibility of foliar chemistry, with implications for tree 

growth and defense under future climate warming.  

Overall, the thesis has found important results in terms of environmental drivers that 

need to be considered while examining the physiology and growth responses of tree species 

in the tropics. The thesis fills an important knowledge-gap on the temperature and soil 

nutrient effects on the ecophysiology of tropical rainforest tree species along an elevation 

gradient in the AWT World Heritage Area, and in particular, the temperature sensitivity and 

physiological limitations of mountaintop restricted tree species. The overarching results from 

this thesis on species’ specific growth and physiological responses to temperature and soil 

nutrients opens further opportunities for future projects on climate change impacts, plant-soil 

interactions and conservation planning of endemic tree species in the tropics.  

Chapter 1 of the thesis is a general introduction and Chapter 5 is a general discussion 

and conclusion of my thesis’ findings. 
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Chapter 1: General Introduction 
 
 
1.1 Background 

Tropical rainforests occupy less than 12% of the global land area but act as a major 

atmospheric carbon sink, accounting for about half of terrestrial photosynthesis (Malhi and 

Grace, 2000; Saatchi et al., 2011). Climate models under the Representative Concentration 

Pathways (RCP) adopted by the IPCC predict a rise in global mean surface air temperatures 

for the period 2081 – 2100 relative to 1986 – 2005 in the following ranges: ca 1.1 to 2.6°C 

(RCP 4.5), and 2.6 to 4.8°C (RCP 8.5), when atmospheric CO2 concentrations are predicted 

to stabilize at ca 550 and 940 ppm respectively (McInnes et al., 2015; Burke et al., 2018). 

This is of major concern as such temperatures have not been experienced since the Pliocene 

(ca 3.3 – 3.0 Mya) in the case of RCP 4.5, or Eocene (ca 50 Mya) in the case of RCP 8.5 

projections (Burke et al., 2018). 

Under such conditions, species may have to rapidly migrate or adapt to novel climate 

scenarios to avoid the risk of extinction (Alonso-Amelot, 2008). Paleoclimate studies have 

shown that angiosperm dominated tropical forests persisted through historical climate 

change, for example through the Palaeocene – Eocene (ca 55 Mya) transition (Jaramillo et al., 

2010), where temperatures were ca 10°C higher than that recorded in the Holocene (ca 

11,700 years ago) (Huber and Caballero, 2011; Malhi, 2012), indicating that plants may have 

a capacity to adapt to predicted warming (Malhi, 2012). However, given the rate and 

intensity of anthropogenic induced climate change compared to paleoclimatic transitions, 

questions remain as to species’ potential to adapt to such rapid shifts. 

Tropical montane ecosystems constitute a vast expanse of (relatively) undisturbed 

landscapes, which harbor complex biodiversity and regionally endemic taxa (Bruijnzeel et al., 

2011; Fahey et al., 2016). However, species restricted to these biomes are considered 

particularly vulnerable to projected climate change because they often occupy specialized 

thermal regimes based on their observed climatic niches, making them susceptible to any 

disruption (Alonso-Amelot, 2008). It has been implicitly assumed that climatic factors, such 

as increase in temperatures or decrease in moisture at lower elevations, are primarily 

responsible for restricting species to the tropical mountaintops (Williams et al., 2003; Oliveira 

et al., 2014; Costion et al., 2015). However, there is growing evidence to suggest that species 

restricted to these biomes are also influenced by additional biophysical and edaphic factors, 
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such as topography and soil nutrient availability (Vitousek, 1998; Bellingham and Tanner, 

2000; Condit et al., 2013; Bunyan et al., 2015; Elsen and Tingley, 2015); and biotic 

interactions and dispersal limitations (Schemske et al., 2009; Rehm and Feeley, 2015; Ensslin 

et al., 2018; Freeman et al., 2018). 

Range shifts of tropical montane species and altered community structure have been 

detected in Costa Rica (Colwell et al., 2008); and upslope migration of lowland plant 

communities across elevation gradients has been observed in the tropical Andes, Borneo and 

Madagascar (Colwell et al., 2008; Laurance et al., 2011; Freeman et al., 2018). These 

observations suggest that climate may be the predominant factor that controls or restricts 

species current distributions; however, this does not necessarily reflect a species’ 

fundamental climatic niche, or their capacity to adapt to novel climate regimes (Bush et al., 

2018). Although many studies have highlighted temperature as an important factor limiting 

tropical mountaintop species distributions, experimental evaluation of this is rare (Cavaleri et 

al., 2015). The potential for disparities between species’ realized and potential thermal limits 

may cause bioclimatic models based upon observed distributions to underestimate species’ 

capacities to persist in-situ (Bush et al., 2018). Studies involving a combination of examining 

in-situ responses along elevation gradients and controlled targeted experiments might help us 

better understand species’ responses to changing environmental conditions. This detailed 

understanding is necessary to inform both ecosystem-wide protection and the targeting of 

efforts to prevent species-level extinctions (Costion et al., 2015). 

 
1.2 Thesis rationale and objectives 
1.2.1 Rationale 

The Australian Wet Tropics (AWT) region of far north Queensland represents an 

important area (ca 10,000 km2) of tropical forest, which is home to more than 3300 vascular 

plants, 700 vertebrates, and more than 500 species of other life forms (Weber et al., 2021; 

Williams et al., 2016). This small portion (~0.12%) of the Australian continent was declared 

a World Heritage Area in the year 1988 and has since been managed by the Wet Tropics 

Management Authority. Within the AWT, montane areas (herein defined as above 

~1000 m a.s.l.) constitute just 5% (~500 km2) of the land area (Figure 1), but contribute 

significantly to regional ecosystem functioning, productivity and services (McJannet et al., 

2006; Williams et al., 2003); and biodiversity, containing the entire home range of more than 

80 vascular plant species (Metcalfe, 2009; D.M. Crayn pers. comm. 2023). 
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Figure 1. Reproduced from Costion et al. (2015). The Australian Wet Tropics bioregion of 
northeast Queensland highlighted (a); region overview (b); and centers of species diversity for the 
mountaintop endemic flora zoomed in for regions north (c) and south (d) of the Black Mountain 
Corridor. 

 
The assembly of the Australian flora has been strongly influenced by two 

biogeographical processes since the Sahul paleocontinent broke from Antarctica in the 

Oligocene (ca 33.9 – 23 Mya) and drifted northward, colliding with the Sunda shelf in the 

mid Miocene (ca 23 – 5.3 Mya): Gondwanan vicariance and Asian immigration (Yap et al., 

2018). Lineages deriving from these two processes tend to have different climate tolerances. 

A greater proportion of the lowland forests in the AWT consist of species from the Sunda 

continental shelf (southeast Asian origin) that favor a warm humid climate, while plants from 

the Sahul continental shelf (Australia and the island of New Guinea) occupy cooler upland 

refugia (Crayn et al., 2015; Joyce et al., 2020). Paleo records and biogeographic studies have 

also suggested that patterns of community structure and assembly in the AWT have been 

shaped over time by climatic factors such as aridity (Bowman and McDonough, 1991; 

Thornhill et al., 2016). Pleistocene contraction of lowland rainforest extent, and the isolation 

of cool moist upland refugia, has resulted in regionally endemic, cold-adapted species on the 
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mountaintops (Williams et al., 2003). 

Bioclimatic modelling for 19 vascular taxa endemic to the mountaintops of the AWT 

predicted that habitat suitability will decline by 17% to 100% by 2040, with only 3 species 

likely to survive beyond 2080 (Costion et al., 2015). A subsequent re-modelling study 

incorporating an improved species occurrence dataset for 37 mountaintop endemic taxa, 

utilizing the maximum entropy (MAXENT) modelling approach under emission scenarios 

(RCP 4.5 and RCP 8.5) for the years 2035, 2065 and 2085 shows similar trends, where most 

species are predicted to experience a decline in their suitable habitat under the conservative 

emission scenario (RCP 4.5) and no areas with currently high species richness (i.e., the 

Carbine Uplands, Figure 1) to retain suitable habitat beyond 2085 (Roeble, 2018). However, 

these modelling studies were based upon an incomplete understanding of species’ 

physiological tolerances. It has been suggested that experimental studies on individual 

species’ physiological limitations and thermal tolerances need to be conducted for us to draw 

definitive conclusions on their likely responses to future climatic scenarios (Costion et al., 

2015). 

It is also important to note that while temperature trends across elevation are the most 

invoked to shape species distributions, other abiotic factors need to be considered. 

Physiognomic studies in the AWT (Webb, 1959) suggest that vegetation structure is strongly 

driven by precipitation gradients (<1000 to >7000 mm/year (McJannet et al., 2007)). This is 

apparent for tropical montane cloud forest, a significant portion of the area found >1000 m 

a.s.l., where up to 30% of the ecosystem water budget is derived through occult deposition 

(cloud stripping) (McJannet et al., 2007; Wallace and McJannet, 2013). The availability of 

nutrients in montane (and especially cloud forest) soils is significantly lower than many 

lowland soils encouraging adaptations, such as the formation of adventitious roots above 

ground (e.g., Ceratopetalum virchowii F. Muell.) (Herwitz, 1986; 1991). Such adaptations to 

montane edaphic conditions may also have contributed to shaping the regionally endemic 

biota, in addition to direct impact of temperature regimes. 

 
1.2.2 Objectives 

With this thesis, I aim to address an important knowledge-gap by using species of the 

genus Flindersia, an important component of the Australian Wet Tropics (Bradford et al., 

2014), to test whether: (a) tropical mountaintop endemic species are constrained in their 

distributions by physiological limitations; and (b) whether widespread congeneric species 
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display a broad temperature tolerance, with an ability to acclimate to projected climate 

warming. To achieve this, I identified the following objectives: 
 

Objective 1: To understand how microclimate and soil nutrients vary across elevation 

gradients. 
 

Objective 2: To understand the relationship between trends observed in Objective 1 and 

variation in plant functional traits of both a mountaintop endemic species, and its more 

broadly distributed sister taxa (congeners distributed across various sites along the elevation 

gradient). 
 

Objective 3: To study potential thermal tolerances by comparing growth, physiology, and 

biochemistry, of species studied in Objective 2 under climate-controlled glasshouse 

conditions across a range of temperatures. 
 

In addressing these objectives, I endeavored to conduct research that could be directly 

transferable to conservation efforts across the tropics, being fundamental to understanding the 

ecophysiology of tropical mountaintop restricted species and their adaptation or acclimation 

potential under future climate change scenarios. I developed this PhD project aiming for a 

broad relevance towards ‘Environmental Change and Conservation’, which is one of the 

‘National Strategic Research Priorities’ (Australian Government – Science, 2018). My goals 

are also in line with the Wet Tropics Management Authority Board’s priorities, which include 

to “Pursue climate change adaptation and mitigation strategies to protect and conserve the 

integrity of the Wet Tropics World Heritage Area (WTWHA- Role 1, Goals 1 & 6)”. 
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Chapter 2: Microclimate, soil nutrients and soil 
stable isotopes in relation to elevation in the 
Australian Wet Tropics  

 

This chapter is in preparation for submission to the journal Agricultural and Forest 
Meteorology. 

 

 
The Temperature and Soil Moisture Sensor (model TMS-4, TOMST, Prague, Czech Republic) 
recording microclimate from a study site (~1000 m a.s.l.) in the Australian Wet Tropics (Top); Soil 
sample collected from the same study site being processed in the laboratory (Bottom). 
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Abstract 
 

Microclimate, such as soil and surface air temperatures, and edaphic factors, such as soil 

organic matter content and nutrient availability, are important attributes of the below-canopy 

environment that shape vegetation communities. In this chapter, I present high-resolution (15- 

min frequency), ~3-year record (December 2019 – September 2022) of microclimate data 

from across 20 rainforest sites in the Australian Wet Tropics (AWT), spanning an elevation 

range from 40 to 1550 meters a.s.l., along with analyses of soil chemical properties from the 

same sites. I found that with increasing elevation, the decline in soil temperature was less 

steep than the decline for above-ground air temperature. There was a linear increase in the 

mean soil-to-air temperature difference (∆Tsoil–air) with increasing elevation, such that soils in 

the lowlands were cooler than air and those at higher elevation sites were generally warmer 

than air. Also, soils were cooler during the day and warmer than air during the night at all 

sites. The difference in mean temperature between the wettest quarter (summer months) and 

the driest quarter (winter months) for soil and air also increased with elevation. Diel and 

annual temperature range were larger for the mountaintop site compared to lowland sites. 

Soil C:N ratio increased with elevation, in concert with a decline in soil pH; these two trends 

also coincided with an increase in soil organic matter content with elevation. Together, these 

variables displayed a strong correlation with climatic variables, suggesting an interaction of 

temperature and soil properties with elevation. Finally, soil nitrogen isotopic composition, 

δ15N, was found to decline with elevation, suggesting a tighter N cycle in high elevation soils. 

These observations show that both microclimate and edaphic properties vary with elevation 

in the AWT. Capturing long-term trends in microclimate in conjunction with environmental 

variables will enhance our understanding of important below-canopy processes in the context 

of projected climate warming.  
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2.1 Introduction 
Over the past decades, the temperature sensitivity of tropical rainforests has garnered 

attention due to its impact on key ecological processes that govern not only the performance 

of individual species but also the functioning of the entire ecosystem (Doughty and Goulden, 

2008; Cavaleri et al., 2015; Hursh et al., 2017). For example, the effects of surface air and soil 

temperatures when considered in the context of soil nutrient and water availability, have a 

direct impact on seed germination and sapling growth (Baltzer et al., 2005; Ho et al., 2019; 

Alonso-Rodríguez et al., 2022). Likewise, small fluctuations in microclimate across the 

understory can result in temperature difference in soil to above ground air (∆Tsoil–air), which 

impacts both above and below ground ecological processes (Lembrechts et al., 2018). For 

instance, soils in tropical rainforests are reported to often be cooler than air temperatures and 

vary across spatial gradients, such as elevation, whereas soils in temperate ecosystems are 

several degrees warmer than air (Lembrechts et al., 2021). Yet, studies involving the 

observations of such microclimate differences in tropical rainforest ecosystems are rare, and 

studies assessing how these microclimates may change in response to modern climate change 

even more so. Elevation gradients can provide an ideal natural laboratory to understand how 

climate and soil properties vary in response to changing environmental conditions (Tito et al., 

2020).   

Bioclimatic predictors that incorporate temperature anomalies, seasonality, diel and 

annual temperature ranges are as important as average conditions in understanding species’ 

growth patterns and physiological limitations (Booth, 2018; Noce et al., 2020). These 

predictors are known to capture biologically relevant trends such as carbon assimilation 

rates, night-time respiration, plant phenology and are often used in model forecasts of 

species’ potential distributions (Schmitt et al., 2013; Lembrechts et al., 2021). Nevertheless, 

most studies calculate these bioclimatic predictors using historical climate datasets, with 

information captured from weather station records located outside the native range of a study 

system (Kearney, 2018; Lembrechts et al., 2018); and are typically of a coarse spatial (>1 

km) and temporal resolution (>10 – 30 minute) (Fick and Hijmans, 2017; Kearney, 2018). 

For species that are restricted to narrow thermal regimes, such as the ones endemic to the 

tropical mountaintops, model predictions may benefit from direct measurements of both soil 

and surface air temperatures at a higher resolution in space and time (Jarvis and Mulligan, 

2011; Hamilton et al., 2012). 
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Soils in intact tropical forests are generally cooler, relative to above-ground air 

temperatures (Lembrechts et al., 2021), and show reduced variation in temperature with 

increasing soil depth (Gao et al., 2008; Singh and Sharma, 2017). This is because soils 

exhibit thermal inertia, with temperatures that remain stable as compared to diel fluctuations 

in coincident air temperatures (Jackson and Forster, 2010; Panwar et al., 2020). This stability 

is generally pronounced in the shaded understory, yet will be influenced by site topography, 

water flow, humidity, and solar incidence (Gao et al., 2008; Frenne et al., 2019; Jang et al., 

2022). Examining variation in ∆Tsoil–air along environmental gradients, such as elevation, can 

enhance our understanding of the impacts of climate change on below-ground ecological 

processes (Lembrechts et al., 2021), a key component of predicting species and ecosystem 

responses.  
Soil moisture content is a key parameter in determining soil thermal properties 

(Haskell et al., 2010; Schjønning, 2021). Moist soils conduct heat more efficiently and 

maintain a stable vertical heat gradient along the soil profile, whereas drier soils at the 

surface heat-up more rapidly on sunny days and cool more quickly at night, thereby causing 

a large diel temperature difference (Haskell et al., 2010; Panwar et al., 2020). Soil nutrient 

availability can also affect soil thermal conductivity through its impact on soil physical 

properties, such as via formation of pore spaces that can alter moisture holding capacity and 

influence heat transfer rates (Usowicz et al., 2013). Likewise, increases in soil organic matter 

content (OMC) impacts thermal diffusivity and soils tend to absorb and store more heat 

where OMC is highest (Abu-Hamdeh and Reeder, 2000). 

Nutrients in soils are derived from a) dissolution of mineral content, b) deposition 

from hydrologic or aeolian inputs, c) mineralization of organic matter, or d) biological 

activities, such as nitrogen fixation from the atmosphere (Cavelier et al., 2000; Pajares and 

Bohannan, 2016). Tropical forest soils are typified by the rapid cycling of organic matter, 

which often comes to dominate the nutrient cycling process (Vitousek, 1984; Gleason et al., 

2010). With increasing elevation, slower decomposition rates typically lead to the 

accumulation of more organic matter (Schuur and Matson, 2001; Werner and Homeier, 2015) 

and soils becoming increasingly acidic — with implications for nutrient availability 

(Kauffman et al., 1998). These conditions can also lead to slower soil N and P mineralization 

rates, causing a further decline in nutrient availability on tropical mountaintops (Vitousek et 

al., 1982; Vitousek, 1998; Fahey et al., 2016). 

The use of the stable nitrogen isotope ratio, δ15N, provides an important proxy to help 
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understand nutrient cycling and dynamics in tropical forest soils (Craine et al., 2015). The 

δ15N composition in soils generally declines with increasing elevation in the tropics and is a 

result of several factors such as temperature, precipitation and changes in plant and soil 

microbial communities (Sah and Brumme, 2003; Baumgartner et al., 2021). 

Soil properties such as pH and nutrient availability can also influence changes in the cycling 
of nitrogen, impacting the δ15N signature in soils (Liu et al., 2017; Peng et al., 2022).  

Understanding this important integrator in soils can add value to our understanding of key 

ecosystem processes, which is a result of nitrogen cycling via litterfall, soil mineralization, 

nitrification, leaching, and gaseous losses into the atmosphere over millennia (Amundson et al., 

2003). 

Predictor variables such as soil and air temperature changes with elevation in tropical 

rainforests are often mentioned in literature for their direct impacts on ecological processes. 

However, temperature difference in soil, surface air and above ground air temperatures that 

are important for both above and below-ground biological processes and their effects on 

edaphic properties with elevation in the AWT is poorly understood.  In this study, I explored 

trends in microclimate, which include the soil, near-surface air and above-ground air 

temperatures, and soil moisture content, from across an elevation gradient in the AWT World 

Heritage Area. I used high temporal resolution data to calculate key bioclimatic predictors 

(e.g., Mean Annual Temperature (MAT), Diel Temperature Range (DTR), Annual 

Temperature Range (ATR), Isothermality, and Temperature Seasonality) which are 

commonly used in species distribution modelling (Fick and Hijmans, 2017; Booth, 2018). I 

also examined other environmental attributes, such as tree basal area and edaphic properties to 

understand how these attributes co-vary across elevation and evaluated their relation with 

microclimate. 

I hypothesized that: 1) above-ground air temperatures would display a steeper decline 

with elevation than soil temperatures, resulting in a change in temperature difference (∆Tsoil– 

air) across elevation; 2) summary statistics for bioclimatic variables for soil and air will differ 

with elevation, particularly differentiating the mountain-top environment from lower 

elevations; 3) soil nutrient availability will vary with elevation and in relation to soil pH, and 

soil organic matter content; and 4) soil δ15N will decline with elevation, indicating a 

progressively more closed nitrogen cycle as elevation increases. 
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2.2 Methods 
2.2.1 Study sites and microclimate measurements 

The study was conducted in the AWT World Heritage Area (Figure 3.1). The AWT is 

spread over an area of more than 10,000 km2 along the northeast coast and is an important 

bioclimatic refuge for species of Gondwanan origin (Weber et al., 2021). Forest types in the 

AWT have been described based on their vegetation communities and are observed to change 

with elevation (Webb, 1959). Lowlands (from near sea level to ~400 m a.s.l.) are dominated 

by complex mesophyll (large-leaved) vine forests, with a transition into a simple notophyll 

(moderate leaf size) vine forest type in the mid-elevation (~400 to 800 m a.s.l.) and the 

uplands (~1000 to 1200 m a.s.l.). This eventually grades into a simple microphyll (small-

leaved) vine forest and vine thickets on the wet tropical mountaintops (greater than ~1300 m 

a.s.l.) (Webb, 1959). I studied microclimate in the understory of intact tropical rainforests at 

21 sites from across the AWT ranging in elevation from 40 to 1550 m a.s.l. 

Measurements included temperature of a) air (~ +15 cm above ground), b) surface (less 

than 1 cm above ground) and c) soil (~ –8 cm below ground), and d) the soil moisture content 

(less than 10 cm below ground). Data was captured using temperature soil moisture sensor 

units (TMS-4; TOMST, Prague, Czech Republic). The TMS-4 temperature sensors utilize 

MAXIM/DALLAS Semiconductor DS7505U+, with a resolution of 0.0625°C and with an 

accuracy of ± 0.5°C. Soil moisture captured by the TMS-4 is internally recorded and sensed 

with a time-domain transmission sensor (Wild et al., 2019) that records soil moisture counts, 

ranging from count 500 (completely dry) to 3500 (100% saturation). Soil moisture content 

was calibrated following a modified protocol suggested by the manufacturer (Wild et al., 

2019). A representative regional soil from one of the study sites (~1000 m a.s.l., Mt Lewis 

National Park) was air dried, sieved and packed in a vertical PVC column (~20 cm height, 8.5 

cm diameter) fitted on the bottom with a 90 mm Rain Harvesting Mozzie Stoppa filter (Rain 

Harvesting, Blue Mountain & Co) and with two TMS-4 sensors installed. A range in moisture 

content was developed by wetting the soils in the column to field capacity and allowing it to 

drain while recording the weight of the column alongside recording data from the sensor. The 

change in weight as the soil dried was used to calculate the soil volumetric water content 

(VMC, cm3 cm-3) and related to the raw moisture counts using a quadratic curve (Eqn. 1). 

VWC = (6𝑒−09 × 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑢𝑛𝑡2) + (1.7𝑒−04 × 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑢𝑛𝑡) − 0.0914 Eqn. 1 
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Microclimate measurements commenced in November 2019 and are currently 

ongoing, with sensors programmed to record at a 15-minute resolution. The averages in Soil 

and Air temperatures presented in this study were the average taken from 01 December 2019 

to 01 September 2022. The ~3 years of climatic datasets are available on the Terrestrial 

Ecosystem Research Network – Data Discovery Portal (Singh Ramesh et al., 2022). 

 
2.2.2 Bioclimatic variables and soil-to-air temperature difference 

Bioclimatic variables such as temperature of the wettest quarter (summer months, 

January – March), the driest quarter (winter months, July – September) and the temperature 

difference between the summer-to-winter (∆Twet–dry) months were examined in relationship to 

elevation from the microclimate data for Soil and above ground Air temperature. I also 

calculated Mean Annual Temperature (MAT), Diel Temperature Range (DTR), Annual 

Temperature Range (ATR), Isothermality and Temperature Seasonality (Table 2.1). For this, 

I used the 15-minute microclimate data from the measurement period 2020/January/01 to 

2021/December/31 and calculated bioclimatic variables for each month, and then averaged 

for the two-year period (i.e., 2020 and 2021) for which complete data existed. In addition, 

temperature difference between soil-to-air (∆Tsoil–air) for daytime (7:00 to 17:00), night-time 

(17:15 to 06:45) and 24-hour average for the long-term data set was examined in relation to 

elevation.  

 

2.2.3 Tree basal area measurements 

To understand how vegetation structure might impact trends in microclimate, I paired 

long-term climate data with tree basal area measurements calculated at the plot level. I used 

stem diameter at breast height measurements (DBH) of trees greater than or equal to 10 cm 

from study plots established by Ashton et al. (2016) (17 sites, 20 x 20 meters, ~400 to 1200 m 

a.s.l.), Torello Raventos (2014) (1 site, 50 x 20 meters, 1550 m a.s.l.) and Bauman et al. 

(2022a) (2 sites, 100 x 50 meters, 40 and 80 m a.s.l.). Basal area was calculated by converting 

the diameter of individual trees to the area of a circle, and summing these per unit ground 

area, scaled up to plot level in square meters per hectare. 

 
2.2.4 Soil nutrient and isotope composition 

Soil nutrients and isotope composition were measured in composite soil samples 
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collected from the study sites (n=21) where microclimate is being monitored. At each site I 

collected five soil cores using an auger (~10 cm deep) after removing leaf litter consisting of 

recognizable leaf fragments. Samples were bulked and homogenized for each site prior to 

analysis. Soil pH in H2O and in 0.01M CaCl2 were measured on fresh soil using an ISFET pH 

pen (Model 24006 DeltaTrak). Samples were then oven-dried at ca 105°C for up to 72h and 

powdered using a Benchtop Ring Mill. Total soil elemental analysis for phosphorus (P) was 

conducted using microwave-assisted acid digestion of the oven dried samples, followed by 

ionization detection using the Inductively Coupled Plasma-Atomic Emission Spectrometer 

(ICP-AES) at the Advanced Analytical Centre, JCU - Townsville. 

Soil carbon (%C) and nitrogen (%N) were measured using a Costech elemental 

analyser (EA) (Milan, Italy) fitted with a zero-blank auto-sampler at the Advanced Analytical 

Centre, JCU - Cairns. This was used to calculate the C:N ratio. The stable nitrogen isotope 

ratio (expressed as δ15N) of the samples was measured using a ThermoFinnigan Deltaplus XL 

isotope ratio mass spectrometer (ThermoFinnigan GmbH, Bremen, FRG), linked to the EA 

via a ConFlo III interface. Stable isotope results are reported as per mil (‰) deviations from 

the AIR reference standard scale for δ15N. Precisions (SD) on internal standards were better 

than ± 0.2‰. Soil organic matter content (OMC) was calculated via loss of mass on ignition 

(360°C for 2h) (Schulte and Hopkins, 1996). 

 
2.2.5 Statistical analysis 

Raw information on microclimate obtained from data loggers are recorded in UTC 

timestamps. This was converted into Australian Eastern Standard time (AEST, +10 hours). 

Temperature averages and diel ranges were summarized in R studio (Team, 2021) and 

bioclimatic variables were then calculated based on monthly averages for the years 2020 and 

2021. Upon initial data exploration, one site in Mt Lewis National Park, at ~600 m a.s.l. 

displayed erroneous readings for a substantial portion of monitoring in the year 2020 and was 

therefore dropped from subsequent analyses, such that these were based on data from 20 

rainforest sites. 

To understand how temperature for Soil and Air varied with elevation, an ordinary 

least squares regression (OLS) analysis was computed for each of the variables against 

elevation. Model outputs were checked for normality of residuals, and homogeneity of 

variance using visual checks on the OLS model residuals with the package ‘see’ in R (Team, 

2021). 
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I conducted an additional analysis to test for discontinuous effects of elevation by 

delineating the elevation profile into categories based on their vegetation communities 

(following Webb, 1959). Specifically, I delineated all sites into one of the four categories, 

lowland (<400 m; n=2 sites), mid-elevation (>400 to 900 m; n=9 sites), upland (>900 to 1300 

m; n=8 sites) and the mountaintop (>1300 m a.s.l., n=1 site). A linear model was fitted with 

elevation-category as a fixed effect, followed by a type II Analysis of Variance (ANOVA). I 

performed a post-hoc comparison of means between these elevation-categories using the 

‘tukey’ method with the help of the ‘emmeans’ package in R. 

Finally, to understand how environmental variables (i.e., microclimate and soil 

properties) are interrelated across elevation, a principal component analysis (PCA) was 

performed using the package ‘factoextra’ in R (Kassambara and Mundt, 2017). A scree plot 

was used to determine the number of principal components to retain, based on which the first 

two principal components were retained that contributed to most of the variation. 

 

2.3 Results 
2.3.1 Trends in microclimate with elevation 

Across the entire dataset, the long-term average for Soil and above-ground Air 

temperatures were highest for the lowland site, Daintree Rainforest Observatory (DRO) (ca 

23.1°C and 23.3°C respectively, at 40 m a.s.l.) and lowest for the mountaintop site, Mt 

Bellenden Ker (ca 14.8°C for both Soil and Air, at 1550 m a.s.l.). The highest mean monthly 

maximum temperature for Soil was recorded during the month of February 2020 (at 27.6°C) 

for the lowland site, DRO. The highest mean monthly maximum temperature for Air (at 

34.1°C) was for the month of October 2021 in a mid-elevation site in Mt Lewis National Park 

(~780 m a.s.l.). The lowest mean monthly minimum temperatures for Soil and above-ground 

Air were for the month of July 2021 in the mountaintop site, Mt Bellenden Ker (7.2°C and 

4.8°C respectively). Trends with elevation for Soil, Surface and above-ground Air 

temperatures all showed highly significant declines with elevation (Figure 2.2); and became 

steeper in the following order: Air> Surface> Soil, as hypothesized. Soil temperature declined 

by ca –5.7°C, Surface by –5.8°C, and above ground Air temperature by –5.9°C per km of 

elevation (Figure 2.2; Table 2.2). There were no significant difference observed in the slopes 

for daytime (07:00 to 17:00 AEST) and night-time (17:15 to 06:45 AEST) Soil temperature 

with elevation (ca – 5.7°C km-1 and –5.6°C km-1 respectively) (Figure 2.2A & B), whereas the 
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slopes for Surface (–5.9°C km-1) (Figure 2.2D) and above ground Air temperature (ca –6°C 

km-1) were significantly higher (F (1, 36) = 152, p<0.001 and F (1, 36) = 217, p<0.001 

respectively) during the daytime (Figure 2.2G), but were nearly identical during the night time 

with elevation (–5.7°C km-1) (Figure 2.2E & H). 

 
2.3.2 Trends in bioclimatic descriptors across sites 

The temperature of the wettest quarter (summer months, i.e., January, February and 

March), and the driest quarter (winter months, i.e., July, August and September) displayed a 

decline across the elevation range and the slopes for driest quarter were steeper for both soil 

(F (1, 36) = 2492, p<0.001) and air (F (1, 36) = 2561, p<0.001). For example, the slopes for soil 

(R2= 0.98, p<0.001) and air temperatures (R2= 0.98, p<0.001) declined in a linear fashion 

with elevation during the wettest quarter by –5.3°C km-1 and –5.4°C km-1 respectively (Figure 

2.3A & B), whereas the slopes for the driest quarter declined by –5.8°C km-1 and –5.9°C km-1 

with elevation for soil (R2= 0.98, p<0.001) and air temperatures (R2= 0.98, p<0.001) 

respectively (Figure 2.3C & D). On the other hand, the temperature difference between the 

wettest and driest quarters (∆Twet–dry) increased with elevation for both soil (R2= 0.46, 

p<0.001) and air temperatures (R2= 0.4, p<0.001) and were of similar slopes (by 4.8°C km-1) 

(Figure 2.3E & F). 
Bioclimatic descriptors such as the mean Diel Temperature Range (DTR) for air 

significantly differed between the mountaintop and the lowland sites (F (3,16) = 9.53, 

p<0.001), with highest DTR observed for the mountaintop site (~12.0°C), i.e., nearly 32% 

higher than the lowland sites (~8.2°C, averaged from n=2 sites) (Figure 2.4A; Table 2.3). 

Similarly, the Annual Temperature Range (ATR) was significantly higher for soil (F (3,16) = 

3.50, p<0.005) and air (F (3,16) = 9.87, p<0.001) in the mountaintop site (12.0° C and 23.4°C 

respectively), compared to the lowland sites (8.7°C and 16.5°C respectively, average from 

n=2 sites) (Figure 2.4G & H; Table 2.3). There was also a significant increase in temperature 

seasonality (coefficient of variation) for both soil (F (3,16)= 35.2, p<0.001) and air (F (3,16)= 

28.9, p<0.001) with increasing elevation profile, such that the mountaintop site displayed the 

highest seasonality (15.1% and 15.6% respectively), which was nearly 50% higher than the 

lowland sites (7.5% and 7.9% respectively, average from n=2 sites) (Figure 2.4E & F; Table 

2.3). There was no significant trend observed for Isothermality across the elevation gradient. 

 
2.3.3 Soil-to-Air temperature difference with elevation 
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Across the elevation range, soil was generally cooler than air during the day (Figure 

2.5A) and warmer during night (Figure 2.5B). The maximum difference in ∆Tsoil–air during the 

daytime was found in a mid-elevation site, in Mt Lewis National Park (ca –0.98°C, at ~580 m 

a.s.l.), and during the night-time was recorded in another mid-elevation site, Mt Lewis 

National Park (ca 1.02°C, at ~780 m a.s.l.). 

Long-term daily (24-hours) averaged ∆Tsoil–air displayed a significant increase (R2= 

0.32, p<0.001) with increasing elevation such that the lowland and mid-elevation soils were 

relatively cooler or tracking the above-ground air temperatures, whereas the upland and 

mountaintop soils were warmer than air (Figure 2.5C). The largest difference in mean 24-

hour ∆Tsoil–air was observed in an upland site (ca 1.02°C, at ~ 1215 m a.s.l.) and the least in a 

mid- elevation site (ca –0.26°C, at ~580 m a.s.l.) in Mt Lewis National Park.  

 
2.3.4 Tree Basal Area with elevation 

The tree Basal Area (BA) increased significantly with increasing elevation (R2= 0.63, 

p<0.001) by ca 32 m2 ha-1 km-1 (Figure 2.6F). The highest BA (87.33 m2 ha-1) was recorded 

in an upland site, in Mt Lewis National Park at ~1200 m a.s.l. and the lowest (27.10 m2 ha-1) 

was recorded for the lowland site Daintree Rainforest Observatory at 40 m a.s.l. that was 

nearly 57% lower than the mountaintop site (ca 63.5 m2 ha-1) (Table 2.3). 

 
2.3.5 Soil properties: nutrients, and isotope composition with elevation 

Soil C:N ratio (R2=0.41 p<0.01) and organic matter content (OMC) (R2=0.74 

p<0.001) significantly increased with elevation (Figure 2.6B & E respectively), whereas soil 

pH declined (R2=0.48 p<0.001) with elevation (Figure 2.6D). Soil OMC as high as 3.7 % was 

recorded on the upland site, Mt Lewis National Park (~1200 m a.s.l.) and as low as 1.35% in 

the Rex Range (~420 m a.s.l.). Soil pH as high as 6 was recorded in a mid-elevation site, Mt 

Lewis National Park (~654 m a.s.l.) and as low as 3.7 was recorded on the mountaintop site 

(1550 m a.s.l.). 

Soil δ15N significantly declined with elevation (R2=0.60 p<0.001) (Figure 2.6F). On 

average, I found that the δ15N decreased with elevation by ~ –3.6‰ per km of elevation gain, 

and the difference in the composition from the lowland site, DRO (40 m a.s.l.) to the 

mountaintop site, Mt Bellenden Ker (1550 m a.sl.) was ca –5.7‰. 

 
2.3.6 Correlations among environmental variables 
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PCA analysis of environmental observations from the study sites was conducted on 

standardized z-scores for Soil and Air temperature, soil pH, OMC, C:N ratio and total P, and 

BA (Table 2.5). The first (63.92%) and the second (17.35%) principal component contributed 

to most (~80%) of the variation (Figure 2.7; Supplementary Table 2.1B). The first principal 

component displayed high positive loadings for Soil and Air temperature and soil pH and 

negative loadings for soil OMC, C:N ratio and BA. Together, these variables contributed to 

most (~99%) of the variation in PC1. The second principal component showed the highest 

positive loading for total P (Figure 2.8; Supplementary Table 2.1B), contributing more than 

70% of the variation in PC2. An ANOVA test indicated no significant differences among the 

elevation categories on the PCA. Furthermore, when δ15N isotope composition was regressed 

against PC1 scores from the respective study sites it displayed a linear positive relationship 

(R2=0.64 p<0.001) (Figure 2.8). The δ15N is an integrator of ecosystem nitrogen cycling 

related to multiple processes (Robinson, 2001), and therefore it was independently examined 

in response to PC1. 

 
2.4 Discussion 

This study explored trends in microclimate such as Soil (–8cm), Surface (<1cm) and 

above ground Air (+15cm) temperatures and edaphic properties such as soil C:N, OMC and 

pH across an elevation gradient in the Australian Wet Tropics World Heritage Area (AWT). I 

calculated bioclimatic variables, such as temperature of the wettest and driest quarters, using 

the monthly temperature averages for Soil and Air with elevation, and explored trends in 

temperature seasonality, and diel and annual temperature ranges across the elevation gradient. 

I also evaluated the temperature difference, ∆Tsoil–air for day, night and the 24-hour average. 

Finally, I explored how microclimate, edaphic characteristics and tree basal area are 

correlated in a coordinate space using a principal component analysis. 

2.4.1 Microclimate across elevation 

In the AWT, existing meteorological records are sparse and often associated with 

urban centers, making it difficult to examine temperature trends experienced by natural 

forests, because they fail to capture soil and surface air temperatures where key below-canopy 

ecological processes occur (Lembrechts et al., 2018). In this study, I observed only a marginal 

difference between the near Surface and above ground Air temperatures, hence I have drawn 

my comparisons with related studies primarily based on the Soil and above-ground Air 
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temperatures. 

Microclimate in the AWT was explored previously in a long-term study (2004 – 2010) 

involving temperatures along a vertical gradient that encompass above-ground air (~1.5 m), 

surface soil and beneath a log of wood across 25 sites from near sea level to ~1500 m a.s.l. 

(Williams, 2013). Another study involving top-soil (–10 cm) temperatures along a gradient 

from 40 – 1540 m a.s.l. in the AWT reported a decline of ca –5.6°C km-1 (Zimmermann et al., 

2015), which is similar to what I observed in this study, a decline of –5.7°C km-1 along a 

gradient from 40 – 1550 m a.s.l. (Figure 2.2F), suggesting stability in slopes with elevation. In 

the Neotropics, a study found top-soil temperature to decline by –4.9°C km-1 with elevation 

(Salinas et al., 2011), a smaller decline than what I observed in the AWT. 

Long-term temperature trends in air temperature (~1.5 m above ground) in the AWT 

report nearly –1°C decline for every 200 m increase in elevation (Shoo et al., 2005). This 

decline is similar to what I observed in this study, ca –5.9°C km-1 of elevation (Figure 2.2C). 

Likewise, air temperature across a vertical canopy gradient (0.5 m to ~20 m above ground) in 

a recent study showed a decline of ca –5.2°C km-1 for the above-ground (0.5 m) and ca –

5.6°C km-1 for canopy air (20 m) during the daytime (8:00 – 17:00) (Leahy et al., 2021). 

Although trends in air temperature across canopy appear to be different, they may not be 

large enough in terms of biological processes. In this study I found a larger decline in the 

slopes between daytime and night-time above ground air temperatures (Figure 2.2A). This 

difference may have implications on plant physiological processes such as night-time 

respiration rates across elevation for example. Spatiotemporal variability in Soil and Air 

temperatures has been reported to change in relation to diurnal length, topography (slope, 

aspect), tree canopy height and leaf area index at higher ecotones (Liu and Luo, 2011). 

Therefore, it is necessary to monitor long-term measures of higher spatiotemporal 

microclimate paired with some of these environmental attributes to make reasonable 

comparisons across sites in tropical rainforest ecosystems. 

 
2.4.2 Bioclimatic trends and soil-to-air temperature difference across elevation 

Bioclimatic trends such as the temperature of the wettest (summer) and driest (winter) 

quarter followed a similar pattern as above with elevation, i.e., soil temperature declined less 

steeply (Figure 2.3A & C) compared to above ground air temperatures (Figure 2.3B & D) for 

the two quarters, suggesting that above ground air temperatures display much larger 

variability than soil temperatures, as has been reported in previous studies (Bader et al., 
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2007; Lembrechts et al., 2021). Furthermore, the slopes in both soil and air were much 

steeper with elevation during the driest quarter (Figure 2.3B & D). This difference is in line 

with meteorological process, where adiabatic lapse rate is generally higher in dry than in air 

saturated with water vapour (Jones, 2013). The temperature difference in soil and air across 

seasons with elevation could play an important role in determining plant phenological or 

growth stages, such as, seed dormancy, germination and sapling growth (Jaganathan and 

Biddick, 2021; Liyanage et al., 2022). This difference could have been driven by 

environmental factors such as higher solar incidence, reduced soil moisture and higher 

evaporation during the dry season (Körner and Paulsen, 2004). Combined observations with 

some of these environmental attributes will be necessary to better evaluate their influence on 

microclimate in the long-term on some of the ecological processes. 

I found differences in other bioclimatic variables such as the DTR, ATR and 

temperature seasonality when averaged across the broad elevation profiles (Figure 2.4). The 

DTR and ATR for Air were larger compared to Soils throughout the measurement period. 

Studies have noted that inter-annual and diel temperature range in soil temperatures is 

generally small (Gao et al., 2008; Liu and Luo, 2011). The DTR is an important predictor in 

biological context, especially because of the nature of biological processes. For instance, 

increased daytime temperatures relative to night-time can increase the vapor pressure deficit 

(VPD) causing fluctuations in the DTR in the long-term that has an impact on stomatal 

activity (Grossiord et al., 2020). Likewise, increased night-time temperatures can affect plant 

respiration rates and alter the net ecosystem CO2 exchange (Goulden et al., 2004). Diel and 

annual temperature fluctuations for soil and air can also alter the physiological activity of 

other taxonomic groups, such as ground-dwelling or nocturnal animals for example (Vallejo-

vargas, 2022), suggesting the importance of understanding DTR and ATR in the long-term.  

Next, I found that soils in lower elevation sites were relatively cooler and/or tracking 

the above ground air, whereas the upland and mountaintop soils were warmer than air. The 

∆Tsoil–air is an important attribute emphasized in previous studies comparing global 

meteorological data, and this difference is much larger in temperate ecosystems, where soils 

are warmer than air by several degrees (Lembrechts et al., 2021). Stable soil temperatures 

relative to air may be driven by soil thermal properties, which depend on soil texture, 

composition, and bulk density, to name a few contributing factors (Farouki, 1981; Li et al., 

2019). Although I did not measure some of these attributes, I did find a trend between ∆Tsoil–

air and soil organic matter content (Supplementary Figure 2.1B). Soil organic matter is 
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generally a poor thermal conductor compared to mineral components of soil (Jang et al., 

2022; Schjønning, 2021). This means that soils of high OMC tend to retain heat at the soil 

surface, which could be a reason why I observed warmer soils relative to air in higher 

elevations. Alternately, this could also be driven by exposure to sunlight during the early part 

of the day or late evenings leading to substantial heating of the ground causing soil to remain 

warm as the air cools above ground (Körner and Paulsen, 2004). 

Tree basal area (BA) also increased with elevation at the same study sites where 

microclimate was monitored (Figure 2.6F). BA generally increases with elevation in the 

tropics, and this trend has been attributed to variation in stand age, turnover rates and 

disturbance from cyclones along elevation gradients (Malizia et al., 2020; Venter et al., 

2017). Increases in BA can contribute to a decrease in below-canopy temperatures because of 

increased shading that can reduce the amount of direct sunlight reaching the ground. 

Although this may indicate a concerted decline in Soil and Air temperatures with elevation 

in this study, it does not explain why soil was warmer than air with increasing elevation. 

Increases in BA also do not necessarily mean an increase in tree canopy leaf area because 

tree canopy architecture may change with elevation (Unger et al., 2013). It is therefore 

necessary to pair variables such as tree canopy architecture, leaf area index and related 

biophysical attributes to better understand the effects of covarying drivers on microclimate 

with elevation (Bendix et al., 2006; Frenne et al., 2019; Schjønning, 2021). 

 
2.4.3 Soil properties: nutrients and isotope composition 

With increasing elevation in the tropics, soil nitrogen availability is generally reduced 

(Tanner et al., 1998; Vitousek, 1998; Soethe et al., 2008). In this study I observed a decline in 

soil nitrogen that was shown as an increase in soil C:N ratio with elevation. This observation 

compares well with what has been observed in other tropical montane environments (Fahey 

et al., 2016; Gong et al., 2020; Dai et al., 2022). Likewise, soil organic matter content also 

increased with elevation, as has been observed in some other studies (Tanner et al., 1998; 

Strong et al., 2011). Soil organic matter and soil C:N status are correlated, possibly because 

of slower litter decomposition with elevation in the tropics (Girardin et al., 2010; Parsons et 

al., 2014). This is because lower temperatures at higher elevation sites could play an 

important role in slowing litter decomposition and soil mineralization rates leading to an 

increased organic matter in soils. Slow decay of organic matter over time can result in 
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acidification by weak organic acids (Ross, 1993). This could be another reason for the 

decline in soil pH with increasing elevation in this study (Jiang et al., 2015; He et al., 2016). 

Moreover, decline in soil pH can further limit soil N availability and impact mineralization 

rates on mountaintop sites. Studies have shown that raising pH levels in soils can increase 

soil N-mineralization rates and release the labile organic matter (Curtin et al., 1998). 

I found a strong negative trend in soil δ15N with elevation, as has been reported in 

other studies in the tropics (Sah and Brumme, 2003; Ma et al., 2012; Baumgartner et al., 

2021). This is an important integrator of many processes such as nutrient cycling and 

biogeochemical activity in the system (Amundson et al., 2003). A higher δ15N in the lowland 

soils would indicate an increase in N availability and faster decomposition with increased 

microbial activity under higher soil temperatures (Sah and Brumme, 2003). Increased N2O 

emissions have been observed with warmer soil temperatures in some lowland rainforest 

sites in the AWT and coincident increase in emissions with soil moisture content across the 

two seasons (Kiese and Butterbach-Bahl, 2002). Increased mineralization and leaching of N 

can lead to discrimination against 15N and high loss of lighter 14N would result in enrichment 

of 15N in the system (Amundson et al., 2003). On the contrary, the decline in δ15N with 

elevation likely coincides with a decline in soil N availability on mountaintop sites. This may 

be driven by lower soil mineralization from reduced microbial activity and net nitrification 

rates on tropical mountaintop sites (Sah and Brumme, 2003). This reduces losses of N from 

the ecosystem by processes that fractionate against 15N (Martinelli et al., 1999) making the 

system more closed with tighter N cycling. 

 
2.4.4 Correlations among environmental variables 

The first principal component was strongly, positively loaded with soil temperature 

and pH and negatively loaded with edaphic properties such as soil OMC and C:N ratio 

(Supplementary Table 2.1B). Soil acidity and its nutrient status generally reflect the climatic 

conditions interacting with these properties, with soil pH and temperature generally being 

correlated (Ratier Backes et al., 2021). Soil temperatures and pH can have a direct effect on 

soil nutrient availability due to changes in leaf litter decomposition and due to the nature of 

microbial activity in the soils (Parsons et al., 2014; Nottingham et al., 2015). For example, 

with increasing elevation, difference in temperature sensitivities of soil organic matter have 

been reported to alter plant and microbial communities (Nottingham et al., 2015). Warmer 

soils accelerate mineralization and decomposition, releasing more nutrients for plants to 
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absorb (Nottingham et al., 2015). In the AWT, increased leaf litterfall has been observed 

during dry winters and increased decomposition during the wet summers, with slower 

decomposition associated with cooler temperatures (Parsons et al., 2014). These differences 

in biological activities across seasons may also be a reason why I saw an increase in soil 

OMC under higher elevation sites with larger seasonal temperature ranges (Nottingham et 

al., 2015). 

I observed a strong linear positive response of soil δ15N isotope composition with PC1 

scores which may be indicative of changes in soil N availability across changes in PC1. N 

cycling in tropical rainforests is influenced by climate and soil nitrogen availability (Craine et 

al., 2015; Pajares and Bohannan, 2016). Therefore, at higher elevation sites under lower 

temperatures and reduced soil N availability there is likely a reduction in N-loss pathways 

that discriminate against 15N, leading to a decrease in soil δ15N as observed in this study. On 

the other hand, the second principal component was strongly positively loaded with soil total 

P. Soil total P being independently loaded on the second principal component suggests soil 

heterogeneity across sites in the AWT predominantly due to the origin of these soils from 

their parent rock, i.e., granitic or derived from basalt (Gleason et al., 2010). 

 

2.5 Conclusion 
Climate change is having a significant impact on tropical ecosystems, but the full 

extent of these effects is still not well understood. Studies characterizing the effects of 

microclimate and soil properties in combination in tropical rainforests are rare (Liu and Luo, 

2011). This study has provided a snapshot into how microclimate and bioclimatic predictors, 

along with edaphic properties co-vary across elevation in the Australian Wet Tropics, an 

important knowledge gap. My results show that it is important to consider changes in other 

environmental variables beyond temperature when using elevation as a proxy to understand 

species response to climate change. 

The bioclimatic and edaphic variables studied here can help us to better understand 

species’ long-term growth patterns, functional traits, phenology and related ecophysiological 

processes, both above and below ground (Gardner et al., 2019; Parsons et al., 2014). As the 

earth surface warms, studying how bioclimatic variables and temperature difference between 

soil and air change along elevation gradients in the tropics may help to predict the future 

forest composition. Incorporating these trends in species distribution models can better 
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inform limitations on species’ home ranges and could be useful to improve model forecasts 

(Costion et al., 2015; Evans et al., 2015; Lembrechts et al., 2018b; Gardner et al., 2019). 
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Table 2.1 Bioclimatic predictors calculated for soil and air studied for the years 2020 and 2021 and 
the measurement equation and inputs used to calculate these predictors. 

 
 

Bioclimatic 
predictors 

Equation Inputs 

 

Mean Annual 
Temperatures 

(MAT) 

 
 ∑
𝑖=12 𝑇𝑎𝑣𝑔 
𝑖=1  

12 

The average temperature for each month 
(Tavg) 

Units: °C 

 

Annual Mean Diel 
Temperature 
Range (DTR) 

 
 ∑
𝑖=12(𝑇𝑚𝑎𝑥ᵢ−𝑇𝑚𝑖𝑛ᵢ) 
𝑖=1  

12 

Monthly maximum temperatures (Tmax°C) 
and monthly minimum temperatures 

(Tmin°C) 

Units: °C 

 

Annual 
Temperature 
Range (ATR) 

 

Tmax of the warmest month – Tmin of 
the coldest month 

The maximum temperature of the warmest 
month and minimum temperature of the 

coldest month. 

Units: °C 

 

Isothermality 
 

𝐷𝑇𝑅  𝑥 100 
𝐴𝑇𝑅 

Annual mean diurnal temperature range 
and Annual temperature range. 

Units: % 

 

Temperature 
Seasonality – 
coefficient of 

variation 

 

𝑆𝐷 (𝑇𝑎𝑣𝑔1 … … 𝑇𝑎𝑣𝑔12) 
𝑥 100 

𝑀𝐴𝑇 

The average temperature for each month 
(Tavg) and the annual mean temperature, 

standard deviation (SD) 

Units: % 
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Table 2.2 Summary table of linear regressions of microclimate (soil, near-surface and above-ground air temperatures) and soil moisture content with elevation 
in the Australian Wet Tropics. Based on the long-term averages from the measurement period between 01 December 2019 and 01 September 2022. 

 
  Soil temperature  near Surface air temperature   Air temperature  

Predictors Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 23.577 (23.300, 23.854) <0.001 23.699 (23.397, 24.001) <0.001 23.713 (23.414, 24.013) <0.001 

Elevation -0.0057  <0.001 -0.0058 (-0.006, -0.005) <0.001 -0.0059 (-0.006, -0.005) <0.001 
  (-0.0059, -0.0053)        

Observations  20   20   20  

R2 / R2 adjusted  0.988 / 0.988   0.987 / 0.986   0.987 / 0.987  

 
 

Table 2.3. Summary table of linear regressions of each of the bioclimatic predictors against the elevation categories showing the 95% CI and significant p 
values in bold. 

 
  DTR (soil)   DTR (air)  Seasonality (soil)  Seasonality (air)  ATR (soil)   ATR (air)  

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p CI p Estimates CI p 

(Intercept) 3.38 2.65 – 4.11 <0.001 8.27 7.37 – 9.17 <0.001 7.49 6.46 – 8.52 <0.001 7.93 6.74 – 9.12 <0.001 7.42 – 10.02 <0.001 16.56 14.64 – 18.48 <0.001 

Elevation profile 
[Mid-elevation] 

 
0.21 

 
-0.59 – 1.02 

 
0.584 

 
0.75 

 
-0.25 – 1.75 

 
0.130 

 
2.26 

 
1.12 – 3.40 

 
0.001 

 
2.72 

 
1.40 – 4.04 

 
<0.001 

 
-0.78 – 2.09 

 
0.348 

 
1.64 

 
-0.48 – 3.77 

 
0.120 

Elevation profile 
[Mountaintop] 

 

1.46 

 

0.20 – 2.73 

 

0.026 

 

3.79 

 

2.23 – 5.35 

 

<0.001 

 

7.62 

 

5.83 – 9.41 

 

<0.001 

 

7.64 

 

5.57 – 9.70 

 

<0.001 

 

1.09 – 5.60 

 

0.006 

 

6.91 

 

3.58 – 10.24 

 

<0.001 

Elevation profile 
[Upland] 

 
0.30 

 
-0.51 – 1.12 

 
0.440 

 
0.68 

 
-0.32 – 1.69 

 
0.169 

 
3.85 

 
2.70 – 5.01 

 
<0.001 

 
4.50 

 
3.17 – 5.84 

 
<0.001 

 
-0.68 – 2.23 

 
0.276 

 
-0.01 

 
-2.16 – 2.14 

 
0.992 

Observations  20   20   20   20  20  20  

R2 / R2 adjusted 0 0.297 / 0.165  0 0.641 / 0.574  0.868 / 0.844  0.845 / 0.815  0.397 / 0.284  0.649 / 0.584  
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Table 2.4. Summary table of long-term averages (January 2020 to December 2021) of Mean Annual Temperatures (MAT) for Soil and Air temperatures and 
bioclimatic predictors averaged for the year 2020 and 2021 and tree Basal Area measured from across the study sites in the Australian Wet Tropics World 
Heritage Area. The abbreviations ‘DTR’, ‘ATR’ and ‘BA’ refer to Diel Temperature Range, Annual Temperature Range, and tree Basal Area, respectively. 

 

 

Site Elevation 
Profile 

Elevation 
(m a.s.l.) 

MAT (°C) DTR (°C) Isothermality 
(%) 

Seasonality 
(%) 

ATR (°C) BA (m2 ha-1) 

   Soil Air Soil Air Soil Air Soil Air Soil Air  
#DRO  

Lowland 
40 23.1 23.3 3.3 8 40.8 51.5 7.2 7.5 8.3 15.8 27.1 

±DDC 80 23 23.1 3.3 8.4 37.8 58.6 7.7 8.3 9.1 17 34.3 
Rex Range  

 
 

Mid- 
elevation 

422 21.2 21.2 3.6 9.5 40.3 51.7 8.8 9.5 9.2 18.6 46.6 
 
 
 
 
 
 
 

Mt Lewis 
National Park 

578 20.5 20.7 3.7 9.1 40 49.3 9.7 10.2 9.4 18.6 40.9 
600 20.2 20.2 4.3 8.4 43.3 51.8 9 9.6 10.1 16.2 43.3 
625 19.9 19.8 4.3 9.8 39.6 48.6 10.4 11.2 11.1 20.3 50 
654 20 20 3.1 9.2 37.3 53.1 9.1 10.2 8 17.4 60.2 
780 19.8 19.5 2.7 10 33.5 48.9 9.2 10.3 8.1 20 73.6 
802 19 19 3 7.9 35.7 48.9 10 11.2 8.5 16.4 58 
830 18.8 18.6 3.4 8.7 36.2 49.9 10.7 12 9.4 17.7 50 
831 18.5 18.9 3.8 8.4 39.5 48.1 10.6 11.2 9.8 17.9 46.9 

 
 
 

Upland 

902 18.1 17.9 3.1 9.2 36.9 55.1 10.3 11.5 11.5 16.9 46.3 
960 17.5 17.4 3.5 8.3 38.2 54.9 11.3 12.4 9.2 15.4 53 
992 17.8 17.7 4.1 9.7 37.4 52.4 10.4 11.1 11.1 18.6 78 

1072 17.5 17.3 3.7 9.5 40.0 56.2 11.1 12.2 9.2 17.0 62.5 
1157 16.9 16.8 3.5 8.9 38.7 55.7 11.9 13.3 9.1 16.1 66 
1195 16.9 16.8 3.8 8.6 39.5 55.4 11.9 13.2 9.6 15.7 69 
1215 16.7 16.4 3.5 8.3 38.8 52.6 11.5 12.9 9.0 16.1 79 
1232 16.7 16.6 4.3 8.9 42.5 53.8 12.2 12.7 10.2 16.6 87.3 

Mt Bellenden 
Ker 

 
Mountaintop 1550 14.9 14.8 4.8 12.1 40.9 51.5 15.1 15.6 12.1 23.4 63.5 

# DRO Daintree Rainforest Observatory ± Daintree Discovery Center 
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Table 2.5. Summary table of environmental descriptors standardized as z-scores for each study site listed for Soil and Air temperature, soil pH, Organic Matter 
Content (OMC), C:N ratio and total P and Basal Area (BA) along with PCA scores. Soil δ15N from the respective study sites is also presented. 

 
 

Site 
 

Elevation 
Profile 

 
Elevation 

 
PC1 

 
PC2 

 
PC3 

 
sum-z 

 
z-Tsoil 

 
z-Tair 

 
z-Soil pH 

 
z-Soil 
OMC 

 
z-C:N ratio 

 
z-BA 

 
z-Total P 

 
Soil δ15N 

#DRO  
Lowland 

40 -1.76 1.04 0.21 -0.11 -0.93 -0.9 -0.78 0.93 0.11 0.78 0.69 7.3 

±DDC 80 -3.21 -0.36 0.84 -4.09 -1.87 -1.81 -1.78 0.71 0.98 0.42 -0.75 6.8 

Rex Range  
 
 

Mid-elevation 

422 1.38 -0.55 -1.87 2.39 0.53 0.52 2.02 -1 0.39 0.22 -0.29 4.1 

 
 
 
 
 
 
 
 
 
 
 

Mt Lewis 
National Park 

578 -1.92 -1.3 0.26 -0.33 -0.63 -0.64 -0.78 0.73 2.04 -0.24 -0.82 5.6 

600 -1.84 -0.17 -0.16 -0.55 -0.91 -0.93 -0.45 0.72 0.8 0.59 -0.36 7.0 

625 -0.68 -1.23 0.72 -0.77 -0.06 0.05 -0.62 0.74 0.75 -0.63 -1.01 6.7 

654 -2.63 -0.12 0.41 -1.84 -1.01 -1.07 -1.61 1.01 0.18 1.41 -0.75 4.8 

780 0.17 -0.35 0.42 -1.54 -0.03 -0.07 -0.12 -0.05 -0.35 -0.43 -0.49 4.8 

802 1.53 -0.31 -0.94 0.93 0.49 0.47 1.53 -0.79 -0.17 -0.43 -0.16 3.5 

830 -1.7 -0.09 -0.79 1.8 -0.43 -0.47 -0.29 0.67 1.08 1.35 -0.1 4.2 

831 -2.78 0.18 -0.58 0.85 -1.02 -0.99 -0.78 1.4 0.66 1.94 -0.36 2.0 

 
 
 
 

Upland 

902 2.96 -0.26 0.66 0 1.98 1.93 0.7 0 -1.02 -1.43 0.23 5.6 

960 1.42 -0.96 0.16 -0.03 0.74 0.85 0.37 -0.8 0.25 -1.01 -0.42 2.0 

992 3.3 0.76 0.29 -2.01 1.09 1.07 0.54 -2.4 -2.29 -0.65 0.62 – 

1072 0.02 -0.75 -0.05 -0.9 0.05 0.09 -0.12 -0.36 0.11 0.08 -0.75 4.5 

1157 2.15 -0.11 -0.47 -0.02 0.63 0.64 1.53 -0.81 -1 -0.86 -0.16 2.7 

1195 3.91 -0.29 0.99 -0.18 1.96 2.02 0.54 -1.49 -1.55 -1.89 0.23 4.0 

1215 -0.01 -0.15 -0.86 1.95 0.42 0.31 0.21 -0.19 0.25 1.05 -0.1 2.3 

1232 -0.19 1.24 1 -0.75 -0.34 -0.38 -0.62 0.3 -0.31 -0.67 1.27 3.2 
Mt Bellenden 

Ker 
Mountaintop 1550 -0.12 3.76 -0.23 2.81 -0.66 -0.68 0.54 0.67 -0.9 0.37 3.49 1.6 

# DRO Daintree Rainforest Observatory ± Daintree Discovery Center 
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Figure 2.1. The Australian Wet Tropics World Heritage Area, with five rainforest monitoring sites 
where data loggers were deployed. The northernmost sites comprise the Daintree Rainforest 
Observatory (DRO ~40 m a.s.l. (yellow triangle)) and the Daintree Discovery center (DDC ~80 m 
a.s.l. (red triangle)), and the southernmost site is Mt Bellenden Ker (~1550 m a.s.l. (blue triangle)). 
The Rex Range (orange triangle) and Mt Lewis sites (green triangles) comprise of the mid-elevation 
and upland sites respectively, with 17 data loggers deployed across an elevation range from between 
~400 m to ~1200 m a.s.l. Site triangles have been added on a map developed by Peter Bannink 
(Australian Tropical Herbarium). 
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Figure 2.2. Trends in temperature during the Day (7:00 – 17:00 AEST), Night (17:15 to 06:45 AEST) 
and 24-hour average for the measurement period, December 2019 - September 2022. Temperature 
measurements are for above ground Air (A), (B) & (C) (n= 20), Near Surface (D), (E) & (F) (n= 20), 
and Soil (G), (H) & (I) (n= 20) from study sites across the elevation range (40 to 1550 m a.s.l.) in the 
Australian Wet Tropics world heritage area. 
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Figure 2.3. Temperature trends across elevation in the Australian Wet Tropics (n=20 sites). Top: 
Temperature recorded during the wettest quarter (summer months, January – March) for Soil (A) and 
Air (B); Middle: and the driest quarter (winter months, July – September) (C) & (D); Bottom: 
Temperature difference between the two quarters (ΔTwet-to-dry) for Soil (E) and Air (F). 



44  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. A plot of bioclimatic predictors for soil and above ground air across the elevation profile 
(as defined by (Webb, 1959)), averaged for the years 2020 and 2021. Top: Diel Temperature Range 
(DTR) for Air (A) and Soil (B); Middle: Annual Temperature Range (ATR) for Air (C) and Soil (D); 
Bottom: Temperature seasonality (coefficient of variation) for Air (BIO4) (E) and Soil (F). Data point 
is an estimate of least square means with lower and upper confidence intervals shown as error bar for 
each elevation category, i.e., Lowland – two sites in the Daintree National Park (orange dot points); 
Mid-elevation – nine sites in the Mt Lewis National Park (yellow dot points; Upland – eight sites in the 
Mt Lewis National Park (blue dot points); and Mountaintop represents only one site on Mt Bellenden 
Ker (purple). Significant effects are for those p-values (<0.05, 0.01, and 0.001). 
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Figure 2.5. Trends in the temperature difference between soil and above-ground air (ΔTsoil-air) with elevation in the Australian Wet Tropics (n=20 sites), 
observed during the daytime (7:00 – 17:00 AEST) (A); observed during the night-time (17:15 to 06:45 AEST) (B); and averaged across the 24-hour daily 
measurement period from between December 2019 and September 2022 (C). 
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Figure 2.6. Top: Soil stable δ15N isotope composition (n=19 sites) (A), soil C/N ratio (n=20 sites) (B) and total soil P content (n=20 sites) (C); Bottom: Soil 
pH (n=20 sites) (D), soil organic matter content (OMC) (n=20 sites) (E) and tree basal area (n=20 sites) (F) along an elevation gradient in the Australian Wet 
Tropics. 
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Figure 2.7. Principal component analysis for environmental variables showing data points that represent sites (n= 20) in the Australian Wet Tropics World 
Heritage Area. The first and second principal component that contribute more than 80% of total variation is shown here. The study site identifiers are shown 
here as numbers and the elevation profile coloured for ‘lowland’ as orange (n=2 sites), mid-elevation as yellow (n=9 sites), upland as green (n=8 sites) and 
one mountaintop site as blue. The loadings of environmental variables such as temperatures for Soil and above-ground Air, soil pH, C:N ratio, soil P, Organic 
Matter Content (OMC), and Basal Area are shown as arrows along the co-ordinate axes. 
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Figure 2.8. Soil δ15N isotope composition plotted against PC1 scores from study sites in the Australian Wet Tropics. Regression line with 95% confidence is 
shown as a grey band. 
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Supplementary Table 2.1A. Summary of the Principal Component Analysis showing the percentage 
variation of different components of the Eigen values. 

 
 PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Variance 2.10 1.09 0.74 0.61 0.51 0.31 0.03 

 
Percent of 

variance 

 
63.9 

 
17.3 

 
8.0 

 
5.4 

 
3.7 

 
1.4 

 
0.1 

 
Cumulative 

% of 

variance 

 
63.9 

 
81.2 

 
89.2 

 
94.7 

 
98.5 

 
99.9 

 
100 

 
 
 
 

Supplementary Table 2.1B. Summary of the Principal Component Analysis showing correlations of 
environmental variables with the first four components. 

 
 PC1 PC2 PC3 PC4 

 
Soil Temperature 

 
0.454704359 

 
-0.046222772 

 
0.19988256 

 
0.478260683 

 
Air Temperature 

 
0.455389115 

 
-0.070945063 

 
0.21649604 

 
0.443621258 

 
Soil pH 

 
0.375134123 

 
0.726321962 

 
0.22275404 

 
-0.179910551 

 
Soil OMC 

 
-0.409835310 

 
-0.161006818 

 
0.17409510 

 
0.571846074 

 
C:N ratio 

 
-0.365157687 

 
0.100354082 

 
0.86251410 

 
-0.137782459 

 
Basal Area 

 
-0.379252603 

 
0.655200767 

 
-0.29868285 

 
0.442838729 

Total Soil P 0.001197873 0.002116109 -0.01029275 0.001007163 
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Supplementary Figure 2.1. A plot of mean annual values of soil volumetric moisture content from various study sites from across elevation in the Australian Wet 
Tropics (n=20) (A); Relationship between the Soil-to-Air temperature difference and soil organic matter content observed in this study (B). 



Chapter 3: Temperature, nutrient availability, 
and species traits interact to shape elevation 
responses of Australian tropical trees 

This chapter has been published in the journal Frontiers in Forests and Global change. 

Singh Ramesh A, Cheesman AW, Flores-Moreno H, Preece ND, Crayn DM and Cernusak 
LA (2023). Temperature, nutrient availability, and species traits interact to shape elevation 
responses of Australian tropical trees. Front. For. Glob. Change 6:1089167. DOI: 
10.3389/ffgc.2023.1089167 (published January 2023) 

Saplings of the lowland, Flindersia ifflana in nutrient poor soils being monitored for its growth under 
experimental conditions (Left); Leaves of Flindersia being processed in field for trait measurements 
(top-right); Seedlings of mountaintop restricted species, Flindersia oppositifolia being germinated 
for experiments (bottom-right). 
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Temperature, nutrient availability,
and species traits interact to shape
elevation responses of Australian
tropical trees
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Elevation gradients provide natural laboratories for investigating tropical tree

ecophysiology in the context of climate warming. Previously observed trends

with increasing elevation include decreasing stem diameter growth rates (GR),

increasing leaf mass per area (LMA), higher root-to-shoot ratios (R:S), increasing

leaf δ13C, and decreasing leaf δ15N. These patterns could be driven by decreases in

temperature, lower soil nutrient availability, changes in species composition, or a

combination thereof. We investigated whether these patterns hold within the genus

Flindersia (Rutaceae) along an elevation gradient (0–1,600 m) in the Australian Wet

Tropics. Flindersia species are relatively abundant and are important contributors

to biomass in these forests. Next, we conducted a glasshouse experiment to

better understand the effects of temperature, soil nutrient availability, and species

on growth, biomass allocation, and leaf isotopic composition. In the field, GR

and δ15N decreased, whereas LMA and δ13C increased with elevation, consistent

with observations on other continents. Soil C:N ratio also increased and soil

δ15N decreased with increasing elevation, consistent with decreasing nutrient

availability. In the glasshouse, relative growth rates (RGR) of the two lowland

Flindersia species responded more strongly to temperature than did those of

the two upland species. Interestingly, leaf δ13C displayed an opposite relationship

with temperature in the glasshouse compared with that observed in the field,

indicating the importance of covarying drivers in the field. Leaf δ15N increased in

nutrient-rich compared to nutrient-poor soil in the glasshouse, like the trend in

the field. There was a significant interaction for δ15N between temperature and

species; upland species showed a steeper increase in leaf δ15N with temperature

than lowland species. This could indicate more flexibility in nitrogen acquisition

in lowland compared to upland species with warming. The distinguishing feature

of a mountaintop restricted Flindersia species in the glasshouse was a very high

R:S ratio in nutrient-poor soil at low temperatures, conditions approximating
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the mountaintop environment. Our results suggest that species traits interact with

temperature and nutrient availability to drive observed elevation patterns. Capturing

this complexity in models will be challenging but is important for making realistic

predictions of tropical tree responses to global warming.

KEYWORDS

elevation gradient, Flindersia, growth temperature, leaf δ13C, leaf δ15N, relative growth rate,
root-to-shoot ratio, soil nutrient availability

1. Introduction

Elevation gradients, and their associated changes in temperature,
provide natural laboratories for studying how tropical trees might
respond to global warming (Malhi et al., 2010; Tito et al., 2020).
Increasing elevation, and by extension lower temperatures, have been
associated with both species-specific and community-based trends;
these include decreasing growth rates (Rapp et al., 2012), increasing
root-to-shoot ratios (R:S) (Fahey et al., 2016), increasing leaf mass
per area (LMA) (Rapp et al., 2012; Van De Weg et al., 2012; Fahey
et al., 2016), increasing foliar δ13C, and decreasing foliar δ15N (Sparks
and Ehleringer, 1997; Li et al., 2009). Foliar δ13C and δ15N have
been used as indicators of intrinsic water-use efficiency (Cernusak
et al., 2013), and ecosystem nitrogen cycling (Martinelli et al., 1999),
respectively. However, although some of these trends with increasing
elevation appear to be general in the literature (Vitousek et al., 1990;
Bauters et al., 2017; Mumbanza et al., 2021), the mechanisms driving
the observations are not fully resolved. Disentangling the direct and
indirect role that temperature plays in determining these trends in
plant functional traits is vital to understanding elevation gradients
as proxies for predicting the response of forests to future climate
scenarios.

In addition to decreasing temperatures, increasing elevation
is associated with variation in other climatic factors, such as
precipitation, vapor pressure deficit, and solar radiation (Malhi et al.,
2010). Similarly, the availability of soil nutrients, such as N and P,
can also change as a function of elevation, both because of changes
in temperature-driven mineralization rates, and inherent litter
decomposability (Salinas et al., 2011). Together, these environmental
factors are all recognized as major drivers of tropical tree growth
and selective filters for plant functional traits (Rapp et al., 2012;
Cheesman et al., 2018; Bauman et al., 2022a). Trends in functional
traits observed across elevation may therefore result from, to varying
degrees, changes in temperature, vapor pressure deficit, soil nutrients,
species turnover, and the interaction of these factors (Read et al., 2014;
Fahey et al., 2016).

Declining temperatures and nutrient availability with increasing
elevation can influence resource allocation in tropical trees (Unger
et al., 2012). For example, N allocation toward photosynthetic tissues
may be reduced (Xiao et al., 2018; Ziegler et al., 2020), and climatic
and soil conditions may favor biomass allocation toward roots (Kobe
et al., 2010; Poorter et al., 2012). This may lead to the selection
of species at high elevations with functional adaptations for slower
growth, such as an intrinsically high R:S, and with leaf traits oriented
toward the slow end of the leaf economic spectrum, including a larger
leaf mass per unit leaf area (LMA), lower mass based N concentration,
and a more robust leaf structure associated with longer leaf lifespans

(Wright et al., 2005; Valladares and Niinemets, 2008; Poorter et al.,
2012). Low temperatures and nutrient availability may also lead to
the production of leaves, leaf-litter, and thereby soil organic material
with limited N availability and a highly recalcitrant carbon content.
This self-reinforcing trend may lead to observed traits being directly
impacted by nutrient availability and decoupled (in the short term)
from the direct impacts of changing temperature.

The relationship between water availability and foliar δ13C is
generally well-established (Diefendorf et al., 2010), with foliar δ13C
becoming more negative as precipitation and soil water availability
increase. Yet, somewhat surprisingly, leaf δ13C often becomes higher
with elevation in spite of general increases in water availability
(Sparks and Ehleringer, 1997); this appears to be related to increasing
LMA and decreasing atmospheric pressure (Körner, 2007; Chen et al.,
2017). Higher LMA can increase the leaf internal resistance to CO2
diffusion, thereby reducing chloroplastic CO2 concentrations during
photosynthesis (Cernusak et al., 2013), resulting in an increase in the
foliar δ13C (Vitousek et al., 1990; Li et al., 2009). Increased LMA
can also lead to increased leaf N and P concentrations per unit
leaf area, which can confer increased leaf photosynthetic capacity,
further decreasing discrimination against 13C (Bauman et al., 2022a).
Nevertheless, decreases in foliar δ13C with increasing elevation have
been reported in some cases (Sah and Brumme, 2003), and could
be related to lower leaf-to-air vapour pressure deficits (VPD) with
increasing elevation, resulting in an increased ratio of intercellular
to ambient CO2 concentrations (ci/ca) through opening of stomata
(Cernusak et al., 2013; Chen et al., 2017).

Foliar δ15N has been observed to decrease with increasing
elevation in tropical rainforest trees (Bauters et al., 2017). This is
thought to be the result of more open N cycling at warm, low
elevations, and with tighter N cycling at higher elevations as a result
of slower N mineralization rates caused by low temperatures and less
decomposable litter (Martinelli et al., 1999; Baumgartner et al., 2021).
More open N cycling feeds N loss pathways from the ecosystem that
tend to leave the residual N pool relatively enriched in 15N (Martinelli
et al., 1999; Craine et al., 2015). Some studies have also reported a
positive trend or no change in foliar δ15N with elevation, attributing
this to increased water stress in some mountainous regions, or
due to the nature of site-specific biogeochemical processes; such as
ammonium immobilization for example (Vitousek et al., 1989; Yi
and Yang, 2006). Likewise, differences in plant functional types are
known to contribute toward variation in foliar δ15N due to differences
in nitrogen acquisition strategies and microbial associations, such as
symbiotic associations with N fixing bacteria and mycorrhizal fungi
(Cernusak et al., 2009; Liu et al., 2010). However, within species
from a single genus found in moist tropical rainforests, we would
not expect to find these latter complications. Thus, δ15N signatures
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can still be generally useful as indicators of nitrogen cycling at the
ecosystem scale and across environmental gradients, if care is taken
to minimize variation associated with different plant functional types
and ecological strategies (Amundson et al., 2003).

Understanding how temperature directly and indirectly shapes
observed patterns in species distribution and plant functional
traits across elevation will allow a mechanistic understanding of
how changing temperatures are likely to impact natural systems.
In this study, we first examined patterns of tree stem diameter
growth and leaf functional traits (LMA, δ13C and δ15N) in a
dominant tropical rainforest tree genus, Flindersia, distributed along
an elevation gradient in the Australian Wet Tropics World Heritage
Area (Bradford et al., 2014a). We then conducted a glasshouse
experiment to examine the relative impacts of temperature, soil
nutrient availability, and species in driving these observations. We
hypothesized that trends across elevation would reflect a combination
of both direct temperature effects, indirect temperature effects
mediated by nutrient availability, and species’ traits associated with
habitat preference (lowland versus upland). To gain insight, we used
the glasshouse experiment to test for effects of temperature and
nutrient availability, and their interactions with species and habitat
preference, on growth rates, biomass allocation, LMA, δ13C and δ15N.

2. Materials and methods

2.1. Species selection and study area

Flindersia R.Br., of the family Rutaceae, comprises ca 17 species
of trees and shrubs distributed across Malesia, Australia, and New
Caledonia, with 15 species known to occur in the tropics and sub-
tropics of Australia (Scott et al., 2000; Bayly et al., 2013). Nine
species in the Australian Wet Tropics are commonly observed among
the dominant taxa and contribute to biomass in rainforest plots in
these forests (Bradford et al., 2014a), ranging from near sea level
to the summits of the highest peaks (Zich et al., 2020). Flindersia,
in general, are known to reliably produce seeds, which are enclosed
in fruits that are easy to spot in the canopy, and are therefore
more accessible compared to seeds of some other co-occurring taxa
(Zich et al., 2020). We explored herbarium records and species
distribution observations from the Atlas of Living Australia (ALA)
(Belbin, 2011) and used these observations to identify four focal
Flindersia species for this study: F. ifflana F. Muell., F. bourjotiana
F. Muell., F. brayleyana F. Muell., and F. oppositifolia (F. Muell.)
T.G. Hartley & L.W. Jessup. Flindersia oppositifolia is a tropical
mountaintop species with a very restricted distribution and a narrow
climate niche, whereas the other species are more widely distributed
along the elevation gradient and have a broad climate niche. Among
these, F. brayleyana displays a predominantly upland distribution,
whereas F. bourjotiana and F. ifflana have predominantly lowland
distributions (Supplementary Table 1).

We filtered the ALA observations for each species using the
spatial thinning package ‘spThin’ (Aiello-Lammens et al., 2015) in R,
set at a scale of 0.5 km for the mountaintop restricted species and
5km resolution for the widespread taxa at 10 repetitions for each
species, which returned a total of 95 spatially-thinned occurrences
within the Australian Wet Tropics. We then extracted a suite of
gridded environmental variables from WorldClim for the occurrence
locations, including mean annual temperature (BIO1) (Figure 1A)

and mean annual precipitation (BIO12) (Figure 1B; Fick and
Hijmans, 2017).

2.2. Stem diameter growth and plant
functional trait measurements across
elevation

Individual stem diameter growth rates (GR) were calculated
for mature rainforest Flindersia species distributed across elevation
in the Australian Wet Tropics and captured in long-term forest
census plots (n = 13 sites). For each individual within a site, we
calculated the linear increase in diameter for stems greater than
10 cm diameter at breast height (n = 2 to 20 individuals per site)
between 1971 and 2013 (Bradford et al., 2014b). For F. oppositifolia,
restricted to mountaintops, we calculated GR (n = 33 individuals)
for the period from 2010 to 2019 using a rainforest plot established
by Torello Raventos (2014), which we re-censused in 2019. Field
campaigns to collect plant functional traits (LMA, foliar δ13C and
δ15N) of exposed canopy branches of focal Flindersia species (a
minimum of 2 individuals per site) were conducted in four locations
(Supplementary Table 1) across a range in elevation, using standard
trait measurement protocols (Cornelissen et al., 2003). Data from a
previous trait campaign (Bauman et al., 2022a) were also added to
this analysis (n = 16 individuals across five sites for the focal species).

2.3. Soil nutrient and isotope analyses
across elevation

Surface soil samples were collected from 20 rainforest plots
spanning an elevation range from 40 to 1,550 m in the Australian Wet
Tropics. Of these, 16 plots had dimensions 20 m × 20 m, whereas
the mountaintop plot had dimension 50 m × 20 m, and the two
lowland sites were each 100 m × 100 m. The sites were selected
to include those for which soils were derived from granitic parent
material, except for the two lowest elevation plots, for which soils
were derived from granitic and metamorphic colluvium. Five cores
per site (at the 4 corners of the plot and one at the center) were
sampled using an auger (∼10 cm deep) after removing leaf litter.
Samples were bulked and homogenized at the plot level. Samples
were then oven-dried at ∼105◦C for 72 h and ground to a fine
powder using a Benchtop Ring Mill (Rocklabs, Mineral Stats INC.,
Colorado) at the Advanced Analytical Centre (AAC), James Cook
University (JCU), Cairns. Soil pH in H2O and in 0.01M CaCl2 was
measured on oven-dried samples using an ISFET pH pen (Model
24006 DeltaTrak). Subsamples were used to determine C and N
concentrations and isotopic ratios (δ13C and δ15N) as described
below for leaf tissue. Total soil P was analyzed using a microwave
assisted acid digestion of oven dried samples followed by ionization
detection using the Inductively Coupled Plasma-Atomic Emission
Spectrometer (ICP-AES) at the AAC, JCU, Townsville.

2.4. Glasshouse experimental growth
conditions

We collected seeds from the four focal species, with each
species collected at a single site (Supplementary Table 1). The
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FIGURE 1

(A) Variation in mean annual temperature (MAT) across elevation in the Australian Wet Tropics, based on the Flindersia species occurrence records
obtained after spatial thinning at 0.5 km resolution and interpolated using WorldClim v.2 bioclimatic variables (MAT, BIO1) (n = 95); (B) Scatter plot of
mean annual precipitation (MAP, BIO12) as a function of mean annual temperature (MAT, BIO1), with ellipses representing species’ climate niche across
the occurrence range of the four focal Flindersia species within the Australian Wet Tropics (n = 95); (C) Variation in soil C:N ratio across an elevation
gradient in the Australian Wet Tropics measured during this study (n = 20).

four collection sites were distributed across most of the elevation
range found in the Australian Wet Tropics (Lowland species,
F. ifflana ∼ 300 m and F. bourjotiana ∼ 600 m, and Upland
species F. brayleyana ∼ 990 m and F. oppositifolia∼ 1,550 m).
The seeds were allowed to germinate under ambient shade-house
conditions at the Environmental Research Complex (ERC), (∼30
m a.s.l.) JCU, Cairns, Australia. Healthy saplings were transplanted
(approximately 3 months after sowing seeds) into either 13.5 L
pots (Garden City Pots, Model: P300ST00) containing nutrient-
rich soil (NR), comprising a 1:1 mixture by volume of premium
garden potting mix and compost (Northside Landscape Supplies
Pty. Ltd., Trinity Beach); or 8.5 L pots (Garden City Pots, Model:
P250STTL) containing nutrient-poor soil (NP). The nutrient-
poor soil comprised a locally collected dermasol, low in organic
matter and supplemented with perlite and washed river sand to
improve drainage (Supplementary Table 2). The two soil mixtures,
nutrient-rich and nutrient-poor, had similar δ15N at the start of the
experiment, based on measurements of subsamples; these values
were 5.4 and 5.3h, respectively.

The experimental pots were transferred into a climate-controlled
glasshouse facility. The facility is divided into three temperature-
controlled chambers, each with a shade screen (SOLARO, Ludvig
Svensson Inc. Kinna, Sweden) that reduces incident irradiance to
approximately 50% of the incoming irradiance. Further details of
the experimental facility can be found in Forbes et al. (2020).
Three growth temperature treatments were implemented by setting
chambers to track the external temperature profile with a chamber-
specific offset, specifically a) 0◦C offset, b) –7◦C offset, and c) + 5◦C
offset. These chamber temperature conditions mimic the lowland

provenance, mountaintop provenance, and a lowland warming
scenario, respectively. The climatic conditions were controlled via the
Building Management System (BMS) with temperature and relative
humidity (RH) in each chamber measured (QFM2160 Temperature
and Humidity Probe, Siemens) and recorded at 5 min intervals
in the BMS. We further characterized the temperature regimes
with a Temperature Soil Moisture Sensor [TMS-4, TOMST s.r.o,
Prague, (Wild et al., 2019)] in each experimental chamber to record
the temperature in the immediate environment of the saplings.
A summary of chamber conditions over the course of the experiment
is given in Table 1. We calculated the VPD of each chamber from
the temperature and relative humidity measurements (Campbell and
Norman, 1998).

A minimum of three healthy saplings per soil treatment per
species were monitored for growth in each chamber to give a
total of 24 saplings (3 Saplings × 2 Soil treatments × 4 Species)
per chamber. All pots were hand-watered to field capacity daily
throughout the experiment. To avoid any chamber bias across the
experimental treatments, the treatments were rotated among the
chambers monthly.

2.5. Glasshouse experimental biomass
measurements

Before the start of the glasshouse experimental treatments,
initial plant biomass was estimated for individuals using a species-
specific allometric relationship derived from root-collar diameter,
stem height, and the total dry biomass of three destructively harvested
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TABLE 1 Environmental conditions in the glasshouse during the experiment for the three glasshouse chambers.

Cold Ambient Elevated

Time Temperature (◦C) RH (%) VPD (kPa) Temperature (◦C) RH (%) VPD (kPa) Temperature (◦C) RH (%) VPD (kPa)

BMS TOMST BMS TOMST BMS TOMST

Day 19± 3.2 17± 3.5 76± 5.8 0.53± 0.24 26± 3.6 25± 3.5 83± 8.5 0.61± 0.37 31± 4.1 30± 4.6 71± 11 1.39± 0.69

Night 14± 1.9 12± 1.9 84± 3.5 0.26± 0.08 20± 3.1 19± 3.1 91± 6.3 0.22± 0.18 25± 3.1 24± 3.1 79± 9 0.68± 0.36

Average 16.5± 2.5 14.5± 2.7 80± 4.6 0.40± 0.16 23± 3.35 22± 3.3 87± 7.4 0.41± 0.27 28± 3.6 27± 3.8 75± 10 1.03± 0.52

Air temperature was recorded using the building management system (BMS) software and additionally with a temperature moisture sensor (TMS-4, TOMST, Czech Republic), recorded at intervals
of 5 min. Relative humidity (RH) and vapor pressure deficit (VPD) were recorded with the BMS. All values given in means± 1SD. Daytime and night-time have been separated, with daytime being
hours between 0700 and 1700 local time.

saplings. Final biomass was measured from destructive harvests
of three plants per species by treatment combination, except for
F. bourjotiana in the nutrient-rich, elevated temperature treatment,
where only two plants survived. Thus, a total of 71 plants were
harvested for final biomass.

The dry mass of leaves, stems and roots were measured separately
and used to calculate Above Ground Biomass (AGB, sum of leaf and
stem dry mass) and Below Ground Biomass (BGB, total root dry
mass). The AGB and BGB were used to calculate the root-to-shoot
ratio (R:S). From each plant, three to four leaves were collected for
determination of LMA, δ13C and δ15N, as described below. Relative
growth rates (RGR, mg g−1 day−1) were calculated using equation 1
(Hoffmann and Poorter, 2002):

RGR =
ln

(
Mf

)
− ln(Mi)

1t
(1)

where, Mf is the final biomass, Mi is the estimated initial biomass,
and 1t is the length of the experiment in days.

2.6. Leaf-level functional traits

For both field-collected, and glasshouse grown leaves, leaf area
was calculated from scanned fresh leaves (3 to 5 leaves per individual)
using Image-J software, which in conjunction with oven-dried
leaf mass was used to calculate LMA (g m−2). Further, oven-
dried leaves were ground to a fine powder using a Bench Top
Ring Mill. Foliar δ13C and δ15N isotope ratios were determined
using a Costech Elemental Analyzer, fitted with a zero-blank auto-
sampler and coupled via a ConFloIV interface to a Thermo Finnigan
Delta-V PLUS isotope ratio mass spectrometer (Bremen, Germany).
Stable isotope results are reported as per mil (h) deviations
from the VPDB and AIR reference standard scales for δ13C and
δ15N, respectively. Precisions (± 1 standard deviation) on internal
standards were better than ± 0.1h and ± 0.2h for C and
N, respectively.

2.7. Statistical analysis

2.7.1. Field observations
All statistical analyses were conducted within the ‘R studio’

environment, using R version 4.1.2 (R Core Team, 2021).
We computed ordinary least-squares linear regressions for each
of the response variables to understand how field observed
traits (i.e., GR, LMA, δ13C and δ15N) varied with elevation

(Supplementary Table 3). We conducted these analyses at the genus
level; that is, individual species identities were not accounted for in
the models. For the field measurements, each species was sampled
at one or few locations, and so accounting for individual species did
not improve the models. All dependent variables were checked for
normality assumptions using the Shapiro–Wilk’s test for normality
and we used square root transformation on GR to meet normality
assumptions. Predictor variables were standardized prior to analyses.
The 95% Confidence Intervals and P-values were computed using the
Wald approximation.

2.7.2. Glasshouse experiment
We computed ordinary least-squares linear regressions for each

of the response variables: RGR, R:S, LMA and foliar δ13C and
δ15N against Temperature, Soil nutrient status (i.e., nutrient-rich
versus nutrient-poor), Species and the interactions between Species
and Temperature and Soil nutrient status. Model selection was
carried out using the ‘performance’ package in R (Lüdecke et al.,
2021), and the model that yielded the lowest AIC was then chosen
for each of the response variables. Temperature was taken as a
continuous variable from the long-term air temperature averages for
each growth chamber (Table 1). Type III ANOVA was performed
on the chosen models, followed by post hoc comparisons of means
using the ‘emmeans’ package in R (Lenth et al., 2018). We built
a custom linear contrast for comparison of species according
to their habitat preference (lowland versus upland), for response
variables where Species interacted with Temperature. We did this
to better understand whether species responses were structured
by their elevation preference. For this comparison F. ifflana and
F. bourjotiana were considered as lowland, and F. brayleyana and
F. oppositifolia as upland. We checked for normality using visual
histograms on all dependent variables, and then a Shapiro-Wilk’s test
for normality was performed followed by testing the homogeneity
of variances (P > 0.05). We log-transformed the response variables
RGR and used square root transformation for LMA to meet normality
assumptions.

3. Results

3.1. Field observations: Temperature and
soil nutrient availability with elevation

Recorded observations of the four focal Flindersia species in the
Australian Wet Tropics, in conjunction with gridded climate data for
each observation location, indicated a linear decline in Mean Annual
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Temperature (MAT) with elevation in the distribution ranges, with
a slope of –5.3◦C km−1 (Figure 1A). The three widespread species
shared similar climate niche space (based on its MAT and Mean
Annual Precipitation (MAP)), while the mountaintop-restricted
species displayed the lowest MAT and highest MAP (Figure 1B;
Supplementary Table 1). Further, for the three widespread species,
elevational distributions were largely consistent with the elevations
of seed collection for the glasshouse experiment, except for
F. brayleyana, which was collected at ∼990 m, in the upper part
of its range (Supplementary Table 1). Thus, the locations of seed
collection also contributed to our consideration of habitat preferences
for F. ifflana and F. bourjotiana to be lowland, and for F. brayleyana
and F. oppositifolia to be upland.

Soil C:N ratio increased with elevation (R2 = 0.41, P < 0.01)
(Figure 1C) and soil δ15N decreased with elevation (R2 = 0.57,
P < 0.001) (Supplementary Figure 3), suggesting that nitrogen
availability declines with increasing elevation. The difference in
soil δ15N from the lowest site (40 m) to the highest site (1,550
m) was ∼5.7h with a slope of –3.5h km−1 of elevation gain
(Supplementary Figure 3). Soil δ13C did not change significantly
with elevation (Supplementary Figure 3).

3.2. Field observations: Stem diameter
growth rates, LMA, foliar δ13C and δ15N

Across an elevation gradient of 1,600 m in the Australian Wet
Tropics, Flindersia species demonstrated a significant decline in stem
diameter growth rates (R2 = 0.18, P < 0.01). These declined by ca
0.3 cm year−1 km−1 of elevation gain (Figure 2A).

The decline in GR among Flindersia species with elevation was
accompanied by increasing LMA with increasing elevation (R2 = 0.22,
P < 0.05) (Figure 2B). The LMA increased by ca 25 g m−2 km−1

of elevation gain. When averaged for each species within a site, the
highest LMA was recorded for F. oppositifolia (187 ± 27 g m−2) at
Mount Bellenden Ker (1,550 m elevation) and the lowest for F. ifflana
(156 ± 1 g m−2) at Kuranda National Park (∼300 m elevation).
When averaged for each site, the highest LMA was recorded at Mount
Bellenden Ker, and the lowest LMA (∼142 ± 3 g m−2) was recorded
at Kaaru Creek (∼500 m elevation).

Foliar δ13C also increased significantly with elevation by ca 2.6h
km−1 (R2 = 0.50, P < 0.01) (Figure 2C). The average foliar δ13C
across the entire dataset was –29.0± 1.5h (n = 30). The least negative
δ13C was observed for the mountaintop species, F. oppositifolia
(–27.5h at 1,550 m) and most negative for F. brayleyana (–31.25h
at 720 m).

Foliar δ15N significantly declined with increasing elevation
(R2 = 0.78, P < 0.001) by ca 8.5h km−1 of elevation gain
(Figure 2D). Average foliar δ15N across the entire dataset was
–0.05± 3.9h (n = 30). There was a large reduction of nearly 10h
observed from the lowland site (4.8h at ∼300 m elevation) to the
mountaintop site (–5.2 h at 1,550 m elevation).

3.3. Glasshouse experiment: Relative
growth rate, root-to-shoot ratio, and LMA

Soil nutrient status had a significant effect on RGR, such that RGR
was higher for plants in nutrient-rich compared to nutrient-poor

soil (Figure 3 and Table 2). The two species that responded most
strongly to an increase in nutrient availability in terms of RGR
were F. ifflana, the most lowland of the species, and F. oppositifolia,
the mountaintop restricted species (Figure 3). There was also an
interaction effect between Species and the extent of increase in RGR
with increasing temperature. The lowland species showed steeper
increases in RGR with increasing temperature than the upland species
(Figure 3). This was confirmed by the post hoc, linear contrast where
the slope of temperature response was larger in the lowland than in
the upland species [t(59) = 3.8, p < 0.001]. In general, the lowland
species displayed an increasing RGR across the full temperature
range, whereas the upland species did not.

Root-to-shoot ratios (R:S) showed significant effects among
Species and with Soil nutrient status (Table 2). The R:S was
higher in nutrient-poor than in nutrient-rich soil, and there was
a significant Species by Soil interaction (Table 2). This species-soil
interaction was driven by the differential species response in the
nutrient-poor Soil treatment. A pairwise, post hoc comparison among
Species in the nutrient-poor Soil treatment, confirmed that the
mountaintop-restricted species, F. oppositifolia, had a significantly
higher R:S ratio compared to all other species [F. ifflana, t(59) = –3.6,
p < 0.001; F. bourjotiana, t(59) = –4.85, p < 0.001; and F. brayleyana,
t(59) = –4.18, p < 0.001]. A pairwise, post hoc comparison among
Species in the nutrient-rich Soil treatment indicated no significant
differences among species. The highest R:S ratio for any Species by
treatment combination occurred for F. oppositifolia in nutrient-poor
Soil in the cold Temperature treatment (Figure 3).

There were no significant effects of Temperature, Soil nutrient
status or Species on LMA in the glasshouse (Table 2 and Figure 3).

3.4. Glasshouse experiment: Foliar stable
isotope composition

For foliar δ13C in the glasshouse, there were significant main
effects of Temperature, Soil nutrient status, and Species (Figure 4
and Table 2). Foliar δ13C generally increased (became less negative)
in plants grown in nutrient-rich Soil and increased with increasing
Temperature. Average foliar δ13C across the glasshouse dataset was
–29.7± 1.4h. There was an increase in δ13C of 1.3h associated with
nutrient-rich compared to nutrient-poor Soil, and the rate of increase
in δ13C was 0.1h per◦C (Supplementary Table 4). A pairwise,
post hoc comparison among Species showed that F. brayleyana had
a more negative δ13C than all other species [F. ifflana, t(65) = 3.68,
p < 0.01; F. bourjotiana, t(65) = 3.02, p < 0.05; and F. oppositifolia,
t(65) = –3.46, p < 0.01]. Consistent with this, F. brayleyana in the
field had also shown the most negative δ13C among the four species
(Figure 2).

Foliar δ15N displayed a consistent variation with Soil nutrient
status, which was the most important predictor in the model
(Table 2). Plants in nutrient-rich Soil in the glasshouse displayed a
higher δ15N than those in nutrient-poor Soil; the increase in foliar
δ15N associated with nutrient-rich compared to nutrient-poor Soil
according to the model was 2.0h (Supplementary Table 4). There
was also a significant interaction between Species and Temperature
(Table 2 and Figure 4). The post hoc, linear contrast between
upland and lowland species showed that foliar δ15N increased with
temperature at a steeper rate in the upland species, F. brayleyana
and F. oppositifolia, compared to the lowland species, F. ifflana and
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FIGURE 2

Field observed trends for (A) Stem diameter growth rates (cm year−1) (data and model predictions are square root transformed) (n = 195); (B) Leaf mass
per unit Area (g m−2) (n = 20); (C) Leaf δ13 C (h) (n = 30); and (D) Leaf δ15 N (h) (n = 30) of the four focal Flindersia species studied across an elevation
gradient in the Australian Wet Tropics.

F. bourjotiana [t(62) = –2.87, p < 0.01]. The difference in slope
between upland and lowland species was 0.13h per◦C.

4. Discussion

We investigated trends in tree growth and leaf functional traits
along an elevation gradient in the Australian Wet Tropics using a
single, regionally important genus to gain insight into the responses
of closely related species with differing elevational distributions.
Observations in tropical rainforests on other continents have shown
that tree growth rates and foliar δ15N typically decline with elevation
(Bauters et al., 2017; Malhi et al., 2017), whereas LMA and foliar δ13C
typically increase with elevation (Vitousek et al., 1990; Mumbanza
et al., 2021). We confirmed from our field-based observations that
similar trends also occur in Flindersia species in Australian tropical
rainforests. These trends with elevation could be a result from at
least three important drivers: decreasing temperatures, decreasing
soil nutrient availability, and changes in species composition (Malhi
et al., 2010; Rapp, 2010). Using a factorial glasshouse experiment, we
attempted to disentangle these potential drivers to better understand
their relative roles in controlling plant form and function. We
detected direct effects of temperature and nutrient availability on
some of the examined traits, and our results also suggested that
some variation could be attributed to species adaptations to their
preferred elevational ranges. Our experiment provided new insights
in instances where the observed field trends could not be reproduced
in the glasshouse by varying temperature and soil nutrient availability
in isolation.

4.1. Growth rates, biomass allocation
strategies and LMA

The observed decline in stem diameter growth rates among
Flindersia species with increasing elevation was accompanied by
a decline in MAT, i.e., ∼–5.3◦C km−1 (Figure 1A), along with
increasing C:N ratio in soils, indicative of declining nitrogen
availability (Figure 1C). Previous studies have reported similar
declines in growth rates with MAT among closely related
Weinmannia species, in the Peruvian Andes (Rapp, 2010) and
the southwest Andes (Tito et al., 2018). The effect of declining
temperature with elevation drives slower metabolic rates, while
slower nitrogen mineralization rates likely further contribute toward
growth reductions (He et al., 2016; Gong et al., 2020). Our glasshouse
experimental results also supported the idea that slower growth
rates with increasing elevation could be partly explained by changes
in species composition. Although species’ mean RGR across the
experimental treatments did not reflect the species’ site of origin
on the elevation gradient (i.e., RGR increasing with decreasing
elevation of origin), we did find that the RGR of the upland species
did not respond as strongly to temperature as in the lowland species.
Interestingly, the mountaintop species, F. oppositifolia, displayed
similar growth rates compared to the lowland collected species under
lowland temperatures and in nutrient-rich soil (Figure 3). This
bodes well for this mountaintop-restricted species, at least from an
ex situ conservation perspective, in terms of its potential for growth
in plantings at lower elevations (Primack et al., 2021). It may also
indicate that warming temperatures per se, which are predicted
to eliminate its current climate niche (Costion et al., 2015), may
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FIGURE 3

Means (±1SE) of (A) relative growth rate (mg g−1 day−1), (B) root-to-shoot ratio (g g−1), and (C) leaf mass per unit area (g m−2) among temperature and
soil nutrient treatments (nutrient-rich soil = red, nutrient-poor soil = orange) in the glasshouse experiment. Each dot represents a mean of three
individual saplings. Species are arranged left to right according to their observed elevation ranges, with leftmost being lowland and rightmost being
mountaintop.

not negatively impact growth in situ, with optimal growth of this
species occurring at temperatures higher than currently experienced.
However, other factors associated with warming, such as increasing
atmospheric water stress (Bauman et al., 2022b), and effects on seed
bank dynamics (Liyanage et al., 2022), along with biotic interactions,
may negatively impact survival of such mountaintop endemic plants
(Cheesman and Winter, 2013).

In our glasshouse experiment, we observed that Soil nutrient
status and Species had significant impacts on R:S ratios, but
that the chamber temperature did not. This was exemplified by
the observation that the mountaintop species in our experiment
had a very high R:S under nutrient-poor, cold conditions, as has
been reported with other montane taxa in their native growth
provenance across the tropics (Wu et al., 2013; Fahey et al.,
2016). Biomass allocation strategies under resource poor conditions
have been explained by the optimal partitioning theory, which
predicts that plants generally increase allocation of biomass toward
the organs that acquire the most limiting resources (Kobe et al.,
2010; Poorter et al., 2012), the roots in this case. Plants generally
prefer a more conservative approach by investing more in roots
under cold temperatures and lower nutrient availability and more
in above ground parts with warmer temperatures and higher
nutrient availability (Girardin et al., 2014). In general, Australian
rainforest plants have adapted to nutrient-poor soils (Congdon
and Herbohn, 2009; Gleason et al., 2010). However, the relatively
higher allocation of biomass to roots in mountaintop plants may
also indicate an adaptive functional strategy toward shallow soils
and toward physical support from strong winds, in addition to

nutrient foraging (Körner, 2007; Girardin et al., 2010; Wu et al.,
2013). These observations suggest that an important trait that
allows F. oppositifolia to compete successfully in the mountaintop
environment is a greater capacity to allocate biomass to roots in cold,
nutrient-poor conditions, which was not observed in the lowland
species in the glasshouse under similar growth conditions.

Our observation of an increase in LMA with elevation compares
well with field-based studies in the tropics (Neyret et al., 2016; Martin
et al., 2020). The importance of LMA as an indicator of plant growth
strategies is well established in the literature (Westoby et al., 2002;
Poorter et al., 2009). LMA is the product of leaf thickness and density
(Roderick et al., 1999), and studies have reported that plants generally
display thicker and/or denser leaves in more stressful environments
(Poorter et al., 2009). Higher LMA generally corresponds to the
slow end in the fast-slow continuum of the leaf economic spectrum,
indicative of a more conservative rather than acquisitive strategy
(Wright et al., 2004). It has been suggested that higher LMA at lower
temperatures might come about because of reduced leaf expansion
rates (Westoby et al., 2002; Poorter et al., 2009; Van De Weg et al.,
2012). Other factors potentially contributing to observed variation
in LMA across elevation could be differences in incident light
across sites given differences in cloud cover (Martin et al., 2020).
Although, we did not quantify variation in irradiance where leaves
were collected along the elevation gradient, all leaves in the study were
‘fully exposed’ sunlit leaves, but we must acknowledge this could have
been an additional factor contributing to the observed variability in
LMA.
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We expected LMA, being a key growth trait reflecting acclimation
to stress and/or resource poor conditions (Poorter et al., 2009), should
have responded in our experimental treatments to temperature
and/or soil nutrient availability. Surprisingly, we did not observe
changes in LMA in our glasshouse experiment as we would have
expected based on the observed field trend. This could possibly
be explained by ontogenetic differences, insofar as mature trees
were sampled in the field compared to saplings in the glasshouse
experiment. Ontogeny has been previously highlighted as important
in comparing trait measurements between experimental and field
studies, especially for tropical plants (Poorter et al., 2012; Scalon et al.,
2022).

4.2. Foliar δ13C and elevation

The influence of climate and soil properties in the field
was reflected in the foliar isotopic composition with increasing
elevation. Foliar isotope ratios are useful proxies to understand
plant photosynthetic water use and nutrient dynamics in tropical
ecosystems (Cernusak et al., 2007a; Craine et al., 2015). We observed
an overall trend of increasing foliar δ13C (Figure 2C) with increasing
elevation (ca ∼2.6h km−1) among the Flindersia trees that we
sampled in the Australian Wet Tropics. This can be compared to
global studies on C3 plants in humid forests, where on average
∼1.3h km−1 increase in foliar δ13C has been reported with elevation
(Li et al., 2009). Likewise, a study reported a change from –29.5h in
lower elevation sites to as high as –24.8h in montane sites of Hawaii
for a single species, Metrosideros polymorpha Gaudich (Cordell
et al., 1998). Such large intraspecific variation has been attributed to
increase in species’ water-use efficiency with increasing elevation and
its inherent adaptive plasticity to variable environmental conditions
(Cordell et al., 1998; Peri et al., 2012). Studies have also reported
variation in foliar δ13C with other environmental attributes such
as precipitation, soil nutrients, solar radiation, and VPD (Vitousek
et al., 1990; Chen et al., 2017; Zou et al., 2019; Bauman et al.,
2022a). Variation in foliar δ13C with elevation can also result from the
influence of leaf morphology (leaf thickness or LMA, for example),
which leads to longer diffusion pathways for CO2 into the leaf and
decreases the internal-to-ambient CO2 concentration ratio (ci/ca)
and hence causes enrichment of foliar δ13C in montane flora (Körner
et al., 1986; Prentice et al., 2014). Another contributing factor could
be increased viscosity of water with lower temperature, which causes
larger frictional resistance to water transport and hence a partial
closure of stomata thereby decreasing ci/ca and increasing foliar δ13C
(Prentice et al., 2014).

Two aspects of our observations of foliar δ13C in the glasshouse
went in opposite directions to the trends in the field. We did observe
changes in foliar δ13C in response to temperature, but the direction
of this response was opposite to that in the field. Foliar δ13C became
less negative with increasing experimental temperature, whereas in
the field it was more negative at lower (warmer) than at higher
(cooler) elevations. Such a trend, as observed in the glasshouse, of
increasing δ13C with increasing temperature has been previously
reported from arid or semi-arid sites (Chen et al., 2017), and could
be explained by increased VPD at warmer temperatures, which
causes stomatal closure (Grossiord et al., 2020). Such conditions lead
to a lower ci/ca resulting in a higher δ13C with increasing VPD
(Cernusak et al., 2013). In our glasshouse study, VPD increased with
increasing temperature, and so when plotted against VPD, foliar δ13C
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FIGURE 4

Means (±1SE) of (A) leaf δ13C (h) and (B) leaf δ15N (h) among temperature and soil nutrient treatments (nutrient-rich soil = red, nutrient-poor soil =
orange) in the glasshouse experiment. Each dot represents a mean of three individual saplings. Species are arranged left to right according to their
observed elevation ranges, with leftmost being lowland and rightmost being mountaintop.

increased with increasing VPD (Supplementary Figure 6), as would
be expected, all else being equal. Interestingly, for the field collections
in the Australian Wet Tropics, the annual mean VPD also decreases
with decreasing temperature as elevation increases (Bauman et al.,
2022b; Supplementary Figure 2). This suggests that the role of VPD
in driving field trends in foliar δ13C is insufficient to overcome drivers
pushing in the other direction as elevation increases to enrich foliar
δ13C.

The second aspect of our glasshouse results for foliar δ13C that
did not agree with the field trends was the response to nutrient
availability. Plants grown in nutrient-rich soil had higher δ13C than
those grown in nutrient-poor soil (Figure 4). This was expected,
based on previous studies (Cernusak et al., 2007b; Palma et al.,
2020), and the known physiological response of lower ci/ca in
leaves with a higher photosynthetic capacity resulting from higher
nitrogen concentrations (Cernusak et al., 2013). However, in the
field, we demonstrated that nutrient availability likely decreases with
increasing elevation, as indicated by the increase in soil C:N ratio
(Figure 1C). Thus, if we consider this in isolation, it indicates an
opposite response to that observed in the glasshouse: foliar δ13C in
the field became higher with increasing elevation as soil nitrogen
availability likely decreased, rather than increased.

We suggest that there are two driving factors in the field
that can explain foliar δ13C responses to elevation, and which are
apparently sufficient to overcome effects of temperature on VPD
and nutrient availability that push in the opposite direction. The
first is changes in leaf structure that occurred in the field with

increasing elevation, but which were absent in the glasshouse. The
increase in LMA with increasing elevation in the field would likely
be indicative of a greater tortuosity for diffusion of CO2 inside the
leaf, increasing the intercellular air space diffusion resistance, and
thicker cell walls, increasing the mesophyll diffusion resistance, both
ultimately lowering chloroplastic CO2 concentrations and therefore
discrimination against 13C. The effect of more robust leaf structure
was identified by Vitousek et al. (1990) as the most potent driver
of foliar δ13C trends with elevation in Metrosideros polymorpha
Gaudich. in Hawaii. The second driving factor in the field that did
not occur in the glasshouse is the decrease in atmospheric pressure
that accompanies an increase in elevation. Effects of this on 13C
discrimination are less mechanistically understood, but it is known
that a decrease in oxygen partial pressure in the chloroplast can
increase the efficiency of carboxylation (Farquhar and Wong, 1984),
which may further decrease discrimination against 13C. Thus, our
glasshouse results suggest that the drawdown of chloroplastic CO2

in the field is likely to be related to the low atmospheric pressure
at higher elevations and changes in leaf structure that increase the
diffusion resistance through the internal airspace and mesophyll
(Vitousek et al., 1990; Wang et al., 2017), neither of which occurred
in the glasshouse with a change in temperature. Our glasshouse
results also show that a change in water viscosity that occurs with
temperature was not a strong enough driver of variation in foliar δ13C
to overcome the effect of the increases in VPD that coincided with
increasing temperature (Supplementary Figure 6).
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Given the known relationship between mean annual precipitation
(MAP) and foliar δ13C (Cernusak et al., 2013; Cornwell et al., 2018),
it is reasonable to ask whether a difference in soil water availability
between the field and the glasshouse might have impacted our results.
In the glasshouse, the experimental pots were watered to field capacity
by hand each day, and we therefore feel confident that they did not
experience substantive soil water deficits. With respect to the field
collections, the Australian Wet Tropics in general is characterized by
MAP approaching and exceeding 2,000 mm (Turton et al., 1999), a
range in which foliar δ13C in tropical rainforests is largely insensitive
to MAP (Leffler and Enquist, 2002; Diefendorf et al., 2010). In a
recent analysis, it was shown that mean climatological water deficit
was not a significant predictor of tree growth rates across forests in
the Australian Wet Tropics similar to those that we sampled (Bauman
et al., 2022a). Furthermore, sap flow measurements at lowland, mid-
elevation, and high elevation sites in the Australian Wet Tropics
indicated that transpiration at the tree level is largely unresponsive
to seasonal variations in soil moisture (McJannet et al., 2007; Binks
et al., 2022). At the Daintree Rainforest Observatory, a lowland
site, a multi-year throughfall exclusion experiment resulted in no
response of foliar δ13C in the treated plot compared to the control
plot (Pivovaroff et al., 2021). Finally, mean foliar δ13C values in our
study for the three species with broader elevation ranges were very
similar in the glasshouse compared to the field (F. ifflana, –29.3h vs.
–29.2h; F. bourjotiana, –29.6h vs. –29.6h; F. brayleyana, –30.7h
vs. –30.5h), as can also be seen in Figures 2, 4. The mountaintop
species, F. oppositifolia, had a mean value in the glasshouse of –29.3h
compared to –27.5h in the field. This enrichment of approximately
2h for F. oppositifolia grown in the field at 1,550 m elevation
compared to the plants grown near sea level in the glasshouse cannot
have resulted from a limitation of soil water availability on the
mountaintop; observed MAP on the top of Mount Bellenden Ker
near where the trees were sampled exceeds 7,000 mm (McJannet et al.,
2007). The WorldClim gridded climate product provided an estimate
of 5,650 mm (Supplementary Table 1), but this reflects a known bias
in coarser scale products for this site due to the complex topography
(Turton et al., 1999). These considerations combined argue strongly
against soil water deficit as an important driver of the foliar δ13C data
that we present in this paper.

4.3. Foliar δ15N and elevation

For foliar δ15N we found a marked decrease with increasing
elevation (∼ –8.5h km−1 elevation), which is a much larger change
compared to most studies in the tropics (Liu et al., 2007; Liu and
Wang, 2010; Bauters et al., 2017; Wang et al., 2019). For instance, a
study from Mt Gongga, in the southwest region of China, reported on
average∼ –1.3h difference from 1,100 to 4,900 m elevation (Li et al.,
2009); and –1.4h to 14.2h across an elevation gradient from 900 to
∼4,000 m in the Ethiopian Rift valley (Liu et al., 2007). The closest to
our observation comes from one study involving Pinus spp. in Nepal
that reported nearly –8h difference over 800 m elevation (Sah and
Brumme, 2003). These trends are known to be related in part to a
decline in δ15N of soil nitrogen with elevation (Wang et al., 2019).
We did find some evidence of such a relationship between foliar δ15N
and that of the soil nitrogen in our study (Supplementary Figure 5).
The enrichment of δ15N at warmer, lowland sites is thought to result
from a more open nitrogen cycle, where nitrogen loss pathways
discriminate against the heavier isotope, 15N, leaving the residual

nitrogen pool 15N enriched (Martinelli et al., 1999; Ma et al., 2012;
Peri et al., 2012; Wang et al., 2019). The marked decline in foliar
δ15N that we observed in the Australian Wet Tropics suggests that a
slowing and tightening of the nitrogen cycle with increasing elevation
is likely a key driver of decreasing tree growth rates.

Furthermore, under glasshouse conditions we did observe
differences in foliar δ15N consistent with field-based trends, although
the observed variation was generally not as large as seen in field. The
differences in foliar δ15N in the field versus the glasshouse might
be related to soil development processes. For example, the trends in
the glasshouse reflect a snapshot of the species’ growth within the
experimental period reflecting foliar signatures based on available soil
N. On the other hand, those observed in the field partly reflect the
ecosystem nitrogen pool that would have developed from nutrient
cycling processes integrated over millennia (Craine et al., 2015). In
our glasshouse study, variation in foliar δ15N induced by soil nutrient
status was still pronounced, with higher foliar δ15N in nutrient-rich
(∼5.9h) compared to nutrient-poor (∼3.8h) soils, averaged for all
species. We suggest that this increase in foliar δ15N in the nutrient-
rich pots can be explained by greater opportunity for N loss from
the pots by δ15N fractionating pathways than in the case where
nutrient availability is low and available N is effectively captured by
the soil-plant system. In support of this, we also observed that foliar
δ15N varied as a function of root mass (Supplementary Figure 7),
indicating the influence of larger root systems in capturing available
nitrogen, thereby limiting loss pathways from the soil-plant system
that would otherwise leave the residual δ15N in the system 15N
enriched (Baumgartner et al., 2021).

We observed a significant interaction between Species and
Temperature for foliar δ15N in the glasshouse study (Table 2). This
indicated that as growth temperature increased, foliar δ15N tended
to increase in the upland species, but not in the lowland species
(Figure 4). We suggest that the species difference in foliar δ15N
indicates a better ability of the lowland species to absorb increasingly
available nitrogen as increasing temperatures drove faster nitrogen
mineralization rates in the experimental pots. The lowland species,
in turn, were able to take advantage of this by increasing their
relative growth rates under these conditions (as see in Figure 3). The
upland species, on the other hand, have likely evolved to function
in conditions of relatively low nitrogen availability, and lacked the
capacity to ramp up their nitrogen uptake to the same extent in
response to the warmer growth temperatures. This would have
allowed greater nitrogen losses from the soil-plant systems, which
then caused increases in foliar δ15N. Thus, our results indicate that
there are likely important belowground traits related to nutrient
absorption capacity that distinguish Flindersia species with differing
habitat preferences along the elevation gradient. It is also important
to note the role of soil microbes in controlling the δ15N of the soil-
plant system, and in modulating soil nitrogen transformations that
can lead to nitrogen isotope fractionations (Houlton et al., 2006;
Pajares and Bohannan, 2016; Hestrin et al., 2019); although we
recognize the importance of these processes, we did not quantify
them in the present study.

4.4. Concluding remarks

Climate change is driving warmer temperatures in the tropics,
and it has been suggested that these could potentially have negative
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effects on tropical tree growth, with implications for biomass
productivity and ecosystem functioning (Hatfield and Prueger,
2015; Malhi et al., 2015). It is important to recognize that
responses of tropical trees to global warming involve a myriad of
interacting factors. Our study demonstrated that altering temperature
in isolation of other factors that covary in nature can lead to
counterintuitive results, for example in the case of foliar δ13C. In
natural ecosystems, temperature itself may only indirectly drive
impacts of warming. For example, mortality in mature rainforest
trees of the Australian Wet Tropics has been increasing in recent
decades, but the trend in increase in tree mortality can be better
attributed to increasing air VPD, which has accompanied the increase
in air temperature (Bauman et al., 2022b). We also observed in this
study that elevation patterns in tree function are linked to changes in
nutrient availability, and even to the change in atmospheric pressure
that coincides with a change in elevation.

Adaptations of Flindersia species to their different preferred
habitats along the elevation gradient were evident in their responses
to temperature in the glasshouse. We found that upland species
did not show increasing growth rates with increasing temperatures,
whereas lowland species did, indicating their ability to acclimate to
warmer conditions. In addition, we observed that a distinguishing
feature of a mountaintop-restricted species was a proportionally
larger allocation toward roots under nutrient-poor, cold conditions.
This feature is known to help plants with physical support from
higher wind speeds on tropical mountaintops, and likely contributes
to nutrient foraging when soil nutrients are scarce (Körner, 2003).
As the climate warms, impacts on nutrient cycling at the ecosystem
scale may lag direct effects of temperature on tree metabolism;
understanding how such changes will interact with species traits is
a formidable, but an important, challenge.
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Supplementary Material 

Temperature, nutrient availability, and species traits interact to shape elevation responses of 
Australian tropical trees 

Supplementary Table 3.1. Flindersia species used in the study, seed collection locations and seedling germination success when grown under 
enclosed shade house growth conditions at the Environmental Research Complex (16°48'56.6"S 145°41'01.3"E), James Cook University, 
Cairns. 

Species Latitude Longitude MAT 
(°C) 

MAP 
(mm) 

Location Date of 
Collection 

Elevation 
(meters 

a.s.l) 
Date
of 
seed 
Sown 

Number 
of seeds 
sown 

Number of 
seeds 

germinated 

Germination 
success (%) 

Lowland habitat preference 

Flindersia ifflana 16.90414 145.6039 24 1758 
Kuranda 
National 

Park 
7-Dec-19 298 16-Dec-19 46 38 82 

Flindersia 
bourjotiana 16.57887 145.31364 22 1982 

Mt Lewis 
National 

Park 
14-Dec-19 599 30-Dec-19 23 19 82 

Upland habitat preference 

Flindersia 
brayleyana 17.43152 145.1546 21 1841 

Thiaki 
Property, 
Atherton 

9-Dec-19 990 18-Dec-19 46 23 50 

Flindersia 
oppositifolia 16.80311 145.70682 17 5650 

Mount 
Bellenden 

Ker 
10-Nov-19 1548 14-Nov-19 202 142 70 
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Supplementary Table 3.2. Soil properties for the two soil treatments used in the glasshouse 
experiment. 

Soil Type 
Nutrient Rich Nutrient Poor 

C (mg g-1) 39 3 

N (mg g-1) 2 0.2 

P (mg g-1) 0.64 0.11 

K (µg g-1) 1328 1258 

Na (µg g-1) 146 137 

Ca (µg g-1) 765 738 

Mg (µg g-1) 987 987 

pH in H2O 5.2 5.8 

pH in CaCl2 4.8 5.1 

Soil OMC (%) 2.4 0.8 
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Supplementary Table 3.3. Summary of the linear regression model results for stem diameter growth rates, LMA, δ13C and δ15N as functions of 
elevation. Significant p-values are indicated in bold. 

sqrt (Stem diameter growth rates (cm 
year-1) 

LMA (g m2) δ 13C (‰) δ 15N (‰) 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 0.66772 (0.61050, 

0.73040) 

<0.001 149.99408 (125.13110, 

174.85702) 

<0.001 -31.73875 (-32.842380, 

-30.63512)

<0.001 8.55436 (6.66992, 

10.43880) 

<0.001 

Elevation -0.00028 (-0.00034, 

-0.00021)

<0.001 0.02472 (0.00060, 

0.04884) 

0.045 0.00262 (0.00161,

0.00363)

<0.001 -0.00853 (-0.01026, 

-0.00680)

<0.001 

Observations 195 20 30 30 

R2 /R2 adjusted 0.285 / 0.281 0.205 / 0.161 0.502 / 0.484 0.785 / 0.777 



69 

Supplementary Table 3.4. Summary table of linear regressions for the glasshouse experiment for each of the response variables against growth 
temperature (Tgrowth), Soil nutrient status, Species and its interactions. The p-values in bold indicates significant effects. Where interaction effects 
were not significant and their removal resulted in a lower AIC, the simpler model has been shown here with ‘—’ indicating removal of an 
interaction effect. 

log (RGR) R:S 1/sqrt (LMA) δ 13C δ 15N 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 1.68 (0.88, 2.47) <0.001 1.05 (-1.04, 3.14) 0.319 0.09 (0.09, 0.10) <0.001 -31.81 (-33.2, -30.37) <0.001 2.33 (0.31, 4.36) 0.025 

Tgrowth 0.02 (0.01, 0.05) 0.244 0.02 (-0.07, 0.11) 0.595 0.09 (0.04, 0.15) 0.002 0.05 (-0.04, 0.14) 0.271 

Species [Flindersia 
bourjotiana] 

-1.37 (2.53, -0.22) 0.020 0.03 (-2.98, 3.04) 0.984 0.01 (0.00, 0.02) 0.023 -0.25 (-1.05, 0.56) 0.546 1.27 (-1.62, 4.15) 0.383 

Species [Flindersia 
brayleyana] 

0.81 (-0.32, 1.94) 0.155 0.24 (-2.72, 3.19) 0.873 0.01 (0.00, 0.02) 0.084 -1.47 (-2.26, -0.67) <0.001 -2.33 (-5.18, 0.52) 0.107 

Species [Flindersia 
oppositifolia] 

0.05 (-1.07, 1.18) 0.923 5.66 (2.71, 8.61) <0.001 0.01 (-0.00, 0.02) 0.065 -0.09 (-0.88, 0.71) 0.824 -0.66 (-3.51, 2.18) 0.643 

Soil [Nutrient Rich] 0.60 (0.26,0.93) 0.001 -1.22 (-2.10, -0.34) 0.007 — — — 0.89 (0.33, 1.46) 0.002 2.04 (1.60, 2.47) <0.001 

Tgrowth * Species 
[Flindersia bourjotiana] 

0.05 (0.00, 0.10) 0.060 -0.03 (-0.16, 0.10) 0.639 — — — — — — -0.05 (-0.18, 0.08) 0.452 

Tgrowth * Species 
[Flindersia brayleyana] 

-0.06 (-0.11, -0.02) 0.011 -0.02 (-0.15, 0.10) 0.713 — — — — — — 0.16 (0.04, 0.29) 0.011 

Tgrowth * Species 
[Flindersia 

oppositifolia] 

-0.02 (-0.07, 0.03) 0.401 -0.16 (-0.29, -0.04) 0.012 — — — — — — 0.04 (-0.08, 0.17) 0.491 

Species [Flindersia 
bourjotiana] * Soil 

[Nutrient Rich] 

-0.46 (-0.94, 0.03) 0.064 1.08 (-0.19, 2.34) 0.094 — — — — — — — — — 

Species [Flindersia 
brayleyana] * Soil 

[Nutrient Rich] 

-0.48 (-0.96, -0.01) 0.046 1.38 (0.14, 2.62) 0.030 — — — — — — — — — 

Species [Flindersia 
oppositifolia] * Soil 

[Nutrient Rich] 

0.16 (-0.32, 0.63) 0.512 -1.40 (-2.65, -0.16) 0.027 — — — — — — — — — 

Observations 71 71 71 71 71 

R2 / R2 adjusted 0.652 / 0.587 0.572 / 0.492 0.086 / 0.045 0.367 / 0.319 0.692 / 0.652 
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Supplementary Figure 3.1. A map of The Australian Wet Tropics Bioregion with the locations of four Flindersia spp. under study 
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Supplementary Figure 3.2 (from top to bottom) - Density plots based on the Flindersia spp. occurrence records in relation to bioclimatic 
variables: BIO1 (MAT), mean annual radiation and VPD, obtained after spatial thinning at 0.5km resolution and interpolated using WorldClim 
v.2 bioclimatic variables.
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Supplementary Figure 3.3. Soil δ13C and δ 15N for soils formed on granitic parent material 
across an elevation gradient in the Australian Wet Tropics. 
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Supplementary Figure 3.4. Means (± SE) of stem diameter growth at the base of the stem (top row) and whole plant biomass (bottom row) 
among Tgrowth and Soil nutrient treatments (nutrient rich soil = red, nutrient poor soil = orange) from the glasshouse experiment. Species are 
shown left to right according to their elevational ranges, leftmost being lowland and rightmost being mountaintop. 
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Supplementary Figure 3.5. Relationship between leaf and soil 15N for field collections of 
Flindersia species in the Australian Wet Tropics. 
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Supplementary Figure 3.6. Leaf δ13C as a function of daytime vapour pressure deficit, 
calculated from experiment long observations of air temperature and relative humidity in the 
glasshouse experiment. 
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Supplementary Figure 3.7. Leaf δ15N in relation to root dry mass for plants grown in the 
glasshouse experiment. 
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Chapter 4: Foliar chemistry in tropical 
rainforest trees is regulated by the temperature 
responses of leaf photosynthetic capacities  

 
This chapter is currently under preparation for submission to the journal Plant, Cell & 
Environment. 

 

 
Leaf gas exchange performed on experimental saplings (~3.5 months into the experiments) 

using a Li-COR 6400 XT in one of the experimental growth chambers. 
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Abstract 

The relative allocation of resources in leaves to photosynthesis (e.g., chlorophyll and 

RuBisCO) and defense (e.g., phenolics) reflects an important axis in plant ecological 

strategies. Yet, the physiological constraints on these investments and potential for 

acclimation under climate warming scenarios in tropical rainforest trees are poorly 

understood. I evaluated the temperature response of leaf photosynthetic capacity (i.e., 

maximum rates of carboxylation of the enzyme RuBisCO (Vcmax) and maximum rates of 

electron transport (Jmax)), and the intercellular carbon dioxide transition point (Ci–T), i.e., the 

Ci at which photosynthesis transitions from Vcmax to Jmax limited photosynthesis. I studied 

these processes in saplings of four tropical rainforest tree species sourced from contrasting 

thermal niches in the Australian Wet Tropics, under varying soil nutrients and growth 

temperatures (Tgrowth). I further evaluated the relationship of these parameters with leaf 

antioxidant capacity, soluble phenolics and chlorophyll concentrations under the 

experimental conditions. I observed a decline in the Jmax/Vcmax ratio with increasing leaf 

temperatures (Tleaf) in short term temperature responses, and at a steeper rate for a 

mountaintop species and for plants grown under warmer Tgrowth conditions. Antioxidant 

capacity and phenolic concentrations were closely correlated, and I therefore focused 

subsequent analyses only on phenolics. Phenolic concentrations were positively correlated 

with Jmax/Vcmax and increased with increasing Ci–T. Conversely, chlorophyll was positively 

correlated with Vcmax at 25℃ and increased with leaf Narea. Leaf chlorophyll was higher in 

nutrient-rich soils and increased under warmer Tgrowth conditions in the lower elevation 

species but displayed limited plasticity in a mountaintop species. Phenolics strongly declined 

with warming and showed little-to-no dependence on soil nutrient availability. The 

correlation between Jmax/Vcmax and Ci–T with phenolics suggests that an overinvestment in 

electron transport (J) under cooler Tgrowth was responsible for higher allocation to defense 

(phenolics) against oxidative stress from excess electrons. Finally, leaf chlorophyll variations 

among species suggested that the capacity of the mountaintop species to utilize increasingly 

available N is limited under warming. The study highlights the physiological controls on 

foliar chemistry, with implications for tropical rainforest tree growth and defense under 

climate warming. 
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4.1 Introduction 
 

A key uncertainty under projected global climate change is the impacts higher 

temperatures will have on tropical tree growth, physiology, and chemistry (Cavaleri et al., 

2015; Mercado et al., 2018). In tropical rainforests, temperature change is observed naturally 

across elevation gradients, as are changes in soil nutrient availability (Malhi, 2010). Such 

changes can have a direct impact on plant physiological processes and can determine the 

extent of species’ distributions along elevation (Feeley et al., 2020; Tito et al., 2020). 

Therefore, species’ elevational ranges may give an indication of their capacity to acclimate to 

different temperatures associated with global warming (Dusenge et al., 2021). 

Almost all biological and chemical processes are sensitive to temperature (Slot and 

Winter, 2016). For plants in particular, the process of photosynthesis responds strongly to 

temperature (Hikosaka et al., 2005; Slot and Winter, 2016). Photosynthesis comprises two 

major sets of reactions, i.e., electron transport (the light reactions) and the carbon reduction 

cycle (Calvin–Benson cycle) (Sage and Kubien, 2007). According to the Farquhar et al. 

(1980) model of C3 photosynthesis, the photosynthetic rates can be predicted as the majority 

of the rates of these two sets of reactions. A third state that occurs in the chloroplasts is the 

triose phosphate utilization (TPU), where photosynthesis does not respond to increasing CO2 

nor is inhibited by increasing oxygen concentrations (Sharkey, 2007). By fitting the 

biochemical model to photosynthetic responses to CO2 concentration (A–Ci curves), 

estimates of the capacities of the three states can be extracted as Jmax (maximum rate of 

electron transport at saturating light), Vcmax (maximum rate of carboxylation by the enzyme 

RuBisCO) and TPU (Sharkey et al., 2007). Whether investment in Jmax and Vcmax has been 

successfully coordinated by the plant can be assessed by examining the intercellular carbon 

dioxide transition point (Ci–T) in the fitted photosynthesis model (Evans and von 

Caemmerer, 1996). If the Ci–T from Vcmax limitation to Jmax limitation is close to the 

operating Ci, it would indicate coordination of investment in the two sets of reactions, such 

that resources have been optimally shared between them (Maire et al., 2012). 

Temperature responses can also vary for different biological processes. The Jmax and 

Vcmax each represent a series of reactions and the overall temperature responses are rather 

different for these two sets of reactions (Medlyn et al., 2002; Crous et al., 2022). For instance, 

Jmax is sensitive to high temperatures because of its dependence of thylakoid membrane 

stability (Sharkey, 2005), and therefore photosynthetic rates may become more limited by 
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electron transport rates over carboxylation rates (Sage and Kubien, 2007). Likewise, the 

enzyme responsible for regulation of RuBisCO activity (activase) is sensitive to temperature, 

and both RuBisCO and electron transport rates have the potential to limit photosynthesis at 

higher temperatures (Crafts-Brandner & Salvucci, 2000). Alternately, studies have also found 

that stomatal conductance often constrains CO2 supply towards carboxylation at high 

temperatures, and under such conditions reductions in leaf photosynthesis are due to 

limitations of RuBisCO (Sage and Kubien, 2007; Vårhammar et al, 2015). However, Vcmax in 

general has a steeper response to temperature compared to Jmax because of the limitation of 

carbon assimilation by low temperatures, over the relative insensitivity of light harvesting to 

low temperatures; and the proportional difference in the temperature response can be seen in 

a shift in the Jmax/Vcmax ratio with changing temperatures, i.e., decreases as temperature 

increases (Sage and Kubien, 2007). 

Optimality theory suggests that plants should invest resources in Jmax and Vcmax such 

that they are co-limiting to photosynthesis under the operating photosynthetic conditions 

(Prentice et al., 2014; Wang et al., 2017). Overinvestment in Vcmax would represent an 

unproductive use of leaf nitrogen, the nutrient most often limiting growth (Evans, 1989). 

Overinvestment in Jmax would represent an excess supply of electrons, resulting in reactive 

oxygen species and photo-oxidative stress (Piluzza and Bullitta, 2011). Plants can cope with 

photo-oxidative stress by investing in antioxidant systems (Lima-Melo et al., 2019). One such 

important class of antioxidants is phenolics, which are known to have specific functional 

properties to deal with oxidative stress (Gururani et al., 2015; Piluzza and Bullitta, 2011). 

Phenolics also play other roles, in addition to acting as antioxidants (Karabourniotis et 

al., 2014; Schneider et al., 2019). For example, they are important photoprotective agents 

against UV; they are digestibility reducers; they both slow decomposition of dead plant 

material and reduce herbivory rates of living tissues (Kubalt, 2016; Parsons, 2015; Schneider 

et al., 2019). If phenolics primarily play a role in defense against oxidative stress, I would 

expect their concentrations to increase under conditions where Jmax is higher than Vcmax at the 

operating intercellular CO2 concentration. If phenolics primarily play a role in defense 

against herbivores, one might expect investment according to the carbon-nutrient balance 

hypothesis (CNB) (Coley et al., 2002). The CNB hypothesis predicts that investment in 

carbon-based defensive compounds should increase under conditions of relatively low 

nitrogen supply by the soil and decrease as nitrogen supply increases (Coley et al., 2002). 

Phenolics represent a carbon-based defense against herbivores according to this hypothesis.
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An important component of the light reactions of photosynthesis is the chlorophyll 

concentration in leaves (Evans and von Caemmerer, 1996). A chlorophyll pigment absorbs 

light energy, and when in an excited state, it initiates the electron transport chain. This results 

in production of ATP and NADP+, energy transport molecules that are passed to the carbon 

reduction cycle (Farquhar et al., 1980). Successful acclimation to different growth 

temperatures and an ability to compete successfully at a range of elevations could be 

enhanced by plasticity in investment into Jmax relative to Vcmax, and in chlorophyll relative to 

phenolics (Sumbele et al., 2012). Chlorophyll represents light harvesting capacity, and 

phenolics represent defense against excessive light harvesting. As temperature declines, with 

increasing elevation for example, and Vcmax declines more steeply than Jmax, I would predict a 

lower investment in chlorophyll and higher investment in phenolics for optimal plant 

performance. The largest controller of leaf chlorophyll is the light environment, and this could 

also change with increasing elevation. Thus, I would expect species that are widely distributed 

across elevation gradients (thermal generalists) to show more plasticity in these leaf 

properties, i.e., allocation of chlorophyll versus phenolics, and a tropical mountaintop 

restricted species (thermal specialist) to show less plasticity. 

In this study, I used seeds of Flindersia species collected from different elevations 

within the AWT (Supplementary Table 3.1) and grown in a glasshouse in three different 

temperature treatments and two soil nutrient availability treatments to test the following 

hypotheses: 

1. The Jmax/Vcmax ratio declines with increasing temperature, and the rate of decline is 

similar across species with different elevations of origin and growth treatment 

conditions; 

2. Investment in phenolics is correlated with the Jmax/Vcmax ratio at growth temperature 

and the Ci transition point at growth temperature, but not with leaf nitrogen 

concentration, indicating a primary role in defense against photo-oxidative stress, 

rather than investment according to the carbon-nutrient balance hypothesis; 

3. Investment in chlorophyll increases with temperature as Vcmax at growth temperature 

increases, and it also increases with increasing leaf nitrogen concentration as Vcmax 

increases; 

4. Flexibility in investment in light harvesting relative to defense against photo- 

oxidative stress, as mediated by chlorophyll and phenolic concentrations, will 

display a larger plasticity in thermal generalist species than in a thermal specialist 
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when plants are grown at different temperatures and soil nutrient availabilities. 

 

4.2 Methods 
4.2.1 Study species selection 

As in Chapter 3, I chose the four Flindersia species based on their occurrence records, 

i.e., three thermal generalists of a broad thermal niche width, representing the lowland: F. 

ifflana F.Muell. (elevation range near sea level – 1100m, collected at ~ 300m a.s.l.), mid- 

elevation: F. bourjotiana F.Muell. (near sea level – 1200m, collected at ~600m a.s.l.), upland: 

F. brayleyana F.Muell. (near sea level – 1150m, collected at ~990m a.s.l.), and one thermal 

specialist of a narrow thermal niche width restricted to the tropical mountaintops: F. 

oppositifolia (F.Muell.) T.G.Hartley & L.W.Jessup (recorded above 1300m, collected at 

~1550m a.s.l) (Supplementary Table 3.1; Supplementary Figure 3.2). 
 

4.2.2 Experimental set-up and growth conditions 

The experimental set-up was the same one used in Chapter 3. Seeds of Flindersia spp. 

representing three thermal generalists (elevation range of ca 300 to 990m a.s.l.) and a thermal 

specialist (ca 1550m a.s.l.) were sourced from different provenances within the AWT World 

Heritage Area (see Supplementary Table 3.1) and sown on a bed of nutrient-rich (NR) soil 

containing garden potting mix and compost (in a 1:1 ratio) during November – December 

2019 (Supplementary Figure 4.1b). Seedlings were allowed to germinate for ca 3 months in 

shade house conditions at the Environmental Research Complex (ERC), James Cook 

University (JCU) (ca 30m a.s.l.) (Supplementary Figure 4.1c). Successfully germinated 

healthy saplings were then transplanted into 13.5 L pots (Garden City Pots, Model: 

P300ST00) containing the same NR soil and 8.5 L pots (Garden City Pots, Model: 

P250STTL) containing nutrient-poor soil (NP), a mixture of locally collected dermosol and 

washed river sand. Plant growth experiments were then conducted with these pots (n=72) in a 

glasshouse facility at the ERC. The two pot sizes were chosen to distinguish the nutrient rich 

versus the nutrient poor soils, which were sufficiently large enough (by volume) for sapling 

growth. 

The glasshouse facility is divided into three temperature-controlled chambers with a 

SOLARO 5220 D O FB climate/shade screen (Ludvig Svensson Inc. Kinna, Sweden) that 

reduces total irradiance by approximately 50% and helps spread light more evenly within the 

chambers. The growth temperature (Tgrowth) treatments were, a) lowland Ambient temperature
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 chamber (with a 0°C offset); b) Cold temperature chamber (with ca –7°C offset) that mimics 

the mountaintop environment, and c) Elevated temperature chamber (with ca +5°C offset), a 

lowland future warming scenario. The temperature of the chambers was controlled using a 

Building Management System (BMS) to achieve the respective chamber temperature 

conditions through manipulation of a chilled water supply to the air handling units. Relative 

Humidity (RH) and the temperature were monitored (RHP-2R2B Temperature and Humidity 

Probe, Dwyer Instruments, Michigan City, IN, USA) and recorded every 5 minutes in the 

BMS (Apgaua et al., 2019). 

I selected a minimum of 3 healthy saplings per Soil nutrient type per species under 

each growth temperature treatment to give a total of 24 saplings (3 saplings × 2 soil type × 4 

species) for gas exchange and leaf chemistry measurements. All pots were hand watered daily 

to field capacity. The three temperature treatments were rotated among the chambers monthly 

to minimize any chamber microclimate bias. 

 
4.2.3 Leaf gas exchange measurements 

Leaf gas exchange measurements were conducted on healthy leaves from the selected 

pots in their respective growth conditions during 23rd June – 8th July 2020 (ca 3.5 months 

after the start of the experiment). Light saturated net photosynthesis was first measured at 

three CO2 concentration set points (400, 1200 and 2000 ppm) across varying light intensities, 

i.e., Photosynthetically Active Radiation (PAR) from 0 – 2000 µmol m-2 s-1 using two 

portable photosynthesis systems (Li-COR 6400 XT, Li-COR Inc., Lincoln, NE, USA). The 

plants displayed saturating photosynthetic rates at approximately 1100 µmol m-2 s-1. I then 

conducted light saturated net CO2 assimilation (A–Ci) curves at saturating light (1200 µmol 

m-2 s-1) across 13 CO2 concentration set points (400 to 50 and up to 2000 ppm). The leaf 

temperature (Tleaf) was controlled to be representative of experimental-long chamber Tgrowth, 

(17°C- Cold, 23°C- Ambient and 28°C- Elevated), and RH in the leaf chamber was maintained 

from 60 to 85% during the measurements. Gas exchange in all pots was measured during 

daylight hours (8:00 AM to 3:00 PM). The C3 photosynthesis model developed by Farquhar-

von Caemmerer-Berry (FvCB) (Farquhar et al., 1980) was fitted to the A–Ci curves using the 

“fitaci” function. The model was first tested for its robustness by using the “default” fitting 

method and setting “TPU” as False. Since certain pots could not be fit using the default 

setting, I chose to refit the model using the fit method as “bilinear” and “TPU” as True in the 

“plantecophys” package (Duursma, 2015) in R studio (Team, 2021). Fitted model 
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coefficients, including Vcmax and Jmax were extracted and further used to calculate Jmax/Vcmax 

ratio. The other temperature response parameters for Vcmax and Jmax were used as built-in the 

model (Duursma, 2015), whereas the CO2 compensation point (Gamma Star) and Michaelis-

Menton coefficient (Km) were extracted from each treatment by pot fit (Supplementary 

Table 4.2). The intercellular carbon dioxide transition point (Ci–T) point from Vcmax 

limitation to Jmax limitation was also obtained from the fit of the FvCB model of C3 

photosynthesis (Duursma, 2015). 

I conducted another set of leaf gas-exchange measurements between 24th August and 

23rd September 2020 on healthy leaves using the saturating light levels as above at six leaf 

temperatures (15, 20, 25, 30, 35 and 40°C). To achieve the respective Tleaf, the chamber 

temperatures were manipulated using the BMS and the Li-COR block temperatures, and RH 

were maintained as above. Once the leaves achieved the target Tleaf they were allowed to 

acclimate for up to 15-20 mins and A–Ci curves were then generated across 13 CO2 set 

points as above from pots across all treatments. On days that were hotter or cooler, certain 

leaves did not achieve either the lowest (15°C) or the highest (40°C) target Tleaf respectively, 

and hence the final dataset had measurements from fewer replicates than would have made 

up the full factorial. Thus, I collected a total of 361 A–Ci curves for estimation of Vcmax and 

Jmax values used for final analysis. 

 
4.2.4 Foliar chemistry 

Soluble leaf phenolics, chlorophyll and nitrogen (N) concentration and leaf total 
antioxidant capacities were quantified from healthy fully expanded leaves (ca 3–5 leaves per 

pot) that were harvested towards the end of the growth experiment. Fresh leaves (n=3–5) from 

above were scanned using a flat-bed scanner (CanoScan LiDE 400, Canon Australia) and leaf 

area (cm2) was calculated using Image-J software. Oven-dried (~50℃) mass of harvested 

leaves was then used to determine the Leaf dry Mass per unit leaf Area (LMA). Leaves from 

each pot were pooled, homogenized using a Benchtop Ring Mill (RockLabs Pvt Ltd, USA) 

and used for chemical analyses. Leaf N was quantified using a Costech Elemental Analyzer 

fitted with a zero-blank auto-sampler coupled via a ConFloIV to a ThermoFinnigan 

DeltaVPLUS Continuous-Flow Isotope Ratio Mass Spectrometer (EA-IRMS) at the Advanced 

Analytical Centre (JCU). N concentrations were expressed in % dry weight. 

Leaf total soluble phenolics were quantified using the Folin–Ciocalteu method (Cork 

and Krockenberger, 1991; Waterman, 1994) as modified for a microplate reader (Ritmejeryte 
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et al., 2019). Briefly, 20 mg of homogenized leaves were extracted three times in 1 mL of 

cold 50% acetone, followed by centrifuging at 26,000 g for 5 min and pooling the 

supernatants. Folin-Ciocalteau reagent and Na2CO3 were used to develop colour in a 20 mL 

aliquot of the pooled extract and absorbance was measured at 765 nm using FLUOstar 

Optima Microplate Reader (BMG LABTECH). Gallic Acid (GA) was used as a standard, and 

total phenolic concentrations were expressed as mg of GA equivalents per gram of leaf dry 

weight (mg GA g-1 DW). 

Acetone extracts were also used to quantify leaf total antioxidant capacity as Ferric 

Reducing Ability of Plasma (FRAP), a measure of ‘Antioxidant Power’ developed by Benzie 

and Strain (1996) and modified for a microplate reader. Briefly, colour was developed using 

FRAP reagent containing 300mM acetate buffer: 10 mM 2, 4, 6-Tripyndyl-s-triazine (TPTZ) 

in 40 mM HCl: 20 mM FeCl3 × H2O (10:1:1) was made on the day of analysis and incubated 

at 37°C. 10 µL of extract (or standard) and 190 µL FRAP reagent were mixed and incubated 

in the dark for 30 min, following absorbance reading at 593 nm. Ascorbic acid (Vitamin-C) 

was used as the standard and the concentration of FRAP content was expressed as mg VC 

equivalents g-1 DW. 

Leaf chlorophyll concentration was quantified from the leaf Chlorophyll Concentration 

Index (CCI) which was measured on each experimental sapling (the same fully expanded 

healthy experiment leaves that were used for nutrient analysis) using a hand-held Chlorophyll 

meter (model MC-100; Apogee Instruments, Inc. Logan, Utah). The meter measures the ratio 

of radiation transmittance at two different wavelengths (red and near infrared) and outputs 

chlorophyll concentration, which is calculated internally from the transmittance ratio 

measurement (as per manufacturer’s instructions). The CCI obtained from the chlorophyll 

meter is highly correlated with in-vitro chlorophyll concentrations and has been tested with 

measurements from a wide range of plant species (Parry et al., 2014). I used a standard 

calibration curve for tropical trees: –283.20 + 269.96 (CCI) 0.227 (Gonçalves et al., 2008) to 

calculate the leaf chlorophyll expressed in µmol m-2 of leaf. 

 
4.2.5 Statistical analysis 

All statistical analyses were conducted in R studio version 4.1.2 (Team, 2021). Before 

importing the data into R for statistical analyses, data wrangling and any mass-to-area based 

conversions of foliar chemistry from experiment results were performed in Microsoft Excel. 

To understand how the plant photosynthetic capacity responded to Tleaf I first explored the 
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Vcmax, Jmax and the ratio of Jmax /Vcmax plotted against Tleaf. The Vcmax and Jmax displayed non- 

linear relationships with Tleaf, whereas the ratio of Jmax /Vcmax displayed linear trends. Hence, I 

computed a linear mixed effects model for the Jmax/Vcmax ratio against Tleaf, with Tgrowth, 

Species and Soil nutrient type and their interactions as fixed effects and individual pot (i.e., 

leaf) as a random intercept. Type III ANOVA was used on these models via the 

Satterthwaite's method for denominator degrees of freedom using the ‘lmerTest’ package in R 

(Kuznetsova et al., 2017). This was done to represent the F-statistic in terms of their effect 

sizes that represents the amount of variance explained by each model’s terms using the F-to- 

partial-Eta squared (η2p) conversion in the ‘effectsize’ package in R (Ben-Shachar et al., 

2021). This way the percentage of the partial variance is presented (after accounting for other 

predictors in the model). A post-hoc pairwise comparison of means was then conducted 

between Species using the Tukey method in the “emmeans” package (Lenth, 2021). 

To understand how leaf phenolics, chlorophyll and the ratio of Jmax /Vcmax responded 

to Tgrowth, I calculated general linear models on each of these response variables with 

independent variables of Tgrowth, Soil type, Species, and their interactions. Temperature was 

taken as a continuous variable from the long-term air temperature averages for each growth 

chamber (Chapter-3 Table 1). I then used a stepwise selection of the models with or without 

interactions based on the AIC values using the ‘performance’ package in R studio (Lüdecke 

et al., 2021). The models were of the general form: 

 
All response variables were checked for normality using visual histograms and a 

Shapiro-Wilk’s normality test was performed on each of the response variables. 
 
 

4.3 Results 
4.3.1 Temperature response of leaf photosynthetic capacities 

Leaf photosynthetic capacities, i.e., Vcmax and Jmax increased with increasing leaf 

temperatures in a non-linear fashion (Supplementary Figure 4.2), whereas the ratio of 

Jmax/Vcmax displayed a significant linear decline with Tleaf (F (1, 288) = 2114, p<0.001) (Figure 

4.1, Table 4.1). There was a strong interaction effect for the response of Jmax/Vcmax with Tleaf x 

Species (F (3, 288) = 14.2, p<0.001), Tleaf x Tgrowth (F (2, 288) = 9.07, p<0.001) and Tleaf x Soil (F 

(1, 288) = 4.88, p<0.05) (Figure 4.1, Table 4.1). The relative contribution of predictor variables 

based on the partial percent variance (η2p) was highest for the effect of Tleaf (η2p =0.88) 

followed by the interaction of Tleaf x Species (η2
p =0.13) and Tgrowth (η2

p =0.06) and all other 

Dependent variable ~ Tgrowth + Soil + Species+ Soil × Species+ T growth × Species. 
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predictors had a very low η2
p. A pairwise comparison of means of Jmax/Vcmax averaged over 

levels of Soil and Tgrowth suggested significant difference between the upland, F. brayleyana 

and mountaintop, F. oppositifolia (t (289) = –4.64, p<0.001) and mid-elevation, F. bourjotiana 

(t (290)= 5.89, p<0.001); and between the lowland, F.ifflana and F. bourjotiana (t (290)= -4.23, 

p<0.001) and F.oppositifolia (t (288) = –2.85, p<0.05). The slope of the response of Jmax/Vcmax 

to Tleaf was steeper for plants in the Cold Tgrowth chamber than in the Elevated Tgrowth 

chamber, with pairwise comparison of means showing significant difference in slopes 

between Cold-Elevated (t (287) = –1.37, p<0.0001) and Ambient-Elevated (t (289) = 4.18, 

p<0.05). For Species, the regression slopes of Jmax/Vcmax against Tleaf were in the following 

order: F. brayleyana (upland, 2.24)> F. oppositifolia (mountaintop restricted, 2.03)> F. 

bourjotiana (mid-elevation, 1.9)> F. ifflana (lowland, 1.85). The ratio of Jmax/Vcmax was the 

highest for the Species F. brayleyana (4.09) under Ambient Tgrowth (Tleaf at 15°C), and the 

least for F. ifflana (0.51) under Cold Tgrowth (Tleaf at ~40°C) (Table 4.1; Figure 4.1). 

 
4.3.2 Relationship between leaf total phenolics with Jmax/Vcmax and Ci transition point 

Leaf phenolic concentrations were strongly positively correlated with the leaf total 

antioxidant capacity as determined by the FRAP assay (R2 =0.92, p<0.001) (Figure 4.2c). 

Leaf phenolic concentrations displayed a strong linear increase with the ratio of Jmax/Vcmax (R2 
=0.40, p<0.001) (Figure 4.2a) and the transition point of intercellular CO2 concentrations (Ci 

–T) (R2 =0.15, p<0.01) measured at the chamber Tgrowth (Figure 4.2b). There was no 

relationship between leaf phenolics and leaf nitrogen concentrations (Figure 4.2d).  

 
4.3.3 Relationship of chlorophyll with Vcmax-25,  Jmax-25 and leaf N 

The leaf chlorophyll concentration across the data set was positively related to the 

maximum carboxylation capacity at 25°C (Vcmax-25) (R2 =0.28, p<0.001) (Figure 4.3a) and the 

maximum rates of electron transport at 25°C (Jmax-25) (R2 =0.25, p<0.001) and leaf N on a leaf 

area basis (Narea) (R2 =0.11, p<0.001) (Figure 4.3d). 

 

4.3.4 Responses of leaf chlorophyll, phenolics, and Jmax/Vcmax to Tgrowth and Soil type 

The leaf chlorophyll concentration was higher in nutrient-rich soils across all Species 

and Tgrowth chambers and increased with increasing nutrient availability from Cold to Elevated 

for lower elevation species but declined from Ambient to Elevated for upland and 
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mountaintop restricted species under NR soil (Figure 4.4a). There was a significant 

independent effect for the response of Soil (F (1, 59) = 22.6, p<0.001) and Tgrowth (F (1, 59) = 3.9, 

p<0.05) and an interaction effect for Species x Soil (F (1, 59) = 5.9, p<0.05). The pairwise 

comparisons of means in leaf chlorophyll when averaged over the levels of Soil displayed 

significant differences only for the upland F. brayleyana with mountaintop restricted F. 

oppositifolia (t (59) = 2.6, p<0.05). Across the entire dataset, the highest (485µmol m-2) and 

lowest (164 µmol m-2) leaf chlorophyll was observed for F. brayleyana under NR – Ambient 

and NP – Cold respectively (Figure 4.4a, Table 4.3). 

For leaf phenolics there was a strong significant decline for all Species with Tgrowth 

under both Soil types (Figure 4.4b). There was a significant independent effect of Tgrowth (F (1, 

59) = 6.7, p<0.05) and an interaction effect for Species x Tgrowth (F (3, 59) = 11.8, p<0.001) and 

Species x Soil (F (3, 59) =6.7, p<0.001) (Table 4.2). The pairwise comparisons of means in 

leaf phenolics when averaged over the levels of Soil displayed significant differences 

between the lowland F. ifflana with upland F. brayleyana (t (59) = 5.6, p<0.001), and between 

the mid-elevation species F. bourjotiana and F. brayleyana (t (59) = 4.4, p<0.001) and finally 

between F. brayleyana and F. oppositifolia (t (59) = -3.07, p<0.05). Across the experimental 

dataset the highest leaf phenolic concentration was observed for the mountaintop species, F. 

oppositifolia (146 ± 8 mg GA g-1 DW) under NR – Cold and the upland species, F. 

brayleyana (146 ± 21 mg GA g-1 DW) under NP – Cold, and the least was observed for F. 

brayleana (34 ± 8 mg GA g-1 DW) (Table 4.3). The largest decline (nearly -115%) in foliar 

phenolics was observed for F. brayleyana growing in NR soils from between Cold – Elevated 

growth treatments. 
The ratio of Jmax/Vcmax measured at growth temperature displayed a strong linear 

decline for all Species across the chamber Tgrowth conditions (Figure 4.4c). There was a strong 

independent effect for the response to Tgrowth (F (1, 62) = 124.45, p<0.001) and Species (F (1, 62) 

= 4.18, p<0.01) but no significant interaction effects were observed between the predictor 

variables.  
The total leaf Nmass was higher in nutrient-rich soil across all Species by Tgrowth 

combinations (Figure 4.4d). There was a significant interaction effect for Soil x Species (F (3, 

63) = 5.9, p<0.01). The highest Nmass was observed for F. brayleyana (2.2%) under NR– 

Ambient conditions and the lowest for F. bourjotiana (0.6%) under NP – Elevated Tgrowth 

condition
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4.4 Discussion 

This study was aimed at understanding how species distributed along an elevation 

gradient respond to the effects of temperature and soil nutrient availability in terms of their 

leaf photosynthetic capacities (i.e., Jmax/Vcmax) and leaf chemistry (such as chlorophyll, 

phenolics and N). I studied this among saplings of tropical rainforest tree species of the genus 

Flindersia, germinated from seeds sourced from various provenances along an elevation 

gradient in the AWT World Heritage Area. I evaluated species’ acclimation potential by 

studying how instantaneous leaf temperature (Tleaf) response of Jmax/Vcmax (obtained from the 

FvCB model) differs among species grown under varying soil nutrients and growth 

temperature conditions (Tgrowth). I then explored how species would invest their resources in 

defense compounds such as soluble phenolics under nutrient limited and thermally varying 

conditions by studying the relationship with Jmax/Vcmax and the intercellular carbon dioxide 

transition point (Ci–T) obtained from the FvCB model. Next, I evaluated the relationship in 

energy harvesting pigments such as leaf chlorophyll concentration with maximum 

carboxylation capacity and maximum electron transport rates at 25° C (Vcmax-25 and Jmax-25) 

and leaf area-based nitrogen concentration (Narea). Finally, I evaluated the flexibility among 

species in the allocation of chlorophyll, phenolics and leaf nitrogen across varying Tgrowth and 

soil nutrient availability. I also evaluated the long-term chamber Tgrowth response of Jmax/Vcmax 

for all species by soil combinations.  

 

4.4.1 Leaf temperature response of photosynthetic capacity in the short-term 

The Jmax/Vcmax declined with increasing Tleaf in the short-term, and the slopes declined 

with increasing chamber growth conditions from Cold to Elevated. Higher Jmax/Vcmax in 

cooler Tgrowth conditions has been reported in previous studies and is attributed to differences 

in the temperature response of Jmax and Vcmax (Crous et al., 2018; Scafaro et al., 2017), i.e., 

carboxylation rates tend to increase at a faster rate compared to electron transport rate as 

temperature increases. The significant declines in Jmax/Vcmax response to temperature across 

growth chambers observed in this study are, however, in contrast with some previous studies 

that report no significant decline in response with warming (Crous et al., 2018; Dusenge et 

al., 2021). This could be a mechanism to offset the increase in the limitation of carboxylation 

capacity at higher temperatures (i.e., due to reduced stomatal conductance) (Dusenge et al.,
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 2021). Studies have also suggested that warming induced reductions in Jmax/Vcmax could be 

related to a decline in leaf N allocation towards RuBisCO and the RuBP regeneration 

process (Hikosaka et al., 2006; Scafaro et al., 2017). However, I did not observe any 

significant trend in the temperature response of Jmax/Vcmax with leaf N and no significant 

differences with soil nutrient availability were observed (Table 4.1), indicating the effects of 

warming induced reductions in enzyme–substrate activity may be stronger than the effect of 

nutrient availability (Fürstenau Togashi et al., 2018). Furthermore, the slopes in Jmax/Vcmax 

against Tleaf, for the upland F. brayleyana and mountaintop F. oppositifolia (Table 4.1), were 

steeper compared to the lower elevation species, indicating that the response of Jmax/Vcmax is 

generally higher for plants sourced from cooler growth provenance (Aspinwall et al., 2017; 

Crous et al., 2018). Also, I observed that among the thermal generalists, the upland species 

had a higher Jmax/Vcmax at lowest Tleaf, 15°C, and displayed a steeper decline with increasing 

Tleaf compared to the lower elevation ones. It could be that the seeds sourced from a 

particular growth provenance may display stronger response to temperatures than from other 

sites (Crous et al., 2018; Dusenge et al., 2021). In this study the thermal generalist, F. 

brayleyana seeds were sourced from an upland provenance whose soils are generally rich in 

P (derived from basalt). Further studies may be necessary comparing the temperature 

response of leaf photosynthetic capacity from widespread plants growing in different 

rainforest provenances (Crous et al., 2018). 

 
4.4.2 Relationship between phenolics and photosynthetic capacity 

I observed a linear increase in the leaf phenolic concentrations with increasing 

Jmax/Vcmax and the Ci –T across the growth temperature treatments. Under cold chamber Tgrowth, 

both leaf phenolic concentrations and the gas exchange parameters Jmax/Vcmax and the Ci–T 

were higher. My interpretation is that low temperature caused an imbalance between Jmax and 

Vcmax, such that electrons were in excess supply. Evidence of this can be found in the Ci –T. 

The Ci –T represents the transition point from limitation by RuBisCO to limitation by RuBP 

regeneration and is an indication of efficient use of both capacities, such that if the point is 

close to the operating Ci, it would indicate shared use of resources (Farqhuar et al., 1980). A 

Ci–T higher than the operating Ci would therefore mean higher Jmax over Vcmax and excess 

electrons from the electron transport chain. In such a scenario, plants generally will have to 

combat the excess electrons from the electron transport chain by triggering signaling 

pathways to efficiently eliminate them from the system. This could be achieved by increasing 
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the production of phenolic compounds (Piluzza and Bullitta, 2011; Karabourniotis et al., 

2014). Limited studies to-date have empirically evaluated the effects of photosynthetic 

capacities on phenolics (Sumbele et al., 2012), but none have reported this in the AWT. 

I did not observe a relationship of phenolics with leaf Nmass, which contradicts the 

carbon-nutrient balance hypothesis (Coley et al., 2002). The CNB theory predicts that the 

investment in carbon-based defensive compounds should increase under conditions of 

relatively low nitrogen supply by the soil and phenolics primarily play a role in defense 

against herbivores. Therefore, this study undermines the CNB hypothesis, as have some 

studies in the literature (Hamilton et al., 2001). For instance, studies have suggested a more 

mechanistic approach was needed to better understand the investment in plant defense 

compounds. One such approach was the protein competition model of enzyme-substrate 

activity, where allocation of foliar phenolics is determined by the total protein demand and 

the activity of the enzyme phenylalanine ammonia-lyase, which is required for both, protein 

synthesis and the phenolic production (Jones and Hartley, 1999). Since N is important for 

protein synthesis, under nutrient (N) limited conditions, one would expect investment of 

resources on proteins required for growth and carbon fixation over production of phenolics. 

Thus, our study adds to the justification of the primary role of phenolics as a response to 

abiotic stressors, such as photo-oxidative stress (Lima-Melo et al., 2019), and only 

secondarily to herbivory (Close and McArthur, 2002). I also observed a significant 

correlation between the total leaf phenolics, and the leaf antioxidant capacity as denoted by 

the antioxidant power (FRAP) from experimental leaf samples (Figure 4.2c) as supporting 

evidence for their role in counteracting photo-oxidative stress.  

 
4.4.3 Leaf chlorophyll relation with carboxylation capacity and leaf nitrogen 

I observed that leaf chlorophyll was positively related to the maximum carboxylation 

capacity (Vcmax-25) and maximum electron transport rates at 25°C (Jmax-25) and increased with 

leaf nitrogen on an area basis (Narea). The role of chlorophyll in electron transport and the co-

ordination between the carboxylation capacity is well established in literature, where 

chlorophyll acts as the light-harvesting pigment in photosynthesis, absorbing the energy 

required for the carboxylation of CO2 into organic molecules (Croft et al., 2017; Qian et al., 

2021). Studies have found differences in chlorophyll concentrations in relation to leaf N and 

reported variation among species (Evans, 1989; Qian et al., 2021). With increasing leaf N 

availability, plants can effectively partition it between photosynthetic and non-photosynthetic
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 components (Hikosaka et al., 2006; Scafaro et al., 2017), and almost half of the available leaf 

N is allocated towards the photosynthetic apparatus (Evans, 1989; Hikosaka, 2004). I did see 

a marginal effect of species on foliar chlorophyll concentration (Table 4.2), but the difference 

in the soil nutrient availability was much larger than the effect of Species in the study (Figure 

4.3a). That the chlorophyll concentration responded in such a way in relation to soil N 

availability indicates that the soil treatment was sufficient to shift the leaf chemical 

composition, which makes it even more striking that soil had no effect on leaf phenolic 

concentrations. 

The carboxylation enzyme RuBisCO and the electron transport components are also 

generally expensive in terms of their investments via leaf nitrogen (Evans, 1989). It is 

reported that ~25% of leaf N is allocated towards RuBisCO and another 25% towards 

substrate activity (Evans, 1989), and the remaining fraction is probably involved in structural 

components of leaves. Although I did not quantify the RuBisCO content in experimental 

leaves in this study, I observed no significant relation between the Vcmax-25 and Narea (not 

shown here). This may be due to the leaf area (or LMA) being somewhat noisier across 

growth chambers in this study (Singh Ramesh et al., 2023). 

 
4.4.4 Temperature and soil nutrient effects on foliar chlorophyll, phenolics and Jmax/Vcmax 

The observations of a strong relation of chlorophyll with leaf N from above were 

consistent across species (Figure 4.4a & d). Almost all species displayed a significant 

increase in chlorophyll concentrations under nutrient-rich soils and the trend of leaf N across 

species and soil nutrient types was similar (Figure 4.4a & d). Soil nutrient availability has a 

major influence on leaf nutrient content (Gong et al., 2020), and leaf N and P are important 

for driving foliar photosynthetic machinery (Bahar et al., 2017; Sharwood et al., 2017). 

Moreover, the three thermal generalists (lower elevation and upland species) were able to 

increase their N allocation to invest more in chlorophyll with increasing temperatures, 

whereas the thermal specialist mountaintop restricted species failed to take advantage of 

increased N availability under warmer growth conditions. This suggests a limited capacity in 

tropical montane species to utilize and allocate nutrients under climate warming (Vårhammar 

et al., 2015; Dusenge et al., 2021). 

On the other hand, growth temperatures showed a direct and strong negative 

relationship with respect to leaf phenolics concentrations, which was higher for all species 

under cold temperatures, with little-to-no effect of soil nutrients. These trends are somewhat 
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comparable to previous studies on warming effects on phenolic concentrations (Holopainen et 

al., 2018). However, an increase in phenolic concentrations has also been reported under 

warmer temperatures (Moreira et al., 2020), and should be carefully considered, because 

although phenolics concentration in this study do show a negative relation with temperature, 

specific phenolic compounds like phenolic acids and polyphenols have been reported to 

increase as a response to heat stress (Wu et al., 2016; Shamloo et al., 2017; Holopainen et al., 

2018), supporting the idea that phenolics production is probably more influenced by growth 

temperatures and is not affected by nutrient availability (Close and McArthur, 2002). 

I found that the mountaintop species displayed a tendency to increase phenolics under 

NR soils, but the other species did not show a significant relation. This may be because of 

differences in the type of phenolic compounds (e.g., high or low molecular weight phenolics) 

which were not quantified in this study. This increase under the NR soil type further violates 

the carbon nutrient balance hypothesis where an increase in phenolics is supposed to be 

related to lower soil N (Coley et al., 2002). Therefore, the role of phenolics in plant defense 

against herbivory may only be an added advantage (Bryant et al., 1983; Coley et al., 1985; 

Coley and Barone, 1996; Moore et al., 2004). Although it is evident from the observations 

made in my study the role of phenolics in photo-oxidative stress, it does not mean that they 

can be directly applied to other systems or other species in the tropics. Further studies 

comparing other co-occurring and widely distributed species may be necessary to see if they 

follow a similar trend of phenolics with soil nutrient availability. 

Studies have pointed out that allocation to foliar phenolics may be regulated by leaf 

photosynthetic capacities (Sumbele et al., 2012). Although there is no clarity on the exact 

mechanism behind biochemical investments in relation to foliar phenolic allocation, the 

current experimental observations show a decline in Jmax/Vcmax ratio with Tgrowth that followed 

a similar pattern as the decline in phenolics with Tgrowth (Figure 4.4c), validating that the 

reductions in photosynthetic capacities with warmer temperatures may have influenced 

differences in allocation to foliar phenolics. The decline in Jmax/Vcmax ratio with Tgrowth could 

be related to the temperature dependencies of Jmax and Vcmax, which is generally different 

given the activation energies for Jmax (at ca 50 kJ mol −1) and for Vcmax (at ca 65 kJ mol −1) 

(Medlyn et al., 2002). This would mean that Vcmax slows more than Jmax with increasing 

elevation in the tropics, and therefore Jmax/Vcmax ratio is higher when measured under cold 

temperatures. Therefore, photosynthesis becomes progressively more limited by the dark 

reactions under cold temperatures and can result in an oversupply of electrons from electron
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 transport leading to production of reactive oxygen species (Lima-Melo et al., 2019). Hence, 

the decline in phenolic production under the warmer chamber growth temperatures is tightly 

regulated by the decline in Jmax/Vcmax ratio in this study, indicating that there may be a co-

ordination between electron supply relative to demand and growth temperature (Walker et 

al., 2014). 

 
4.5 Conclusion 

Climate change has the potential to alter foliar chemistry, including biochemical 

compounds that are crucial for both plant growth and defense and central to species’ 

ecological strategies (Karabourniotis et al., 2014; Holopainen et al., 2018; Salazar et al., 

2018). This study has shown that the temperature response of leaf photosynthetic capacities 

among closely related species is strongly affected by warming, over the effects of soil 

nutrient availability. The difference in allocation of leaf phenolics among species is strongly 

correlated with leaf photosynthetic capacities. This was seen as an overinvestment of electron 

transport as indicated by its relationship with the intercellular carbon dioxide transition point. 

Leaf chlorophyll is mostly driven by leaf N in relation to increased soil nutrient availability. 

The investment in these components is dependent on species’ capacity to utilize available N, 

that was seen as limited plasticity in allocation for the mountaintop restricted species under 

experimental warming. 

This application of the FvCB model of C3 plant photosynthesis to better understand the 

regulation of foliar chemistry is the first of its kind for tree species in the Australian Wet 

Tropics. Because the response of Jmax/Vcmax ratio to temperature is general to all C3 plants, the 

predictions from some of these findings could have fundamental implications for 

biogeochemical cycling over elevation gradients in tropical rainforests and could play an 

important role in structuring the herbivore and decomposer communities, with follow-on 

effects for other trophic levels (Sumbele et al., 2012; Borowiak et al., 2015). 
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Table 4.1. Summary of a linear mixed effects model of the short-term response of the ratio maximum 
rate of electron transport to maximum carboxylation rate of RuBisCO (Jmax/Vcmax) for species (n=4) 
grown in experimental glasshouse conditions under varying Soil type (n=2) and growth temperatures 
(Tgrowth, n=3). The model was constructed with the response variable as a function of leaf temperatures 
(Tleaf), Soil and Tgrowth as fixed effects with the interactions of Tleaf with each of the predictor variables. 
Individual Pot (leaf) was treated as a random intercept in the model. Significant predictors and p-values 
are shown in bold. 
 

Jmax/Vcmax 

Predictors Estimates CI p 

(Intercept) 
4.01 (3.73, 4.30 <0.001 

Tleaf 

-0.07 (-0.08, -0.06) <0.001 

Soil [Nutrient Rich] 
0.19 (-0.02, 0.39) 0.075 

Species [Flindersia bourjotiana] 
-0.48 (-0.77, 0.39) 0.001 

Species [Flindersia brayleyana] 
0.63 (0.33, 0.93) <0.001 

Species [Flindersia oppositifolia] 
-0.16 (-0.43, 0.37) 0.267 

Tgrowth [Ambient] 
-0.39 (-0.64, -0.14) 0.002 

Tgrowth [Elevated] 
0.12 (-0.01, 0.37) 0.361 

Tleaf * Soil [Nutrient Rich] 
-0.01 (-0.01, <0.01) 0.028 

Tleaf * Species [Flindersia bourjotiana] 
0.02 (-0.01, 0.03) <0.001 

Tleaf * Species [Flindersia brayleyana] 
-0.01 (-0.02, -0.00) 0.063 

Tleaf * Species [Flindersia oppositifolia] 
0.01 (0.00, 0.02) 0.005 

Tleaf *Tgrowth [Ambient] 
0.01 (-0.00, 0.01) 0.185 

Tleaf * Tgrowth [Elevated] 
-0.01 (-0.02, -0.00) 0.005 

Random Effects 

σ2 0.06 

τ00 Pot 
0.04 

 
ICC 

0.39 

N Pot 
65 

Observations 
356 

Marginal R2 / Conditional R2 
0.809 / 0.883 
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Table 4.2. Summary of linear regressions of total leaf phenolics, chlorophyll, the ratio maximum rate of electron transport to maximum carboxylation rate of 
RuBisCO (Jmax/Vcmax) and Nitrogen concentration against Tgrowth, Species, and Soil and with the interactions of the predictor variables. Significant p- 
values are shown in bold. 

 
 Phenolics (mg GA g-1DW) Chlorophyll (µmol m-2) Jmax/Vcmax Nitrogen (%) 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 153.50 (119.35, 187.64) <0.001 116.56 (-7.54, 240.65) 0.065 4.77 (4.28, 5.27) <0.001 1.06 (0.87, 1.25) <0.001 
Tgrowth -1.69 (-3.00, -0.39) 0.012 4.71 (-0.04, 9.46) 0.052 -0.11 (-0.13, -0.09) <0.001    

Species [Flindersia 
bourjotiana] 5.32 (-44.01, 54.66) 0.830 14.05 (-165.24, 193.34) 0.876 -0.78 (-1.48, -0.08) 0.031 -0.21 (-0.48, 0.06) 0.122 

Species [Flindersia 
brayleyana] 106.63 (58.35, 154.92) <0.001 -151.92 (-327.41, 23.57) 0.088 0.24 (-0.46, 0.93) 0.500 -0.07 (-0.34, 0.20) 0.622 

Species [Flindersia 
oppositifolia] 32.61 (-15.67, 80.90) 0.182 164.96 (-10.53, 340.45) 0.065 0.34 (-0.36, 1.03) 0.335 0.41 (0.14, 0.68) 0.003 

Soil [Nutrient Rich] -11.41 (-27.41, 4.60) 0.159 138.43 (80.25, 196.60) <0.001 – –  0.30 (0.03, 0.57) 0.030 
Tgrowth * Species 

[Flindersia bourjotiana] -1.03 (-2.92, 0.87) 0.282 -0.08 (-6.96, 6.79) 0.980 0.03 (-0.00, 0.05) 0.078 – – – 

Tgrowth * Species 
[Flindersia brayleyana] -5.18 (-7.03, -3.33) <0.001 4.10 (-2.62, 10.81) 0.227 -0.00 (-0.03, 0.03) 0.866 – – – 

Tgrowth * Species 
[Flindersia 

oppositifolia] 
-2.34 (-4.19, -0.49) 0.014 -4.87 (-11.58, 1.84) 0.152 -0.01 (-0.03, 0.02) 0.670 – – – 

Species [Flindersia 
bourjotiana] * Soil 

[Nutrient Rich] 
-8.66 (-31.68, 14.36) 0.455 20.66 (-63.01, 104.33) 0.623 – – – -0.01 (-0.39, 0.38) 0.971 

Species [Flindersia 
brayleyana] * Soil 

[Nutrient Rich] 
-4.97 (-27.61, 17.66) 0.662 71.06 (-11.21, 153.33) 0.089 – – – 0.44 (0.06, 0.83) 0.023 

Species [Flindersia 
oppositifolia] * Soil 

[Nutrient Rich] 
36.58 (13.94, 59.22) 0.002 -98.12 (-180.39, -15.85) 0.020 – – – -0.36 (-0.74, 0.03) 0.067 

Observations 71 71 70 71 
R2 / R2 adjusted 0.787 / 0.747 0.682 / 0.623 0.891 / 0.879 0.512 / 0.458 
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Figure 4.1. A plot of temperature response for the ratio of maximum rate of electron transport to maximum carboxylation rate of RuBisCO (Jmax/Vcmax) against 
leaf temperatures (Tleaf –15, 20, 25, 30, 35, 40°C) from individual pots. Linear regression with predicted values and regression lines for each species are shown, 
faceted for each of the growth chambers (Tgrowth– Cold, lowland Ambient and Elevated temperatures). Species are shown as Red- lowland tree species, F. 
ifflana; light Orange- mid-elevation tree species, F. bourjotiana; Blue- upland tree species, F. brayleyana; and Purple- mountaintop restricted tree species, F. 
oppositifolia. 
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Figure 4.2. Total leaf phenolics concentration from experimental leaf samples plotted against the Jmax/Vcmax ratio (a); the intercellular carbon dioxide 
transition point (Ci–Transition on a log10- scale) (b); total leaf Ferric Reducing Ability of Plasma (FRAP) (expressed in mg of Vitamin–C per gram of leaf dry 
weight) (c); and total leaf nitrogen content (mass basis) (d). Linear regression is shown as a solid black line with 95% CI (light grey). Species are shown as 
symbols: circle– lowland tree F. ifflana; Solid triangle– mid-elevation F. bourjotiana; Solid square– upland F. brayleyana; and cross–mountaintop restricted 
F. oppositifolia. Each of the Tgrowth chambers are, Cold– Blue, lowland Ambient– light Orange and Elevated temperatures– Red. 
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Figure 4.3. The leaf chlorophyll concentration plotted against maximum carboxylation capacity at 25° C (Vcmax-25) (a); maximum rates of electron transport 
at 25° C (Jmax-25) (b); and total leaf N (on an area basis) (b). Linear regressions are shown as a solid black line with 95% CI (light grey). Species are shown as 
symbols: circle- lowland tree F. ifflana; Solid triangle- mid-elevation F. bourjotiana; Solid square- upland F. brayleyana; and cross- mountaintop restricted F. 
oppositifolia.  
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Figure 4.4 Variation in (a) leaf chlorophyll concentration; (b) leaf phenolics concentration; and (c) 
the Jmax/Vcmax ratio across the experimental growth temperatures; and (d) total leaf Nmass. Flindersia 
species from left to right are arranged based on their provenance of collection: Lowland, Mid- 
elevation, Upland, Mountaintop. Data points shown here are from leaves (n=3, means ± SE) from 
each of the nutrient rich (Red) and nutrient poor soils (light Orange) (shown as a legend on top). 
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Supplementary Table 4.1. Summary table of means (±SD) rounded to its nearest whole number of total leaf chlorophyll and phenolics concentrations studied 
from experimental leaf samples (n= 2 - 3) for each species by growth temperature and soil nutrient type combination. 

 

Species Growth chamber Soil type Leaf Chlorophyll (µmol m-2) Leaf Phenolics (mg GA g-1 DW) 

F. ifflana Cold 
Nutrient Rich 303 (±21) 114 (±9) 
Nutrient Poor 215 (±36) 122 (±12) (lowland) (~17° C) 

Thermal  Nutrient Rich 399 (±27) 110 (±12) 
generalist Lowland ambient 

(~23° C) 
Nutrient Poor 234 (±12) 104 (±11) 

 
Elevated 

Nutrient Rich 410 (±49) 76 (±25) 
Nutrient Poor 247 (±4) 108 (±11)  (~28° C) 

F. bourjotiana Cold 
Nutrient Rich 332(±81) 100 (±12) 
Nutrient Poor 210 (±27) 100 (±15) (mid-elevation) (~17° C) 

Thermal  Nutrient Rich 421 (±71) 70 (±9) generalist Lowland ambient 

(~23° C) 
Nutrient Poor 305 (±59) 100 (±11) 

 
Elevated 

Nutrient Rich 467 (±71) 35 (±8) 
Nutrient Poor 218 (±13) 74 (±7)  (~28° C) 

F. brayleyana Cold 
Nutrient Rich 236 (±18) 129 (±15) 
Nutrient Poor 164 (±22) 146 (±26) (upland) (~17° C) 

Thermal  Nutrient Rich 485 (±137) 60 (±6) generalist Lowland ambient 

(~23° C) 
Nutrient Poor 173 (±28) 90 (±26) 

 
Elevated 

Nutrient Rich 451 (±114) 34 (±8) 
Nutrient Poor 208 (±18) 35 (±15)  (~28° C) 

F. oppositifolia Cold 
Nutrient Rich 308 (±40) 146 (±8) 
Nutrient Poor 280 (±11) 116 (±15) (mountaintop) (~17° C) 

Thermal  Nutrient Rich 347 (±19) 111 (±18) specialist Lowland ambient 

(~23° C) 
Nutrient Poor 264 (±25) 78(±12) 

 
Elevated 

Nutrient Rich 296 (±33) 77 (±11) 
Nutrient Poor 287 (±8) 65 (±4)  (~28° C) 
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Supplementary Table 4.2. Summary table of means (±SD) of the photosynthetic CO2 compensation point (Gamma star) and the Michaelis-Menten coefficient 
(Km) for Farquhar model obtained from each model fit from experimental leaf samples (n=3) for each species by growth temperature and soil nutrient type 
combination. 

 

Species Growth chamber Soil type Gamma Star (ppm) Km (ppm) 

F. ifflana Cold 
Nutrient Rich 30.19 (±0.79) 400.9 (±16.8) 
Nutrient Poor 30.43 (±0.46) 405.9 (±9.8) (lowland) (~17° C) 

Thermal  Nutrient Rich 44.04 (±0.05) 746.97 (±0.08) 
generalist Lowland ambient 

(~23° C) 
Nutrient Poor 30.43 (±0.30) 771.53 (±8.9) 

 
Elevated 

Nutrient Rich 63.29 (±0.6) 1375 (±21.7) 
Nutrient Poor 62.64 (±0.30) 1400.31 (±23.8)  (~28° C) 

F. bourjotiana Cold 
Nutrient Rich 29.98 (±0.5) 396.4 (±10.4) 
Nutrient Poor 30.4 (±0.24) 404.94 (±5.1) (mid-elevation) (~17° C) 

Thermal  Nutrient Rich 44.22 (±0.5) 752 (±14.6)  generalist Lowland ambient 

(~23° C) 
Nutrient Poor 45.02 (±0.7) 775.5 (±20.2) 

 
Elevated 

Nutrient Rich 62.05 (±0.6) 1352 (±24.8) 
Nutrient Poor 63.98 (±0.9) 1427 (±36.7)  (~28° C) 

F. brayleyana Cold 
Nutrient Rich 30.34 (±0.4) 403.94 (±8.3) 
Nutrient Poor 29.92 (±0.12) 395.05 (±2.6) (upland) (~17° C) 

Thermal  Nutrient Rich 44.04 (±0.0) 
63.98 (±0.9) 

746.97 (±0.08) 
1427 (±36.7) 

generalist Lowland ambient 

(~23° C) 
Nutrient Poor 44.88 (±0.3) 771.53 (±8.9) 

 
Elevated 

Nutrient Rich 62.42 (±0.31) 1366 (±12.0) 
Nutrient Poor 60.89 (±0.76) 1308 (±29.12)  (~28° C) 

F. oppositifolia Cold 
Nutrient Rich 30.5 (±0.25) 409.21 (±5.4) 
Nutrient Poor 29.80 (±0.2) 392.49 (±4.02) (mountaintop) (~17° C) 

Thermal  Nutrient Rich 42.92 (±0.21) 
63.98 (±0.39) 

715.15 (±6.07) 
1427 (±36.7) 

specialist Lowland ambient 

(~23° C) 
Nutrient Poor 42.94 (±0.6) 744.15(±11.42) 

 
Elevated 

Nutrient Rich 61.95 (±0.9) 1348 (±34.6) 
Nutrient Poor 63.75 (±83) 1418 (±33.1)  (~28° C) 
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Supplementary Figure 4.1 A. Fruit pods of Flindersia spp. – (L – R): F. bourjotiana (Mid-elevation), F. oppositifolia (Mountaintop), F. brayleana (Upland) 
and F. ifflana (Lowland); B. Seeds sown on a bed of NR soil; C. Seedlings germinated ca. ~2 months since sown; D. Glasshouse where temperature-controlled 
growth experiments were conducted. E. Pots containing seedlings of Flindersia spp. being studied from one of the growth chambers. 
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Supplementary Figure 4.2 Temperature response of leaf photosynthetic capacities of the four Flindersia spp. from experimental pots. Plots are for maximum 
carboxylation rate of RuBisCO (Vcmax) and maximum rate of electron transport (Jmax) against leaf temperatures (15, 20, 25, 30, 35, 40°C) from individual pots 
containing Nutrient Rich (Red) and Nutrient Poor (Orange) soil, with second order polynomial regression lines fitted for each of the two-soil nutrient type. 
Data points are means (±1SE) from 2-3 pots for each soil nutrient type by growth temperature combination. Growth chambers are of the following order: Top- 
Cold; Middle-Lowland Ambient; and Bottom- Elevated temperatures. Flindersia species from L – R are, Lowland, Mid-elevation, Upland and Mountaintop 
restricted. Missing data points are for those treatments which showed poor response to leaf temperatures and have been removed from the figure.
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Supplementary Figure 4.3 The intercellular CO2 transition point (log10 scale) obtained from the FvCB model of C3 photosynthesis from experimental leaf 
samples plotted against the growth temperatures. Data points are means (±1SE) from 3 pots for each soil nutrient type- Nutrient Rich (Red) and Nutrient Poor 
(Orange). Flindersia species from L – R are, Lowland, Mid-elevation, Upland and Mountaintop restricted. 
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Chapter – 5: General discussion and concluding 
remarks  

 

5.1 Study summary 
My PhD thesis focused on understanding the effects of elevation, and by extension 

temperature and soil nutrient availability, on tree growth, physiology and biochemistry 

among closely related species across the Australian Wet Tropics (AWT) World Heritage 

Area. I pursued this thesis to understand, a) whether tropical mountaintop restricted tree 

species are constrained in their distributions by physiological limitations; and b) whether 

species display an ability to acclimate to climate warming. To test this,  I first evaluated, 1) 

in-situ microclimate (soil, near surface air and above-ground air temperatures) and edaphic 

properties (soil C:N, pH, organic matter content) to understand how they co-vary with 

elevation; next 2) I tested how changes in some of these environmental variables 

(temperature and soil nutrient availability) affect tree growth and leaf functional traits among 

congeners of the genus Flindersia (Rutaceae) along an elevation gradient; and 3) I 

experimentally evaluated the effects of temperature and soil nutrient availability on plant 

growth, physiology and biochemistry among four species of Flindersia. I focused on tree 

species of the genus Flindersia, as the genus is often a dominant component of forests across 

the AWT (Bradford et al., 2014), as well as containing congeners that are both widespread 

and mountaintop restricted. Species such as F. oppositifolia occupy a narrow thermal niche 

space and are threatened by future climate change (Costion et al., 2015). 

 
5.1.1 Microclimate and soil nutrient availability in the Australian Wet Tropics 

In Chapter 2, I studied trends in long term microclimate and topsoil nutrients, soil 

organic matter content and soil δ15N stable isotope composition from across an elevation 

gradient in the AWT. Here I found differences in the slopes of soil and above ground air 

temperatures with elevation such that air temperatures declined at a steeper rate with 

elevation. I observed that this decline resulted in a temperature difference between soil-to-air 

(∆Tsoil–air) that also changed across elevation in a linear fashion. Soils in the lower elevation 

sites were cooler and soils in the upland and mountaintop sites were warmer than above- 

ground air. I then observed that the bioclimatic variables such as temperature seasonality and 

the diel and annual temperature ranges also increased along the elevation profile and were 

higher for air compared to soils. Finally, I found that soil pH and δ15N declined with 

elevation, whereas soil C:N ratio and organic matter content increased with elevation.
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It has been reported previously from studies involving global soil temperature 

datasets that unlike temperate forests, where soil temperatures are higher by several degrees 

than air temperature, tropical rainforest soils can track the air temperatures and are either 

marginally cooler or warmer depending on the landscape conditions (Lembrechts et al., 

2021). Although the difference in mean ∆Tsoil–air went from negative to positive with 

increasing elevation, they are not that large a difference in biological terms (a range from -

0.25°C to ca +0.26°C). The DTR and ATR on the other hand are probably more important 

bioclimatic predictor variables because of their concerted effects on key ecophysiological 

processes (Goulden et al., 2004; Vargas and Allen, 2008). For instance, fluctuations in DTR 

and ATR can impact plant growth, phenology and affect the CO2 exchange, i.e., by altering 

stomatal activity in response to VPD in the daytime and or by increasing the magnitude of 

night-time respiration rates (Goulden et al., 2004; Grossiord et al., 2020). Studies have also 

found evidence on how DTR affects the biological activity of other life forms (Vallejo-

Vargas et al. 2022). Therefore, paired studies of these bioclimatic variables with key 

ecological processes such as photosynthesis, respiration and phenological changes will be 

necessary to better understand how biological systems would respond to climatic fluctuations 

in the long-term.  

The temperature difference in soil and air along elevation in this study has not been 

reported previously from the AWT. In the first instance, I surmised that this trend may be 

related to a change in tree basal area with elevation (Figure 2.6F). It could be that the basal 

area increase may have influenced below canopy air temperatures (Pfeifer et al., 2018) 

causing the air temperatures at higher elevation sites to be sufficiently cooler. However, this 

did not explain why mountaintop soils were warmer than air. It could have been driven by 

higher light levels on tropical mountaintop sites. For example, in the lower elevation sites 

taller canopy can intercept light and limit excess light levels reaching the ground to warm-up 

the soils (Pfeifer et al., 2018), whereas vegetation at higher elevation sites are generally 

characterized by short-statured canopy, and often thinned due to higher wind allowing 

sufficient light to enter the ground (Fahey, 2015). One possible explanation for this was also 

observed based on the soil thermal properties, i.e., montane soils that had a higher organic 

matter content were sufficiently warmer (Supplementary Figure 2.B) and this may have 

influenced the soil heat flux in the system (Abu-Hamdeh and Reeder, 2000; Schjønning, 

2021). These observations warrant detailed investigations involving paired microclimate 

data with tree canopy cover/architecture, light levels, soil texture, and other parameters
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 related to energy balance that are required to confirm the trends in microclimate with 

elevation. 

I then observed that there are interactions in climate and edaphic variables such as 

soil pH, C:N ratio and organic matter content in a co-ordinate space on the PCA. It is 

important to consider these interactions moving forward, because they reflect key ecological 

processes at the land-atmosphere interface that have implications under future climate change 

(Wang et al., 2016; Misra, 2020). For instance, soil mineralization, organic carbon 

decomposition and nutrient cycling processes are sensitive to temperatures (Schuur and 

Matson, 2001; Salinas et al., 2011). This is partly because of its effects on microbial 

decomposer communities that are adapted to cooler temperatures and limited nitrogen soils in 

topical montane ecosystems (Nottingham et al. 2015; Salinas et al., 2011). Therefore, studies 

on how microbial communities change with increasing elevation in the AWT may be 

interesting – especially given the gradient in microclimate and soil nutrient availability that 

were observed in this thesis.  

Overall, this chapter found that the microclimate and soil nutrient availability change 

with elevation, and it is important to consider the soil heterogeneity, the diel temperature 

ranges and the difference in ∆Tsoil–air when studying below-canopy ecological process (e.g., 

seed dormancy, germination, sapling growth) in these sites. Lastly, the microclimate recorded 

from this chapter (Singh Ramesh et al., 2022) could potentially be used to improve species 

distribution models especially for tropical montane species given that they capture species’ 

microclimatic niche at a much higher spatiotemporal resolution and can aid forecasting 

microclimate in the context of climate change. 

 
5.1.2 Plant growth and biomass allocation strategies with warming 

Given an understanding of trends in both microclimate and edaphic properties across 

elevation in the AWT, I sought to test the independent and combined effects of growth 

temperatures and soil nutrient availability on species’ growth and leaf functional traits among 

closely related species in Chapter 3. Here, I first investigated trends in stem diameter growth 

rates (GR) and leaf traits such as the LMA, and foliar stable δ13C and δ15N from Flindersia 

species along an elevation gradient in the AWT. In the field I found that the GR and foliar 

δ15N declined with elevation whereas LMA and δ13C increased with elevation. Studies in 

tropical rainforests have observed related differences in tree growth and leaf functional traits 

among closely related species with elevation (Liu et al., 2007; Rapp et al., 2012); these trends 

could result from at least three important drivers: decreasing temperatures, decreasing soil 

nutrient availability, and changes in species composition along the gradient (Malhi et al.,
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 2010; Rapp, 2010). 

I then conducted a glasshouse experiment on saplings of Flindersia species 

germinated from seeds sourced from various sites along the elevation gradient in the AWT 

(Supplementary Table 3.1) and tested the effects of growth temperature and soil nutrients on 

plant growth and leaf traits in isolation from other environmental variables. The experimental 

saplings displayed a stronger response in plant relative growth rates (RGR) for species with 

lowland habitat preference, i.e., RGR was higher in NR soils and increased with warmer 

growth temperatures, indicating the ability to utilize nutrients for growth with warming. On 

the other hand, upland and mountaintop restricted species displayed optimal growth under 

ambient growth temperatures, but then declined under Elevated (warmer) growth 

temperatures. Such observations align with previous studies in the Neotropics that have 

observed acclimation to warmer growth temperatures in lowland plants (Cheesman and 

Winter, 2013; Slot et al., 2018), but limited thermal acclimation has been reported in some 

mountaintop plants under warmer temperatures (Vårhammar et al., 2015; Dusenge et al., 

2021). Although this suggests that mountaintop tree species may be negatively affected by 

warming, there could be potential for ex-situ conservation of tropical mountaintop plants 

under lowland growth temperatures given that their growth did not decline under those 

conditions. However, there are other environmental factors such as increasing atmospheric 

water stress (Bauman et al., 2022b) and biotic interactions that may negatively impact 

survival of such mountaintop endemic plants (Cheesman and Winter, 2013). Further studies 

that involve transplanting of montane species to lowland sites would be helpful to address 

these outstanding questions. 

Next, I found differences in the biomass allocation among species across growth 

chambers. For example, the tropical mountaintop species displayed the highest root-to-shoot 

biomass ratio (R:S) under nutrient poor and cold growth temperatures – conditions 

approximating the tropical montane provenance. The relatively higher allocation of biomass 

to roots in mountaintop plants is indicative of an adaptive functional strategy towards shallow 

soils and physical support from strong winds, in addition to nutrient foraging (Körner, 2007; 

Girardin et al., 2010; Wu et al., 2013). These observations suggest that F. oppositifolia has an 

added advantage to compete successfully in the mountaintop environment, which was not 

observed in the lowland species in the glasshouse under similar growth conditions. 

Foliar δ13C isotopic composition of experimental plants compared with those 

observed in field showed a different relationship to that observed for temperature. The 

variation of foliar δ13C in the experiments showed an increasing trend with VPD to suggest 

that this could be driven due to stomatal response to VPD (Grossiord et al., 2020), i.e., it may
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 have caused a lower ci/ca resulting in an enrichment in δ13C with increasing VPD (Cernusak 

et al., 2013). However, the VPD in the field is lower at higher elevation sites, indicating that 

the effect of VPD may not be enough to overcome the response in foliar δ13C driven by other 

factors that co-vary with elevation. Other driving factors in the field that did not occur in the 

glasshouse, such as the decrease in atmospheric pressure that accompanies an increase in 

elevation, could have resulted in enrichment in foliar δ13C in the field. The 13C discrimination 

is less mechanistically understood in relation to atmospheric pressure, but it is known that a 

decrease in oxygen partial pressure in the chloroplast can increase the efficiency of 

carboxylation (Farquhar and Wong, 1984), which may further decrease discrimination against 
13C. 

For foliar δ15N under glasshouse conditions I observed differences consistent with 

field-based trends, i.e., an increase with growth temperature. These trends are related in part 

to a decline in δ15N of soil nitrogen with elevation (Wang et al., 2019) that was observed in 

Chapter 2, and I found some evidence of such a relationship in this Chapter (Supplementary 

Figure 3.5). It is important to note here that the experimental differences reflect just a 

snapshot of the plant nutrient acquisition strategy based on the available soil N, whereas the 

trends observed in the field reflect the ecosystem nitrogen pool that would have developed 

from nutrient cycling processes integrated over millennia (Craine et al., 2015). In the field, 

enrichment of δ15N in leaves at warmer, lowland sites suggests that there is a more open 

nitrogen cycle, where nitrogen loss pathways discriminate against the heavier isotope. The 

decline in foliar δ15N with elevation in the AWT suggests a slowing and tightening of the 

nitrogen cycle with increasing elevation. This could be a key driver of the decreasing tree 

growth rates with elevation that I observed in the field. 

Finally, I observed that upland species displayed a steeper increase in foliar δ15N with 

growth temperature compared to the lowland species. The upland species could have also 

evolved to function in conditions of relatively low nitrogen availability and lacked the 

capacity to utilize nitrogen to the same extent as lowland ones in response to the warmer 

growth temperatures. There could also be soil microbes controlling δ15N soil transformations 

that can lead to nitrogen isotope fractionations (Houlton et al., 2006; Pajares and Bohannan, 

2016; Hestrin et al., 2019) and these observations may warrant investigations on the soil 

microbiome in the AWT. 

Overall, in this chapter I found new insights into how temperature and soil nutrient 

availability alter species-specific growth and leaf trait responses in response to elevation. I 

found that the functional strategy of Flindersia oppositifolia in mountaintop sites is probably 

based on the proportionally larger investment in root biomass allocation which may be
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 adaptive in the nutrient poor soils and high wind loads typical of these landscapes (Körner, 

2003). In addition to the above observations, I found that some of the variation in leaf traits, 

related to foliar 13C, is probably driven by other environmental factors, such as atmospheric 

pressure, that were not replicated in the glasshouse. 

 
5.1.3 Leaf photosynthetic capacities and foliar chemistry with warming 

In Chapter 4, I evaluated the temperature response of leaf photosynthetic capacities 

and studied its relationship with foliar chemistry, i.e., leaf chlorophyll and phenolics 

concentrations. I used the same experimental set-up and Flindersia species as in Chapter-3. 

For discussion purposes here I refer to the three Flindersia species with wide elevational 

ranges as thermal generalists, and the mountaintop restricted species (F. oppositifolia) as a 

thermal specialist. 

I first studied the leaf temperature response of photosynthetic capacities, i.e., the 

maximum carboxylation capacity of the enzyme RuBisCO (Vcmax), and the maximum rates of 

electron transport (Jmax), by fitting the FvCB model of C3 photosynthesis to net 

photosynthesis (An) and carbon dioxide concentration (Ci) curves. I observed that the ratio of 

Jmax/Vcmax declined with increasing leaf temperature and with differences in the slopes for 

plants grown at warmer temperatures. There were also differences among Flindersia species 

observed in this response. 

Next, I quantified leaf chlorophyll and soluble phenolics concentration on those 

experimental leaves. I found that the temperature response of Jmax/Vcmax and the intercellular 
carbon dioxide transition point (Ci–T) from Vcmax limitation to Jmax limitation was positively 

related to foliar phenolics concentration. There was no response of phenolics to leaf nitrogen 

concentration. On the other hand, I observed that the leaf chlorophyll concentrations were 

positively related to the Vcmax-25 and Jmax-25 at 25°C and increased with leaf Narea. Finally, 

under experimental growth temperature conditions I found that the chlorophyll increased with 

increasing nutrient availability and displayed plasticity in its allocation for thermal 

generalists, whereas it showed limited plasticity in the mountaintop restricted thermal 

specialist. The response of phenolic concentrations to experimental growth temperatures went 

in the opposite direction, i.e., declined strongly with warming for all species. The Jmax/Vcmax 

ratio across chamber growth temperatures followed a similar response as the phenolic 

concentrations. 

The Jmax and Vcmax each respond rather differently to temperatures (Supplementary 

Table 4.3); Vcmax has a steeper response to temperature compared to Jmax and is possibly 

driven by the constraints of carboxylation capacity to low temperatures, i.e., due to the
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 activity of the enzyme RuBisCO (Sage and Kubien, 2007). The relation of phenolics with 

both temperature and leaf photosynthetic capacities could be a result of abiotic stress from 

excess electrons. The theory behind this response is related to the co-ordination in the 

investment in Jmax and Vcmax, such that resources have been optimally shared between them 

(Maire et al., 2012). In this case a higher Ci–T would indicate an overinvestment in Jmax and 

this could have resulted in excess electrons in the system that has triggered secondary 

metabolic pathways to produce higher leaf phenolic concentrations, which function as 

antioxidants, to deal with reactive oxygen species caused by excess electrons (Piluzza and 

Bullitta, 2011; Karabourniotis et al., 2014). This was further confirmed by the strong 

correlations in the response of foliar phenolics and antioxidant capacity (Figure 4.2c). 

Studies have argued that increase in foliar phenolics could be driven by abiotic stress 

in species’ ecological niches, such as cooler growth temperatures, increased light (UV-B 

radiation), low soil nutrients and increased herbivory (Coley et al., 2002; Alonso-Amelot et 

al., 2007; Chen et al., 2013; Abdala-Roberts et al., 2016; Schneider et al., 2019). Since there 

was no response to soil nutrients or leaf N in foliar phenolics, the results of this study are not 

consistent with the carbon-nutrient balance hypothesis (CNB) (Coley et al., 2002), which 

would predict an increase in phenolics under nutrient poor conditions. We can safely 

disregard the popular CNB hypothesis and move on to a more mechanistic approach as 

emphasized in some studies (Hamilton et al., 2001). For instance, I found that the leaf 

photosynthetic capacities (Jmax/Vcmax) followed a similar decline to phenolics with warmer 

growth temperatures. As discussed above, this could be due to the influence of Jmax in driving 

higher phenolics allocation because of the increase in electron transport rates at cooler growth 

temperatures triggering production of secondary metabolites, such as phenolics (Piluzza and 

Bullitta, 2011; Karabourniotis et al., 2014). Such observations on the allocation of foliar 

phenolics with plant biochemistry and its effects on temperature and soil nutrient availability 

have not been reported previously from tropical rainforest trees in the AWT, although 

independent effects of phenolics as defense compounds have been established (Parsons et al., 

2014). 

Overall, some of the empirical observations in this chapter suggest that in the tropics, 

plants growing at higher elevations invest more in phenolics as defense compounds primarily 

against abiotic stress (as antioxidants as seen in my study), and secondarily against biotic 

stressors (such as against herbivory), as has been documented in the literature (Coley et al., 

2002). If these results are extrapolated to native rainforest trees in the AWT, I would expect 

leaf herbivory to increase with temperature, making mountaintop restricted species 

potentially more vulnerable to climate warming.
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5.2 Future research 
 

My thesis has tested the effects of temperature and soil nutrients on the response on 

tropical mountaintop tree species, F. oppositifolia and found how they are limited in their 

growth and physiology that may restrict them to these narrow environmental gradients.  

Future research should focus on whether this type of response holds true to other co-

occurring taxa in the montane ecosystem. And, if so, what is the extent of adaptation and 

acclimation of these taxa in relation to these environmental cues. Next, it would be useful to 

understand in-situ responses of plant growth, physiology and biochemistry by conducting 

transplant experiments of mountaintop restricted and widely distributed Flindersia species 

across various sites along the elevation profile to evaluate the effects of other environmental 

drivers that could not be reproduced in the glasshouse (such as sunlight, atmospheric pressure, 

water availability, and biotic interactions). For example, the AWT bioregion has been 

forecasted to experience rising VPD, which would lead to increased drought. Under such 

weather conditions, what are the functionally important plants that can tolerate drought should 

be a major focus. Finally, a study focusing on soil microbial communities and paired warming 

experiments with tree species will be useful to better evaluate plant-soil interactions along the 

gradient. This kind of approach will be useful to unravel functionally important species that 

can be of potential use for future conservation planning of the tropical mountaintops and will 

open further opportunities on the limited knowledge on tropical tree responses to elevation in 

these fragile ecosystems.  

 

5.3 Concluding remarks 
Tropical montane ecosystems are highly vulnerable to climate change and species 

restricted to the wet tropical mountaintops are thought to be at risk under projected warming 

(Costion et al., 2015). 

My thesis has shown how variation in microclimate and soil nutrient availability is 

important in the AWT. I showed in this thesis that there are differences in the temperature 

trends such as diel and annual temperature ranges and temperature seasonality and 

differences in the soil-to-air temperatures with elevation. I also found that the soil pH, C:N 

and organic matter content co-vary with elevation and that there are interactions among 

climate and edaphic properties that are important to consider in future studies when using 

elevation as a proxy in the AWT. 

My investigation of the effects of temperature and soil nutrient availability on a regionally 
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important genus, Flindersia, has revealed differences in species’ ecological strategies. I 

observed changes in plant growth, biomass allocation and leaf trait variation among closely 

related species that were not previously reported from the AWT. In addition, I found that 

there are other important factors that vary with elevation (VPD, atmospheric pressure) that 

have effects on plant growth and leaf traits and need be considered while using elevation as a 

proxy for climate change experiments. 

Next, I was able to bridge the gap in understanding the temperature response of plant 

physiological limitations in tropical mountaintop restricted species in AWT, by evaluating its 

leaf photosynthetic capacity using the FvCB model that was not well established in 

previous literature. In addition to the above, I found evidence of its relationship with foliar 

chemistry – an important feature that has not been recognized in previous literature and opens 

new opportunities in developing climate change effects on tree responses in tropics. Finally, 

the limited growth and plasticity in allocation of foliar chemistry that I observed adds to the 

body of evidence indicating that tropical mountaintop species are at heightened risk from 

climate change impacts and require urgent conservation efforts.
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