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The enduring Trocha Union and the battle of the three crosses 

The Trocha Union winds along the ridge, snaking down into the Kosñipata valley, looped by the road 

and rivers. This old trail connects the lush lowland Amazon forest in the East to the dry Andean 

Highlands of Central Peru. It is home to a series of 8 study plots; the tropical montane cloud forest 

section of a long and diverse elevational transect spanning from 200 to 3600 m asl. In 2015 my team 

spent two weeks at these plots; measuring leaf traits of different tree species in an effort to better 

understand upslope migration in these populations.  The battle of the three crosses refers to the 

highest point of the trail- Tres Cruces- and the struggle to walk there.  

Painting submitted 2016 for the Geosciences’ art and science exhibition 
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Abstract 

The tropical rainforests of the Peruvian Andes are some of the most biodiverse and most 

vulnerable to climate warming in the world. The Andes are predicted to experience 

substantial increases in warming of between +2 °C to +5 °C by the end of the century, in 

addition to an increases in the frequency of high temperature extremes, drought and flood 

events. The response of these forests to climate change over the next century has global 

relevance, due to the high levels of endemic species present and the potential role these 

areas will play as refugia for lowland species. Despite this, the response of tropical montane 

forests (TMCFs) to climate change remains under-studied. 

Our current understanding of how Andean species will respond to climate change is based 

on studies of past compositional changes. Upslope shifts in plant communities of 

approximately 1.2 - 2.0 m·y-1 have been observed along elevational gradients within Central 

and South America over the last decade. Based on these migration rates, it has been 

estimated that the majority of communities will lag behind increases in temperature by 5.5 °C 

by the end of the century. The implications of this for populations at the trailing range edge 

is unclear, due to a lack of mechanistic data concerning the acclimatory limits of rainforest 

species.  

When faced with rapid warming plant species will need to rapidly adapt, acclimate or migrate 

in order to survive. In the case of Andean species, migration rates may not be sufficient for a 

species to remain within its optimal thermal niche and adaptive responses will likely be too 

slow to be effective, hence individuals will have to acclimate in situ to prevent a decline in 

performance. The acclimatory ability of species can be quantified by measuring changes in 

performance, leaf physiology and anatomy in response to experimental manipulations of 

climate, however such studies are rare within the tropics.  

Here we carried out a seedling transplant experiment, utilising an extensive 400- 3500 m asl 

elevational gradient in the Peruvian Andes, to simulate climate warming and upslope 

migration of tree seedlings under real-world conditions. To provide context for the transplant 

study, natural variation in leaf anatomical traits and physiological stress were explored for 

twelve species belonging to lowland (LF), mid-elevation (LMF) and tropical montane cloud 

forest communities. Adults and seedlings from the centre and furthest-most extent of each 

speĐies’ eleǀatioŶal raŶge ǁere studied and compared. Seedlings of each elevational forest 
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community were transplanted downslope and upslope of their local elevational range by the 

equivalent of ±2 °C and ±4 °C in mean annual temperature. The experiment followed the 

transplanted seedlings of eleven species over a one year period, monitoring survival, growth 

and physiological stress (Fv/Fm) of individuals. The acclimatory ability of a subset of these 

species was quantified by measuring changes in photosynthetic capacity (Vcmax and Jmax), 

respiratory capacity (Rd) and anatomical traits (Na, Pa, LMA, LDMC) in response to 

transplantation.  

The results showed that within the natural population there was little evidence of leaf trait 

acclimation to elevational shifts in climate, but also little evidence of physiological stress at 

the trailing range edge. There were however differences in the leaf trait strategies employed 

by each elevational community, increasing in abiotic stress-tolerance with elevation. 

Physiological stress was greatest in the seedling population and, unlike the adult population, 

increased slightly at the trailing edge. This indicated that seedlings were more vulnerable to 

warming than their adult counterparts and at mid-elevations TMCF seedlings were more 

vulnerable than LMF seedlings.  

Seedling survival and growth declined in response to transplantation away from the home 

elevation for the majority of species, with upslope declines as a result of abiotic limitations, 

and downslope declines due to biotic limitations. All seedlings were found to be able to 

acclimate their respiratory capacity in response to transplantation, however this was not the 

case for photosynthetic capacity. LMF species performed significantly better than TMCF 

seedlings with transplantation, demonstrating a greater acclimatory capacity for 

photosynthesis. LMF species were able to adjust Jmax in order to maintain rates at ambient 

temperatures, but were not able to upregulate Vcmax upslope, whereas TMCF species were 

not able to respond in either transplant direction.  

Overall, these findings suggest that under moderate warming scenarios LMF species will have 

a competitive advantage over TMCF species at mid-elevations, gradually expanding their 

raŶge iŶto TMCF speĐies’ haďitat oǀer the Ŷeǆt ĐeŶtury. As a result of this and due to the slow 

pace of upslope migration, we predict that TMCF species will undergo range retractions and 

possible extinctions. The speed of this response will be determined by the trajectory of future 

warming and the frequency of extreme climatic events. 
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Location, location, translocation- a doomed move or a forever home? 

These seedlings have been transplanted along an elevational gradient in the Neotropics to mimic 

migration, due to climate warming. How will their new home affect their health and survival? What 

are the implications for their species and others like them, if they cannot survive in a changing 

environment?  

Painting submitted 2015 for the Geosciences’ art and science exhibition 
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Lay Summary 

The rainforests of the Peruvian Andes are some of the most biodiverse, yet threatened of the 

natural world. They are home to an estimated 45,000 plant species, of which 20,000 are 

unique, this represents 15% of global plant species in only 1% of the ǁorld’s laŶd area. These 

rainforests are under threat from deforestation as a result of increasing agriculture and 

industry, but they are also vulnerable to changes in climate. The Peruvian Andes have been 

described as a climate change hotspot, with predicted rates of warming higher than the 

global average. The region is also predicted to experience a higher frequency of extreme 

weather events, such as heatwaves, droughts and floods. The future of Andean montane 

forests and their lowland neighbours is difficult to predict, due to a lack of scientific studies 

investigating the response of rainforest trees to climate change.  

Our current understanding of how rainforest trees will respond to climate change is based 

on studies that track populations over time. Along elevational gradients spanning from 

lowland rainforest to montane cloud forests, the centre of forest communities have been 

found to shift upslope at a rate of a few metres per year. This is as a result of mortality at 

warmer downslope sites and seedling and tree growth at cooler upslope sites. From these 

studies it has been estimated that the majority of these forest communities will not be able 

to move upslope quickly enough to keep up with current rates of warming. The implications 

for populations at the downslope sites is unclear, as we do not fully understand the 

underlying mechanisms behind mortality at these sites. Similarly we do not know if trees will 

be able to continue moving upslope, as these sites may become increasingly unfavourable. 

When faced with rapid warming plant populations respond by migration, adaptation 

(progeny become gradually better suited to their environment than parents over many 

generations) or acclimation (adjusting leaf function and anatomy to prevailing conditions). In 

the case of Andean species, acclimation is the only viable strategy to respond to short-term 

rapid climate change. However little is known about the extent to which rainforest trees can 

adjust their leaf function and anatomy in response to climate change.  

Here we used an elevational gradient spanning 3000 metres along the eastern slopes of the 

Peruvian Andes, to test how rainforest tree seedlings respond to climate change. We chose 

seedlings to represent lowland, lower montane and upper montane forest communities. We 

grew the seedlings at the centre of their forest community (home site) and then transplanted 
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some of them away. We moved seedlings downslope to simulate end-of-century levels of 

warming and upslope to simulate the rate of migration required to keep up with current rates 

of warming. We monitored the performance of the seedlings over a one year period, 

recording survival, growth and a measure of seedling health. For a subset of these seedlings 

we measured changes in underlying plant function (the capacity of individuals to 

photosynthesise and respire) and anatomy (leaf nutrients, thickness, and mass to area 

relationships) in response to transplantation. In order to interpret the results of the 

transplant experiment we also measured the natural variation in rainforest species health 

and anatomy. We compared the variation in both adult trees and seedlings across the whole 

distribution of the plant populations. In this way, we would be able to discover evidence of 

upslope migration i.e. declines downslope and growth upslope.  

The results showed that across each forest community there was little evidence of changes 

in leaf anatomy or health. Seedlings were more vulnerable to declines in health than their 

adult counterparts, particularly at downslope sites, indicating that they were more 

vulnerable to warming. We also found that where upper and lower montane communities 

overlapped, the former were healthier than the latter. 

The results of the transplant experiment showed that seedling survival and growth was lower 

away from the home elevation both downslope and upslope. The mechanism behind 

downslope declines were related to biological factors, such as increases in defoliation by 

pests and diseases. In contrast, upslope declines were related to decreases in the 

favourability of the environment, such as low temperatures and low light levels, due to 

increased cloud cover. The forest communities differed in their ability to adjust their 

underlying leaf function in response to transplantation. Lowland and lower montane species 

were able to optimise their leaf function at lowland and home sites, however they were not 

able to optimise their leaf function fully at upslope sites. Upper montane species were unable 

to optimise their function at any sites away from their home elevation.  

Overall, these findings suggest that by the end of the century, at current rates of warming, 

lowland and lower montane species will be able to migrate upslope and begin to replace 

upper montane species. This will result in declines and possible extinctions of the upper 

montane population. The rate at which these changes will occur depends upon how climate 

change unfolds, nevertheless the impact will be substantial for montane biodiversity
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Uniting the pieces 

Each piece is made from an impression of a leaf fragment collected during my fieldwork in Peru. My 

research uses anatomical and physiological leaf traits to understand how Andean tree species 

respond to climate change. The leaves represented here are taken from the survivors of a seedling 

transplant experiment simulating climate warming and upslope migration.  

Mobile submitted 2017 for the Geosciences’ art and science exhibition 
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. General Introduction to Thesis 

 Tropical Andes biodiversity hotspot 

The tropical Andes are one of the most understudied regions in the world (Stroud and J. 

Feeley 2017), despite their status as a high-priority biodiversity hotspot. The Andes contain 

approximately 20,000 endemic plant species (6.7% of global plant species) currently at risk 

of extinction from land-use changes such as agriculture, deforestation, industry and mining 

(Myers et al. 2000, Suarez et al. 2011).  In addition the tropical Andes are vulnerable to and 

are currently experiencing rapid climate change (Marengo et al. 2011, Russell et al. 2017). 

This is predicted to have large negative impacts on existing biodiversity and ecosystem 

services such as water resources, soil stability and carbon stores (Anderson et al. 2011).  

The biodiversity hotspot (Figure 1-1, red area) incorporates a wide geographic and 

elevational range across the breadth of the Andes including vegetation ranging from tropical 

wet forest in the east (Los Yungas) to desert in the west (Puna Xerofítica), with highland grass 

and scrubland in between (Puna Húmeda) (Josse et al. 2009). The elevational transect under 

study is located within the Peruvian Yungas (Figure 1-1) and spans the following elevational 

forest communities: lowland, below 500-800 m asl (metres above sea-level); lower montane 

Figure 1-1 Location of elevational study transect ;yelloǁ ĐirĐleͿ ǁithiŶ the tropiĐal AŶdes’ ďiodiǀersity hotspot 
(red area) (Myers et al. 2000).  
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between 500-800 and 1800-1900 m asl; and montane between 1800-1900 and 2900-3200 m 

asl (Figure 1-2). 

Elevational forest community groups differ in a number of key functional characteristics 

related to structure and composition. The most distinctive structural changes with increasing 

elevation are a decrease in forest stature with fewer emergent trees, a decline in overall 

canopy height and an increase in the number of polycormic trees (Figure 1-2, b-e) 

(Schwarzkopf et al. 2010, Asner et al. 2013, Girardin et al. 2014, Fahey et al. 2016). There is 

also a marked increase in the abundance of epiphytes at mid elevations within the cloud 

immersion zone (Figure 1-2, b-c) (Küper et al. 2004, Krömer et al. 2005). The functional traits 

of community groups shift gradually with increasing elevation from acquisitive and fast-

growing strategies to conservative and slow growing strategies (Loehle 1998, Wright et al. 

2004, Read et al. 2014, Vitasse et al. 2014), which partially explains the low productivity of 

high montane forests (van de Weg et al. 2014, Malhi et al. 2016, Fyllas et al. 2017).  

4000 
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500 

Figure 1-2 Major vegetation groups along the eastern slopes of the Peruvian Andes with decreasing elevation. 

(a) Puna húmeda, (b) high montane forest, (c) montane forest, (d) premontane/ lower montane forest, (e) 

lowland Amazon transitional forest, based on figure from Josse et al. (2009) 
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 Climate change in the Andes 

By the end of the century, climate forecasts predict a substantial increase in warming of 

between +1.7 °C to +6.7 °C, plus an increase in the frequency and severity of high 

temperature extremes across the Neotropics (Magrin et al. 2014). Changes in precipitation 

have also been predicted, but long-term trends are often obscured by inter-annual 

fluctuations in temperature and rainfall as a result of the El- Niño southern oscillation (ENSO). 

The general trend has been for reduced rainfall within the central Andes (up to 15% reduction 

by 2100) and Amazonia, but with an increase in extreme events over the last two decades: 

the most recent droughts were during 2005, 2010 and 2016 (in eastern Amazonia), and floods 

during 2009, 2012 and 2014 (south western Amazonia) (Lewis et al. 2011, Marengo et al. 

2011, Magrin et al. 2014, Jimenez-Munoz et al. 2016, Marengo and Espinoza 2016). 

Amazonia and the Andes have been identified as climate change hotspots using projections 

from the CMIP5 global climate model ensemble (Diffenbaugh and Giorgi 2012) and regional 

climate models (Russell et al. 2017). Andean forests are currently warming by between 

+0.1 °C and +0.6 °C per decade (Marengo et al. 2011, Vuille et al. 2015), with increases in 

temperature predicted from a wide range of models of between +2 °C to +5 °C by the end of 

the century (Magrin et al. 2014). As climate warming is expected to increase with elevation, 

projected values of warming vary along the elevational study transect; +2.5 °C to +3.5 °C at 

2000 m asl relative to +3.0 °C to +5.0 °C at 4000 m asl (Bradley et al. 2006, Urrutia and Vuille 

2009). However, according to satellite observations over a 25 year period, cloud frequency 

has tended to decrease and drought intensity has tended to increase in the lowlands at the 

base of the Andes (Halladay et al. 2012), exacerbating current warming.  

 Migratory response to climate change 

There is consistent evidence of migration in response to climate change across most 

communities, but with few studies within the tropics (McCarty 2001, Parmesan 2006, Kelly 

and Goulden 2008, Chen et al. 2011, Feeley et al. 2017). The first notable example of climate-

induced whole species range shifts was documented by Parmesan et al. (1999), showing that 

butterfly species in Europe have migrated poleward in response to increasing temperatures. 

Within the tropics, species are more likely to migrate along elevational rather than latitudinal 

gradients, as the former offers greater environmental gradients over much shorter distances, 

therefore allowing more rapid range shifts (Colwell et al. 2008).  
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Within montane cloud forest in Costa Rica, a decrease in the frequency of cloud immersion 

and rainfall at lower elevations was found to drive upslope migration in bird species and 

declines in lizard and Anuran populations (Pounds et al. 1999, Pounds et al. 2005). Along an 

elevational gradient in Madagascar, lizards and amphibians were found to migrate upslope, 

keeping pace with climate warming (Raxworthy et al. 2008), but with declines and extinctions 

predicted in the future. This was because, as in many tropical montane forests, high levels of 

endemism exist in locations with no future climate analogues i.e. above the treeline and 

beyond (Rull and Vegas-Vilarrubia 2006). At lower elevations where future climate analogues 

are present, many are unsuitable for species establishment due to poor habitat quality, or 

cannot be reached due to migration barriers such as changing land-use and deforestation 

(Feeley and Rehm 2012). Where migration corridors exist there is increased competition for 

decreasing habitat areas upslope, with lowland species increasingly encroaching on tropical 

ŵoŶtaŶe speĐies͛ haďitat (Foster 2001, Feeley and Silman 2010). 

Shifts in plant distributions have only recently been studied within the tropics. They require 

long-term observational data-sets tƌaĐkiŶg shifts iŶ speĐies͛ ƌaŶges thƌough ƌepeated 

censuses of permanent forest plots along climatic gradients. Studies in Peru (Kosñipata 

gradient), Costa Rica and Colombia observed mean upslope movements in tree populations 

of around 1.2-2.5 m year-1 over the last few decades with over half of plot communities 

lagging behind current rates of warming (Feeley et al. 2011, Feeley et al. 2013, Duque et al. 

2015). Upslope shifts in communities were mainly driven by mortality at the lower range 

edge and were slowed by limitations to dispersal, establishment and growth at the upper 

range edge (Feeley et al. 2011, Feeley et al. 2013, Duque et al. 2015). This suggests that the 

ŵajoƌity of speĐies͛ ƌaŶges aƌe ĐoŶtƌaĐtiŶg fƌoŵ the loǁeƌ ƌaŶge edge ǁithout ĐoŵpeŶsatoƌy 

expansions at the upper range edge. 

 Acclimatory response to climate change  

In response to rapid warming plant species will need to rapidly adapt, acclimate or migrate 

in order to survive. Studies have mainly focused on the importance of migration and 

adaptation in species survival, but acclimation through phenotypic plasticity is equally 

important (Nicotra et al. 2010). For example, the extent to which a plant can acclimate to 

changing conditions will determine its fitness in situ. Recent studies have also highlighted 

that certain environment-induced changes may be heritable (epigenetic processes), thus 
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influencing the adaptive potential of a species (Bossdorf et al. 2008).  These responses are 

connected, as successful migration requires sufficient phenotypic variability for individuals 

to be competitive under new environmental conditions and pressures (Almeida et al. 2013).  

1.4.1 Response to warming by carbon-related plant physiological processes  

The response of plants to temperature is complicated, being species specific and dependent 

on both the ecological adaptation of the individual and the co-occurring abiotic and biotic 

factors acting upon it (Ghannoum and Way 2011). Generally for tropical plants, 

photosynthesis responds positively to warming until the optimum temperature is reached at 

approximately 30 °C, above which photosynthesis tends to decline. Above 30 °C the risk of 

permanent damage to photosynthetic systems increases with proximity to a critical 

temperature threshold, which has been observed from 45 °C to 53 °C (Larcher 2003, Doughty 

and Goulden 2008, Vargas and Cordero 2013, Krause et al. 2014, Slot et al. 2016, O'Sullivan 

et al. 2017).  

Photosynthetic machinery is most at risk from high temperatures, which directly affect the 

chloroplast membrane structure and all of the constituent biochemical reactions (Taiz and 

Zeiger 2010). The ability of photosynthesis to acclimate to warming through an increase in 

the thermal optimum is associated with the thermal stability of key enzymes (e.g. Rubisco 

activase) and related membranes, or an increase in underlying photosynthetic capacity (Sage 

and Kubien 2007, Wood et al. 2012). In particular, the overall temperature dependence of 

photosynthesis is most affected by changes in the activation energy of the maximum rate of 

Rubisco carboxylation (Vcmax) and the maximum rate of RuBP (Ribulose-1,5-bisphosphate) 

regeneration (Jmax), as well as the ratio of the latter to the former (Jmax: Vcmax) (Hikosaka et al. 

2006, Sage and Kubien 2007, Lloyd and Farquhar 2008, Taiz and Zeiger 2010). 

The response of plant respiration to temperature has often been modelled using a constant 

Q10 (the change in rate with a change in temperature of 10 ̊ C) of 2.0, with respiration peaking 

at temperatures of approximately 50 °C. However, it has since been established that Q10 

varies seasonally and has been found to decelerate in response to warming in a way that is 

consistent across biomes and different plant functional types (Atkin et al. 2000, O'Sullivan et 

al. 2013, Heskel et al. 2016).  At low temperatures, Q10 is thought to be limited by maximum 

catalytic enzyme activity, whilst at moderate temperatures substrate availability declines to 
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become limiting instead. At very high temperatures, enzyme activity again becomes limiting, 

due to increased deactivation of respiratory processes (Taiz and Zeiger 2010).  

With the onset of warming it is unlikely that the ratio of photosynthesis to respiration will be 

maintained, especially under temperature extremes. Both photosynthesis and respiration 

are thought to exhibit greater acclimation to new temperatures in new leaves than pre-

existing leaves (Atkin and Tjoelker 2003), but the extent of acclimation depends on the 

thermal regimes compared and species studied (Atkin et al. 2005). Dark respiration (Rd) has 

been found to acclimate more readily than photosynthesis across many functional groups, 

temperature, nutrient and drought regimes (Campbell et al. 2007, Metcalfe et al. 2010, Way 

and Oren 2010, Atkin et al. 2015, Rowland et al. 2015, Slot and Kitajima 2015, Rowland et al. 

2016). Where acclimation of photosynthesis does occur, plant growth may still decrease: 

Way and Yamori (2014) describe this as a detractive acclimatory adjustment. This potential 

difference in constructive acclimatory potential between photosynthesis and respiration has 

implications for the carbon balance and performance of individuals and communities, 

potentially contributing to mortality under climate warming scenarios (Campbell et al. 2007, 

Way and Oren 2010, Slot and Winter 2016). 

1.4.2  Response of functional traits to changing climate 

Functional leaf traits have been widely used as a tool to explore ecosystem composition, 

function and processes, as well as to predict the response of communities to changing 

climate (Wright et al. 2005, Ordoñez et al. 2009, Kattge et al. 2011, Díaz et al. 2013). At large 

spatial scales advances in canopy-level mapping of leaf anatomical and physiological traits 

enable the efficient monitoring of inaccessible (Pieruschka et al. 2014, Jeong et al. 2017) and 

highly-species diverse communities over time (Lavorel and Garnier 2002, Ananyev et al. 2005, 

Messier et al. 2010, Asner et al. 2013, Joiner et al. 2014, Asner et al. 2016, Fyllas et al. 2017). 

Temporal variation in reflective vegetation indices and measures of physiological stress show 

canopy-level responses of the Amazon basin to seasonality of rainfall and cloud cover as well 

as extreme drought-related events, enabling detection of declines in photosynthetic 

productivity as a result of climatic stress (Asner and Alencar 2010, Lee et al. 2013, Guan et al. 

2015, de Sousa et al. 2017). 

At the plant level, acclimation to changing water and light stress are often evident in the 

ǀaƌiatioŶ ǁithiŶ aŶ iŶdiǀidual͛s aŶatoŵiĐal leaf tƌaits. For example, shade leaves maximise 
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their ability to capture light, increasing their specific leaf area (SLA) , whereas sun leaves have 

thicker leaves with greater investment in photosynthetic capacity and nutrients per unit leaf 

area (Jones 1992, Poorter et al. 2009). Leaf traits often vary more extensively among 

individuals and species, as changes in environmental stress alter the trade-off between 

conservative (stress-tolerant) and acquisitive (resource-competitive) resource allocation 

strategies as per the leaf economic spectrum (Wright et al. 2004). Where stress is greatest, 

traits are expected to be the most conservative, with lower SLA and higher leaf thickness and 

nutrients contents (area-basis) relative to their acquisitive counterparts (Loehle 1998, Wright 

et al. 2004, Read et al. 2014, Vitasse et al. 2014).  

Under very high irradiances, shade leaves are able to avoid or rapidly disperse excess light; 

through leaf orientation, increased stomatal conductance and in the use of leaf pigments 

(Morales et al. 2006). However when these mechanisms are not sufficient, for example in 

combination with water deficits or under high ultraviolet (UV-B) radiation, individuals can 

suffer photoinhibition and long-term damage to the photosynthetic machinery (Jones 1992, 

Caldwell et al. 1995, Krause et al. 2003, Larcher 2003, Bader et al. 2007). Chlorophyll 

fluorescence analysis provides an effective tool to rapidly assess changes in the efficiency of 

photosystem II (PSII) that may indicate photoinhibition or long-term stress (Maxwell and 

Johnson 2000). Many parameters can be calculated from a single fluorescence trace (Figure 

1-3). The most useful are the quantum yield of photosystem II (ΦPSII), which is the proportion 

of quantum energy used in photochemistry (light-adapted) (Equation 1) and the potential 

quantum efficiency of PSII (dark adapted Fv /Fm) (Equation 2): 

ΦPSII =
;Fŵ' - FtͿ

Fŵ'
                                                                                                                                 ;ͳͿ   

    Fǀ /Fŵ =
;Fŵ - F0Ϳ

Fŵ
                                                                                                                                  ;ʹͿ   

 Where Fm’ and Ft are maximum and steady state fluorescence under light-adapted 

conditions and Fm, F0 and Fv are maximum, minimum and variable fluorescence under dark-

adapted conditions (Figure 1-3).  
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ΦPSII shows the extent of energy use by PSII and overall rates of photosynthesis at one time 

point and is commonly used to show reversible changes in leaf-level photosynthesis over 

diurnal cycles. Fv /Fm is useful in determining whether the plant is experiencing long-term 

stress, as it shows depressions in efficiency during a fully relaxed dark-adapted state. When 

a plant experiences thermal damage, minimum fluorescence (F0) is found to increase 

whereas maximum fluorescence (Fm) decreases. Generally values of Fv /Fm above 0.8 indicate 

that the plant is not experiencing physiological stress, whereas values below 0.6 indicate 

long-term depressions in photosynthetic efficiency from which the individual is unlikely to 

fully recover (Krause et al. 2010, Murchie and Lawson 2013).  

 Vulnerability of tropical trees to climate change 

1.5.1 Comparisons between functional groups 

Relative to other functional groups, tropical forests are considered to be more vulnerable to 

changing climate. This is due to the narrower range of climatic conditions experienced during 

tƌopiĐal speĐies͛ eǀolutioŶaƌy histoƌy aŶd the laƌge distaŶĐes ƌeƋuiƌed foƌ theŵ to ŵigƌate to 

their climate analogues (Cunningham and Read 2003a, Cunningham and Read 2003b, Wright 

et al. 2009, Feeley and Rehm 2012). In a meta-analysis Way and Oren (2010) found that 

Fm 

Fm’ 

F0 

Ft 

↑ 

Measuring light 

 

↑ 

Actinic light 

 

↑ 

Sat. pulse 

 

↑ 

Sat. pulse 

 

Figure 1-3 Fluorescence trace adapted from Murchie and Lawson (2013) using dark-adapted leaf 

material. Minimum fluorescence (F0) was measured under a weak measuring light, followed by a 

saturating light pulse to measure maximum fluorescence (Fm). Variable fluorescence (Fv) is the 

difference between these parameters. After exposure to actinic light a saturating pulse is applied to 

obtain light-adapted maximum (Fm’), and steady state fluorescence (Ft).  

Fv 
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tropical and subtropical trees were more likely to experience reduced growth as a result of 

higher temperatures (+3 to +6 °C) than trees from cooler environments. This could partly be 

explained by the proximity of each group to their optimum growth temperature; species 

from cooler climates were found to exist further from their optimum growth temperature 

than tropical species i.e. warming moves them closer to their optimum. Similarly tropical 

species are considered to be closer to their temperature optimum for photosynthesis, with 

observed declines in productivity linked to recent climatic warming and drought events (Clark 

2004, Doughty and Goulden 2008, Lloyd and Farquhar 2008, Doughty 2011, Clark et al. 2013). 

1.5.2 Comparisons between lowland and montane species 

Montane species are adapted to tolerate the increasing environmental stress due to low 

temperatures, diurnal temperature differences and increased UV-radiation. However, the 

increasing tendency towards conservative traits with elevation (increases in leaf mass per 

unit area (LMA) and leaf nitrogen per unit area (Na)) make montane species less able to 

respond to climate warming than lowland species (Read et al. 2014), as they are less able to 

compete with acquisitive, fast growing species that may migrate into their habitat as the 

climate warms (Way and Oren 2010). Based on historic range shifts in response to changing 

climate, montane species have previously been replaced by upslope encroachment of lower-

elevation species during warmer and drier time periods (Bush et al. 2004, Colwell et al. 2008, 

Morueta-Holme et al. 2015). 

Tropical lowland species are considered at greater risk of experiencing high temperature 

stress than montane tree species due to the proximity of their photosynthetic temperature 

optima to current and predicted extreme climatic events (Colwell et al. 2008, Doughty and 

Goulden 2008, Corlett 2011). Experimental warming studies demonstrate that montane 

species are more sensitive to warming than lowland species; although there was no 

difference in the temperature optima for Vcmax (~37 °C), they had lower temperature optima 

of photosynthesis for Jmax (~30 °C relative to ~36 °C in lowland species) (Vårhammar et al. 

2015). When tropical montane species have been grown under warmer temperatures (~ 

+5 °C difference) they have been found to reduce their photosynthetic capacity at a given 

temperature (Dusenge et al. 2015). These studies remain very rare and the effect of these 

adjustments to warming on growth and survival were not investigated.  
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A moderate increase in night-time temperature (+3 °C to + 6 °C) has been found to increase 

the growth of lowland tropical seedlings, doubling seedling biomass, increasing leaf area and 

decreasing LMA, with some evidence of thermal acclimation of Rd under controlled 

conditions (Cheesman and Winter 2012). Slot and Winter (2017) showed that lowland and 

lower montane tropical species are able to maintain growth rates with a +5 °C increase in 

growth temperature by shifting their optimum temperature of photosynthesis to a warmer 

value and down-regulating their rates of Rd. However, thermal acclimation was imperfect, 

resulting in plants operating at above optimal temperatures for photosynthesis with greater 

levels of warming (+8 to +10 °C). Similarly, Cheeseman and Winter (2013) showed that a 

moderate increase in growth temperature (+ 3 °C) above ambient (~30 °C ) elicited a similar 

growth response in populations of a lower montane and lowland early-successional species, 

whereas an increase of  + 6 °C caused declines in growth and an increase of + 9 °C resulted in 

the death of the montane species. This was despite the lower montane species range 

extending into the lowlands, suggesting that the local montane population may have differed 

from the local lowland population, possibly through local epigenetic variation, 

developmental factors or genetic drift (Hargreaves et al. 2014).  
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 Overview of thesis 

1.6.1 Thesis aims  

The overarching thesis aim is to explore whether Neotropical tree seedlings of different 

species are able to survive and grow under an experimental change in climate and to assess 

speĐies͛ aĐĐliŵatoƌy aďilities thƌough the study of aŶatoŵiĐal aŶd physiologiĐal leaf tƌaits. 

Upslope shifts in populations as well as community composition-related shifts in functional 

traits have been observed along the Kosñipata gradient; however, the mechanisms behind 

these shifts have not been explored. There is little understanding of how intra-specific 

functional traits change with elevation and ontogenetic stage (life-stage), or if these changes 

eŶhaŶĐe iŶdiǀiduals͛ fitŶess iŶ ƌespoŶse to Đliŵate change. In particular, this thesis addresses 

the following questions through both an observational study of trait distributions and a real-

world seedling transplant experiment:  

 

 

Can we use leaf 
traits to 

understand how 
species respond to 

climate change? 

Do tree species 
differ in their 

response to climate 
change? 

How do tree 
seedlings perform 
with a ±2 °C and  
±4 °C change in 

climate? 

Is there evidence 
that tree seedlings 

can acclimate to 
new transplant 

conditions? 

To measure anatomical and 
physiological traits of 
seedlings and adults in 
response to elevational 
shifts in climate 

To test for intraspecific and 
interspecific differences in 
leaf tƌaits at speĐies͛ ƌaŶge 
edges 

To assess the current extent 
of speĐies͛ fuŶĐtioŶal tƌait 
variation in response to 
elevational shifts in climate 

To measure changes in 
seedling physiological stress 
in response to ±2 and ±4 °C 
transplantation 

To assess evidence for 
physiological stress, 
declines in survival and 
restrictions of growth after 
transplantation  

To detect between-species 
differences in seedling 
response to transplantation 

To measure seedling 
survival, stress and growth 
response to transplantation 
over time 

To measure changes in 
seedling physiological and 
anatomical traits in 
response to transplantation 

To assess the evidence of 
acclimatory shifts in 
seedling physiology and 
anatomy in response to 
transplantation 

To test for differences in 
response between species 
of different elevational 
groups 

To measure the response of 
seedling leaf physiology and 
anatomy to transplantation 

3. Can upslope shifts along 
an Andes-Amazon migratory 
corridor be explained by 
changes in leaf and 
physiological stress at the 
lower range edge? 
 

4. The response of Andean 
tree seedlings to a 100 year 
shift in climate warming 

5. Pushing the limits: using 
an elevational gradient to 
experimentally test the 
acclimation of Neotropical 
tree seedlings to changing 
climate 
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Figure 1-4 Thesis questions and specific aims colour-coded to indicate thesis themes.  
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1.6.2 Thesis structure 

Chapter 2- Seedling transplant experiment along the Kosñipata gradient 

-An overview of the gradient, including abiotic and biotic trends with elevation  

-The rationale behind the transplant experiment and approach taken 

-Interpreting and predicting the response of seedlings to transplantation 

Chapter 3- Can upslope shifts along an Andes-Amazon migratory corridor be explained by 

changes in leaf and physiological stress at the lower range edge? 

-An overview of the importance of studying inter-specific and intra-specific leaf trait 

variation in the tropics 

-Assessing intra-specific and ontogenetic differences in traits and stress at the extremes of 

a speĐies͛ natural elevational range 

Chapter 4- 100 years of climate warming: tracking the response of Neotropical tree seedlings 

to real world changes in climate 

-Current predictions of the response of Andean trees to end-of-century warming 

-Measuring the response of seedlings to transplantation in terms of their survival, 

physiological stress, and growth response 

Chapter 5- Pushing the limits: using an elevational gradient to experimentally test the 

acclimation of Neotropical tree seedlings to changing climate 

-The importance of understanding the mechanisms behind acclimatory responses to 

changing climate  

-AssessiŶg the aĐĐliŵatoƌy ƌespoŶse of seedliŶg͛s aŶatoŵiĐal tƌaits aŶd carbon-related 

physiological processes 

Chapter 6- Synthesis and Conclusions 

-An overview of the key findings in relation to the thesis aims and questions
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. Seedling transplant experiment along an Andes to 

Amazon gradient 

 Study Site 

2.1.1 Kosñipata valley location 

This study takes place along a 3000 m elevational gradient extending from the Kosñipata 

Valley of Manu National Park, along the south-eastern slopes of the Peruvian Andes, down 

to the Madre de Dios Amazonian region (Figure 2-1). The elevational gradient, hereafter 

referred to as the Andes-Amazon gradient, has been studied in detail for 10-15 years, with 

research focussed on a series of 1 ha permanent plots established by the Andes Biodiversity 

and Ecosystem Research Group (ABERG), at intervals from 200-3500 m (Zimmermann et al. 

2009, Malhi et al. 2010, Rapp and Silman 2012, Girardin et al. 2013b, Nottingham et al. 2015b, 

Malhi et al. 2016). The montane sites were located along a 10 km stretch of the Andes-

Amazon gradient: the top of the cloud immersion zone (2950 m asl); within the cloud 

immersion zone (2550 m asl, 2150 m asl and 1750 m asl); and at the lower edge of the cloud 

Figure 2-1 Relief map of study plots along the Andes-Amazon elevational gradient. Diamonds show the 

location of the study plots (Google 2017). 
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base (1550 m asl) (Girardin et al. 2013a). The lowest sites (800 m asl and 450 m asl) were 

located in lowland forest near the town of Pillcopata and at the base of the Pantiacolla range 

(Figure 2-1).  

2.1.2 Abiotic changes with elevation 

The general abiotic trends associated with an increase in elevation are: a decrease in 

atmospheric pressure (and partial pressures of CO2 and O2); a decrease in temperature; an 

increase in radiation with clear skies; and an increase in UV-B relative to solar radiation 

(Körner 2007). The Andes-Amazon gradient follows these general trends, with a linear 

environmental lapse rate of approximately 5°C km-1 (Rapp and Silman 2012, Malhi et al. 2016). 

The region has a particularly high UV-Index (Liley and McKenzie 2006), with the highest levels 

of UV-damage expected during clear-sky events at higher elevations (Rehm and Feeley 2013). 

The most abrupt change in environmental conditions along the Andes-Amazon gradient 

occur at the transition zone between lowland forest and montane cloud forest (1500 - 2000 

m asl), which is characterised by a sharp change in geology, soil properties, slope and 

radiation in the presence of the cloud base (Zimmermann et al. 2010, Halladay et al. 2012a, 

Rapp and Silman 2012, Whitaker et al. 2014, Malhi et al. 2016) (Table 2-1). Cloud dynamics 

drive many of the temporal and elevational changes in microclimate along the gradient; such 

as decreases in photosynthetically active radiation (PAR), vapour pressure deficit (VPD) and 

temperature in the presence of the cloud base. The footprint of the cloud base changes 

seasonally: during September and October the cloud base shifts upslope, so VPD in the 

transition zone exceeds 1-1.2 kPa for 20% of the time, whereas during May and June the 

cloud base shifts downslope exposing high elevations (Rapp and Silman 2012). Cloud 

frequency along the eastern slopes of the Andes correlates with Pacific and Indian Ocean sea 

surface temperatures and the occurrence of El Niño-Southern Oscillation (ENSO) events. An 

increase in the occurrence of El Niño events is predicted to decrease cloud frequency along 

the Andes-Amazon gradient and increase the risk of drought (Halladay et al. 2012b). 

Total soil nutrients (N and P) and the N:P ratio are variable along the Andes-Amazon gradient, 

although N:P ratios tend to increase with elevation within the mineral soil but decrease in 

organic soil (Zimmermann et al. 2012, Whitaker et al. 2014, Nottingham et al. 2015a, 

Nottingham et al. 2015b). The availability of nutrients to plants decreases along the Andes-

Amazon gradient due to a number of direct and indirect impacts of lower temperatures on 
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the rate of decomposition processes (Nottingham et al. 2015a). Extremes of soil moisture 

also limit soil processes: either water-logging as a consequence of low levels of evaporation, 

or shortages due to poor retention in shallow soils on slopes, although the evidence to date 

shows little indication of soil water limitation (Zimmermann et al. 2010) (Table 2-1). 

 Table 2-1 Summary of abiotic variables for plots at each transplant elevation. Where measurements were not made 

during the transplant experiment, data are provided from nearby 1 ha study plots a (Malhi et al. 2016), b (Whitaker et 

al., 2014),  c (Nottingham et al. 2015)  

RAINFOR PAN02 NA SPD02 SPD01 TRU07 TRU05 TRU03 

Site name Pantiacolla  
Villa 
Carmen 

San Pedro  San Pedro  
Trocha 
Union VII 

Trocha 
Union V 

Trocha 
Union III 

Elevation  

(m asl) 
426 (5) 861 (8) 1487 (80) 1786 (17) 2140 (25) 2525 (14) 2900 (15) 

Longitude -12.65250 -12.86873 -13.04774 -13.04658 -13.07729 -13.09347 -13.10825 

Latitude -71.23777 -71.40565 -71.53608 -71.54358 -71.56247 -71.57422 -71.59618 

Slope (°) na na 27.1a 30.5 23.0 (9.4) 13.9 (6.6) 18.8 (7.9) 

Aspect (°) na na 125 a 117 83 (68) 196 (123) 117 (87) 

Solar 
Radiation  

(GJ m-2 yr -1) a 

3.82 na 4.08 4.36 na na na 

Precipitation 

(mm yr-1) a 
2366 3087 5302 5302 1827 na 1776 

MAT (°C) a 23.5 na 18.8 17.4 17.4 na 11.8 

Soil parent 

Material b 
Alluvial na 

Plutonic 

intrusion 
(granite) 

Plutonic 

intrusion 
(granite) 

Palaeozoic 
shales-

slates 
(granite) 

Palaeozoic 

shales-
slates 

Palaeozoic 

shales-
slates 

Soil Type b Plinthosol a na Cambisol Cambisol Cambisol na Umbrisol 

Soil Organic 

Layer Depth 

(cm) b 

NA 3.6 16.0 9.6  16.8 13.6 17.2 

Total Soil C 

content (%) 
3.4 (1.3) 6.9 (1.9) 11.1 (6.6) 26.0 (10.0)c 37.0 (4.8)c 25.8 (5.7)c 27.1 (5.5)c 

Total Soil N 

content (%) 
0.16 (0.10) 0.42 (0.12) 0.61 (0.50) 1.56 (0.50)c 2.0 (0.24)c 1.73 (0.34)c 1.57 (0.21)c 

Total Soil P 

content  
(mg P g-1) 

0.80 (0.14) 0.66 (0.08) 1.59 (0.40) 1.44 (0.09)c  0.71 (0.10)c 0.98 (0.14)c 0.92 (0.13)c 

Tleaf  (°C) 29.7 (1.5) na 23.8 (1.9) na 21.5 (2.9) na 16.9 (1.4) 

Tsoil (°C ) 22.5 (0.3) na 17.2 (0.4) na 15.3 (0.6) na 10.6 (0.5) 

Soil Moisture 
Content (%) 

42.4 (8.6) na 43.1 (5.9) na 40.5 (9.6) na 58.7 (11.3) 

Canopy 

Openness (%) 
       

Open plot 5.3 (2.8) 10.3 (3.0) 13.9 (3.4) 20.7 (6.5) 23.4 (8.2) 16.2 (4.9) 19.8 (8.7) 

Shaded plot 4.8 (1.2) 10.6 (1.2) 11.5 (2.1) 13.2 (3.2) 14.2 (2.8) 13.4 (1.2) 14.8 (2.9) 

MAT, mean annual air temperature; Tleaf, leaf temperature; Tsoil, daytime soil temperature  
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2.1.3 Biotic changes with elevation 

As previously described (section 1.3) the Andes-Amazon gradient has been identified as a 

migration corridor for tropical trees, with upslope migration rates estimated to be 2.5 m  

year-1 (±95% CI= +0.6 to +4.9 m year-1) at montane sites (Feeley et al. 2011). In addition to 

this study, the ABERG group have reported on elevational changes in forest functional traits, 

canopy structure, productivity and biological interactions (Table 2-2). 

Table 2-2 Reported biotic trends with increased elevation along the Andes-Amazon gradient. 

Elevation 

(m asl) 
Significant decrease Significant increase No significant change Author 

194-3644 Macrofaunal leaf 

decomposition 

  (Hicks 2016) 

120-3537 GPP, LAI  CUE, NPP allocation, Ra,  

Vcmax , Jmax  

(Malhi et al. 2016) 

132-3379 Leaf N:P ratio Vcmax25, Jmax25, Vcmax25: Na  

N fraction allocated to 
Rubisco and electron 

transport 
Leaf Na, Leaf Pa, LMA 

Jmax25: Vcmax25, Total N 

fraction allocated to 
carbon metabolism and 

pigment-proteins 

(Bahar et al. 2016) 

194-3400 P constraint on 
microbial processes, 

total N mineralisation, 
enzymic activity 

Enzymic N:P ratio 
N constraint on 

microbial processes 

Microbial nutrient ratios (Nottingham et al. 
2015b) 

194-3644  Relative importance of 
fungal to bacterial 

microbial decomposers 

 (Whitaker et al. 
2014) 

200-3500 Canopy height and NDVI Gaps ha-1, % 

understorey cover 

 (Asner et al. 2013) 

210-3450 Tree height, above-

ground woody biomass, 
species richness (> 1500 

m asl) 

Species, genus and 

family richness (< 1500 
m asl) 

Stem density, basal area, 

species richness (peaks 
at 1000-1500 m asl) 

(Girardin et al. 

2014) 

1750-

3400 

Tree growth between 

species, herbivory 
(unpublished) 

 Tree growth within 

species 

(Rapp et al. 2012) 

Lowland 
lit.- 3025  

 Rd25 , LMA Vcmax25, Jmax25, Rd  (van de Weg et al. 
2012) 

194-3025 Total NPP, Above 
ground NPP, below 

ground NPP, Above-
ground woody biomass  

Disturbance rates, 
belowground C 

residence time 

Allocation of NPP, 
relative C stock shifts 

from above to below 
ground 

(Girardin et al. 
2010) 

194-3025 Stem Respiration, tree 

growth rate 

  (Robertson et al. 

2010) 
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1000-
3450 

Seed predation Seed survival  (Hillyer and Silman 
2010) 

200-3600 Leaf Nmass 

 
LMA, leaf Pa Leaf N:P ratio, Pmass, Na (van de Weg et al. 

2009) 

GPP, Gross primary productivity; LAI, leaf area index; CUE, carbon use efficiency; NPP, net primary productivity; 

Vcmax, the maximum rate of Rubisco carboxylation at ambient temperature; Jmax, the maximum rate of RuBP 

regeneration at ambient temperature; Vcmax25, the maximum rate of Rubisco carboxylation adjusted to 25 °C; 

Jmax25, the maximum rate of RuBP regeneration adjusted to 25 °C; Jmax25:Vcmax25, the ratio of the maximum rate 

of Rubisco carboxylation and the maximum rate of RuBP regeneration, adjusted to 25 °C;  Vcmax25:Na, the ratio 

of the maximum rate of Rubisco carboxylation adjusted to 25 °C per gram of leaf Nitrogen; Ra, autotrophic 

respiration; Rd, area-based respiration measured in the dark at ambient temperature; Rd, area-based respiration 

measured in the dark adjusted to 25 °C; LMA, leaf mass per unit area; Na, leaf nitrogen content on an area basis; 

NDVI, normalised vegetation index; Pa, leaf phosphorus content on an area basis; Nmass, leaf nitrogen content on 

a mass basis; Pmass, leaf phosphorus content on a mass basis; N:P ratio, ratio of leaf nitrogen and leaf 

phosphorus. 

The frequency of conservative leaf traits increase with elevation along the Andes-Amazon 

gradient in response to the increased environmental stressors such as UV-B radiation:  LMA 

and Na increase by approximately 50% from lowland to montane sites and leaf phosphorus 

content on an area basis (Pa) approximately doubles (Flenley 1995, van de Weg et al. 2009, 

Bahar et al. 2016). Although leaf N:P ratios have been found to decrease with elevation, they 

remain higher than the limiting threshold (<10) (Güsewell 2004), suggesting that cloud forest 

species are not nitrogen limited. Similarly, soil microbes within the montane forests exhibit 

traits that increase their nitrogen uptake (Nottingham et al. 2015b), yet they did not seem to 

be directly constrained by nitrogen availability (Hicks 2016). In contrast, leaf phosphorus 

content is thought to be limiting at some lowland sites (van de Weg et al. 2009, Fisher et al. 

2013, Rowland et al. 2016); as evidenced in the correlation between both soil and leaf 

phosphorus content with photosynthetic capacity (Bahar et al. 2016). In terms of soil 

microbial activity, phosphorus has not been found to be directly limiting (Hicks 2016), but 

there may still be indirect effects of low phosphorus on microbial activity (Nottingham et al. 

2015a, Nottingham et al. 2015b). 

As elevation increases, the forest becomes shorter in stature and gaps become more 

frequent, reducing the normalised difference vegetation index (NDVI) and leaf area index 

(LAI) of the canopy (Asner et al. 2013, Girardin et al. 2013b, Malhi et al. 2016). There is also 

an observed decrease in tree growth (Robertson et al. 2010, Rapp et al. 2012), above-ground 

woody biomass and total net primary productivity (NPP) with increasing elevation (Girardin 

et al. 2010, Girardin et al. 2014, Malhi et al. 2016). The reasons for low productivity at higher 

elevations have evaded clear understanding for several decades (Bruijnzeel and Veneklaas 

1998, Tanner et al. 1998, Vitousek 1998, Letts and Mulligan 2005, Fahey et al. 2016), with 
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multiple explanations surrounding temperature, light availability, leaf and soil wetness, 

nutrient availability and multiple combinations of these.  A number of recent analyses of the 

forests in the region have progressed the debate, linking reduced productivity to low gross 

primary productivity (GPP) (van de Weg et al. 2014, Malhi et al. 2016, Fyllas et al. 2017).  

Recent studies investigating productivity along the Andes-Amazon gradient have shown 

significant increases in temperature-adjusted values (adjusted to 25 °C) of Rd25 (area-based 

respiration measured in the dark) (van de Weg et al. 2012), Vcmax25 (the maximum rate of 

Rubisco carboxylation) and Jmax25 (the maximum rate of RuBP regeneration) in higher 

elevation communities (Bahar et al. 2016). This greater investment in physiological capacity 

enables higher metabolic rates at lower temperatures as experienced at high elevations. 

Consistent with this, measurements at leaf temperatures of 20 - 25 °C suggest that net 

photosynthetic rates of tropical montane cloud forests (TMCF) are similar to those of lowland 

forests (LF) (Malhi et al. 2016). However, montane daily temperatures fall far below these 

temperatures (9 °C -18 °C), so it may be that further testing under these lower ambient 

temperatures could reveal a different pattern (van de Weg et al. 2014). It is therefore still 

unclear whether the more conservative leaf trait strategies observed in upland species 

enable these individuals to maintain high levels of productivity at lower temperatures i.e. 

through the upregulation of photosynthetic capacity and N-use efficiency (van de Weg et al. 

2009, van de Weg et al. 2012, van de Weg et al. 2014, Malhi et al. 2016).   

In addition to the abiotic stress gradient along the Andes-Amazon gradient, there is evidence 

of a biotic stress gradient: as with other environmental gradients in the tropics (Krömer et al. 

ϮϬϬϱ, Bƌehŵ et al. ϮϬϬ7, Rodƌíguez‐Castañeda et al. ϮϬϭϬͿ, species richness has been found 

to peak at mid-elevations (1000 – 1500 m asl), coinciding with the transition between lowland 

and montane forest (Girardin et al. 2014). With increased elevation beyond this peak a 

reduction in pressure from predation has been linked to an increase in seed survival (Hillyer 

and Silman 2010) and a decrease in herbivory (Rapp et al. 2012). 

 Rationale for transplant experiment 

Although retrospective observational studies are the most common way to monitor speĐies͛ 

range shifts over time (Sexton et al. 2009), correlative approaches are limited in their capacity 

to predict future responses to climate change. In comparison, controlled experiments are 

able to test the response of species to one or more environmental variables, such as warming 
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and drought, ǁhiĐh ĐaŶ ďe used to ideŶtifǇ speĐies͛ fuŶdaŵeŶtal ŶiĐhe. Hoǁeǀeƌ, uŶdeƌ ƌeal-

world conditions, the distribution of a species is affected by a combination of both abiotic 

and biotic factors, e.g. competition, predation, parasitism and mutualism, termed the 

realised niche (Colwell and Rangel 2009). Transplant experiments incorporate both abiotic 

and biotic factors in their design, allowing more realistic space-for-time simulations of future 

climate change scenarios.  

Limitations to tree species͛ distributions arise at the point of pollination, seed dispersal, 

germination, seedling establishment and juvenile to adult recruitment. The lifetime fitness 

of an individual is a combination of all these factors, and when taken across a population 

provides the best measure of species response. However, direct measures of lifetime fitness 

are impractical. Of the factors contributing to lifetime fitness, those affecting early 

ontogenetic stages are arguably the most important, as seedlings are most susceptible to 

environmental fluctuations (Ettinger and HilleRisLambers 2013) and thus experience the 

highest levels of density-dependent mortality (Grubb 1977, Ishida et al. 2005, Bell et al. 2006, 

Poorter 2007). So although seedling transplant experiments cannot provide a direct 

assessŵeŶt of aŶ iŶdiǀidual͛s lifetiŵe fitŶess (Hargreaves et al. 2014), indirect measures can 

ďe ŵade fƌoŵ seedliŶgs͛ peƌfoƌŵaŶĐe, e.g. suƌǀiǀal, gƌoǁth oƌ ďioŵass aĐĐuŵulatioŶ.  

 Transplant approach 

In order to keep pace with predicted warming over the next century, trees along the Andes-

Amazon gradient need to migrate upslope by 300 - 1300 m, given a lapse rate of -5 °C km-1 

(Rapp and Silman 2012). Based on current mean migration rates (2.5 m year-1, ±95% CI= +0.6 

to +4.9 m year-1) and moderate warming (+ 4°C) this is unattainable for the majority of species. 

Figure 2-2 TraŶsplaŶt sites relatiǀe to a hoŵe traŶsplaŶt site ǁithiŶ the species’ raŶge. Sites siŵulatiŶg cliŵate 
warming were equivalent to +2 °C and +4 °C and upslope migration equivalent to -2 °C and -4 °C. 
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To predict the response of tree species to this end-of-century warming, we carried out a 

seedling transplant experiment moving individuals along the Kosñipata gradient away from 

the ĐeŶtƌe of eaĐh speĐies͛ loĐal distƌiďutioŶ ďǇ the eƋuiǀaleŶt of +/- 2 °C and +/- 4 °C (Figure 

2-2).  

2.3.1 Species selection 

Species were primarily chosen based on their local abundance and local and Neotropical 

range, incorporating species with different elevational range widths centred on three 

elevational communities; lowland forest (LF), lower/ sub-montane forest (LMF) and tropical 

montane cloud forest (TMCF). The observed response of each species to recent climate 

change was considered in the selection, i.e. fast or slow migrators, however no clear 

distinction could be made between species, due to small sample sizes at the species-level in 

the current census record (Feeley et al. 2011). 

Table 2-3 Tree species selected for transplant experiment by elevational community. Abundance and range 

widths are estimated from a series of 1 ha plots along the Andes to Amazon gradient (Feeley et al. 2011). *Hemi-

epiphytic species (Austin 1993). a  (Stimm et al. 2008),  b (Lüttge 2007), c (Roth 1987), d (Graham 1984), e (Todzia 

1988),  f (Russo et al. 2005), g (Swaine and Beer 1977), h (Swamy 2008). 

 
Species Family Abundance 

Range 

width 

Migratory 

class. 
Dispersal 

T
M

C
F 

Clethra revoluta Clethraceae 182 1250 Stable Winda 

Clusia thurifera*  Clusiaceae 172 750 Stable Birdsb 

Myrcia splendens Myrtaceae 87 1905 Stable Birdsc 

Alzatea verticillata* Alzateaceae 423 750 Change Most likely by windd 

Hedyosmum 

goudatianum 
Chloranthaceae 96 1700 Change Birds e 

Schefflera patula* Araliaceae 41 700 na 
Birds, bats and 

mammalsc 

LM
F 

Tapirira cf. guianensis Anacardiaceae 37 655 Stable Birds and mammalsc 

Guatteria glauca Anonaceae 47 550 Stable 
Birds, bats and 
mammalsc 

Dictyocaryum 

lamarckianum 
Arecaceae 5 550 Change Birds and batsc 

LF
 

Cedrelinga cateniformis Fabaceae 32 825 na Mammalsf 

Theobroma cacao Malvaceae na na na Mammalsh 

Iriartea deltoidea Arecaceae 215 1325 na Mammalsf 

Brosimum lactescens Moraceae 7 1325 na Birds and mammalsfh 

Hura crepitans Euphorbiaceae na na na Explosiveg 

Celtis schippii  Cannabaceae na na na Birdsh 

Leonia glycyarpa Violaceae 11 450 na Mammalsh 

TMCF, Tropical montane cloud forest; LMF, lower montane cloud forest; LF, lowland forest. 

http://en.wikipedia.org/wiki/Clusiaceae
http://en.wikipedia.org/wiki/Myrtaceae
http://en.wikipedia.org/wiki/Chloranthaceae
http://en.wikipedia.org/wiki/Araliaceae
http://www.theplantlist.org/1.1/browse/A/Cannabaceae/
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2.3.2 Seedling translocation 

Seeds and seedlings of each species were selected from the centre of their local elevational 

range. They were grown in herbivore-exclusion shade houses, near their elevational 

community centre (Figure 2-3, a), for at least two months prior to transplantation to sites 

within the forest. Species were allocated at random to 6 of up to 18 open plots at each 

transplant elevation, resulting in mixed plots of at least three species. Within each plot, 

subplots were chosen in open and more shaded environments, according to canopy 

openness (%) measurements, and cleared of understorey vegetation (Figure 2-3, b, c). These 

Figure 2-3 Transplant set-up: (a) 

pre-transplant shade house at 

home elevation; (b) gap subplot; 

(c) shade subplot; (d) transplanted 

seedling in situ; (e) transplanted 

seedling in pot; (f) 

micrometeorological station. 

(a) (b) 

(c) 

(d) 

(e) (f) 
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subplots were then maintained at monthly intervals during the transplant experiment. 

Where seedling populations allowed (depending on germination success at the community 

centre), six individuals per species were randomly allocated to each subplot, totalling a 

maximum of 72 seedlings across 12 subplots and 6 plots at each transplant elevation.  

Seedlings were transplanted into local soils, but without cleaning the roots. This was in order 

to maintain mycorrhizal community associations that are predicted to shift with changes in 

elevation along the Andes-Amazon gradient (Nottingham et al. 2015a). Seedlings were 

transplanted into well-draining plastic pots (3.77 l), which were buried to local soil level 

(Figure 2-3, d, e). This allowed seedlings to be transported in order for sensitive physiological 

measurements to be made efficiently and safely. Seedlings were observed to maintain their 

root system within the confines of the pots for the duration of the experiment.  

2.3.3 Micrometeorology 

In addition to seedling transplantation, micrometeorological stations were installed in the 

understorey (0.5 m above ground level) in one gap and one shade plot at each transplant 

elevation. Each station consisted of a temperature/ relative humidity smart sensor (HOBO, 

12-bit, #S-THB-M002; resolution of 0.02 °C at 25 °C; temperature accuracy of +/- 0.21 °C from 

0 to 50 °C; relative humidity accuracy of +/- 2.5 % from 10 % to 90 % humidity, mounted 

inside a  protective enclosure), a soil moisture smart sensor (10HS #S-SMD-M005; resolution 

of 0.08 %; accuracy of +/- 3.3 % from 0 to 50 °C) and a photosynthetically active radiation  

(PAR) smart sensor (#S-LIA-M003; resolution of Ϯ.ϱ μŵol ŵ-2 s-1; accuracy of +/- ϱ μŵol ŵ-2 s-

1 with an additional temperature-induced error +/- 0.75 μŵol ŵ-2 s-1 above 25 °C; Cosine 

corrected 0 - 80 °, 360 ° rotation). Data were logged every hour (HOBO U23 Pro v2 External 

Temperature Logger #U23-004, HOBO USB micro station data logger #H21-USB) during the 

set-up and throughout the transplant experiment (Figure 2-3, f).   

2.3.4 Measuring seedling response to transplantation 

The response of a species to transplantation is best evaluated by investigating the impact on 

aŶ iŶdiǀidual͛s lifetiŵe fitŶess, defiŶed as the Đuŵulatiǀe ƌesult of tƌaits eǆpƌessed 

thƌoughout aŶ oƌgaŶisŵ͛s life (Hargreaves et al. 2014), such as establishment, survival and 

reproduction. In the absence of these lifetime measures, performance may still be assessed 

through the study of these components at critical life-stages. In this study seedling survival 
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over a one year period was used as a direct assessment of fitness, and growth as an indicator 

of habitat quality and future performance. Where mortality occurred, evidence of biotic 

limitations such as leaf damage, were recorded. In addition, throughout the transplant period 

seedling physiological stress was monitored (section 1.4.2) as a dynamic measure of the 

abiotic limitations to seedling performance. 

To unravel the acclimatory mechanism behind changes in seedling performance, 

measurements were made of key functional traits that have been observed to shift with 

elevation and warming, such as Vcmax, Jmax, Rd, leaf Na (leaf nitrogen content on an area basis), 

leaf Pa (leaf phosphorus content on an area basis) and LMA (leaf mass per unit area) (Table 

2-2). Where adjustments to these trait values occurred, relative to the home transplant site, 

seedlings were considered to have acclimated to the new climatic regime. As outlined in 

section 1.4, acclimatory responses do not necessarily convey fitness advantages. 

Performance and acclimation were therefore considered togetheƌ ǁheŶ assessiŶg seedliŶgs͛ 

overall response to simulated climate change scenarios. 

 Interpreting seedling response to transplantation 

As illustrated in Figure 2-4, when transplanting seedlings to the edge of and beyond their 

local range, changes in and interactions between abiotic and biotic factors moderate the 

survival and growth response of individuals. Where there is little change in abiotic and biotic 

factors relative to the home transplant site, seedling response may not differ (survival and 

gƌoǁth ≥ hoŵeͿ, so these transplant sites may offer no additional limitations to seedling 

fitness (Figure 2-4, ďͿ. Although, this ŵaǇ Ŷot ďe the Đase foƌ aŶ iŶdiǀidual͛s lifetiŵe fitŶess.  

Where survival is immediatelǇ ǀeƌǇ loǁ ;suƌǀiǀal ≈ ϬͿ iŶteƌpƌetiŶg ǁhiĐh of a ƌaŶge of aďiotiĐ 

and biotic factors are behind the decline becomes difficult (Figure 2-4, a). However where 

declines in survival are more gradual (0 < survival < home), concurrent declines in growth and 

increases in physiological stress response may indicate direct abiotic limitations such as high 

light, temperature or water stress (Figure 2-4, c). Where there is no indication of direct 

abiotic stress, a seedling͛s physiology may still be impacted by abiotic factors, such as non-

optimal temperatures or light levels. Under this scenario individuals may not be able to 

acclimate, i.e. they are unable to optimise their performance under the new climatic regime 

(growth < home), thus leaving them at a competitive disadvantage (Figure 2-4, e).   
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In the final seedling response sĐeŶaƌio theƌe is little oƌ Ŷo phǇsiologiĐal liŵitatioŶ ;gƌoǁth ≥ 

home), but survival remains low (0 < survival < home). In this case biotic factors are likely to 

play a more dominant role, as transplanted seedlings may be able to withstand defoliation 

from increased pressure from herbivory or disease (Figure 2-4, d).   

(a) Full limitation 

(b) No limitation 

(c) Direct abiotic 
limitation to physiology 

(d) Direct biotic limitation 

(e) Acclimatory limitation or 
indirect biotic limitation  

Figure 2-4 Possible survival and growth responses of transplanted seedlings relative to home transplant site. 

Potential scenarios are: (a) full survival limitation (abiotic and biotic); (b) no additional limitation (abiotic or 

biotic); (c) direct abiotic limitation to physiology; (d) direct biotic limitation such as herbivory or pathogens); 

(e) acclimatory limitation to physiology resulting in indirect biotic limitation (competition) 

 

Seedling transplant response 

Gƌoǁth ≥ 
home 

Suƌǀiǀal ≥ 
home 

Yes 

Yes 

Suƌǀiǀal ≈ Ϭ 

Yes 

No 

No No 

Evidence of 
stress? 

Yes 

Evidence of 
leaf damage? 

Yes 

No 

No 
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2.4.1 Predictions of seedling response 

As conservative or stress-tolerant strategies increase with elevation generally (section 1.5.2) 

and along the Andes-Amazon gradient (section 2.1.3), we predict that seedling survival 

response will decline upslope, with seedlings becoming increasingly stressed due to changing 

abiotic factors such as exposure to low temperatures and seasonally high UV-B at high 

elevations (section 2.1.2) (Figure 2 5 a-c-e).  These abiotic factors may also impact on seedling 

growth rates, with transplantation into the cloud base reducing radiation, thus directly 

impacting on carbon gain and low temperatures potentially reducing physiological rates 

(section 1.4.1). We hypothesise that seedlings transplanted upslope but within or just outside 

their local range (estimated realised niche) may not differ in response from the home 

transplant site, as the observed lag in upslope migration (see 1.3) may be as a result of 

dispersal or establishment limitations rather than direct abiotic limits (Figure 2 5 b-c-e).  

Transplantation downslope may result in equally stressful conditions for transplanted 

seedlings, as temperature and water stress is more likely beyond the cloud base particularly 

at sites within the transition zone (section 2.1.2) and the lowlands (1.2), (Figure 2 5 b-d-e). 

There is a particularly high risk of mortality when transplanting outside the local range at 

downslope sites, as seedlings may experience exceptional warming and drought events that 

could cause thermal damage to the photosynthetic machinery (sections 1.4.1 and 1.5.2). In 

addition montane species that are transplanted downslope may be susceptible to mortality 

due to greater biotic stress (section 2.1.3), having invested in abiotic stress-response rather 

Figure 2-5 Predicted groǁth aŶd surǀiǀal respoŶse of traŶsplaŶted seedliŶgs relatiǀe to ceŶtre of species’ therŵal 
niche. LF, lowland species; LMF, lower montane species; TMCF, montane cloud forest species. (a) full limitation 

(abiotic and biotic); (b) no additional limitation (abiotic or biotic); (c) full abiotic limitation to physiology; (d) 

direct biotic limitation (herbivory or pathogens); (e) acclimatory limitation to physiology potentially resulting in 

indirect biotic limitation (competition). 
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than leaf-defence traits (section 1.5.2) (Figure 2 5 b-d-e, a). Conversely, under normal non-

drought conditions seedling growth is expected to increase with moderate warming (≤ 4 °

C) (section 1.5.2), so seedlings may equally thrive at the lower edge or just outside of their 

local range (Figure 2 5 b-d-e). 

The acclimatory response of seedlings to transplantation is more difficult to predict. The best-

evidenced acclimatory response to climate change is that of the upregulation of Rd in 

response to low temperatures, low soil fertility and drought conditions (section 1.4.1 and 

1.5.1). We would therefore predict that Rd will upregulate with transplantation upslope and 

may also upregulate in response to water-stress downslope. The response of photosynthetic 

capacity to warming is less clear, but we do predict an increase in photosynthetic capacity 

with increased community elevation (Table 2 1) and tentatively predict an upregulation of 

capacity with warming (section 1.5.2). The response of anatomical leaf traits to warming is 

also unpredictable, as trends are often species and site-specific (section 1.4.2), however 

based on previous studies along the Andes-Amazon gradient we predict an increase in LMA 

(or decrease in SLA) and leaf nutrients on an area basis with increased transplant elevation.
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 Addressing transplant questions  

In Chapter 3 the following questions are addressed in relation to the study population, thus 

putting the transplant experiment into the context of the natural population along the 

Andes-Amazon gradient:  

1) Is there evidence that abiotic stress is driving range contractions at the lower range edge? 

2) Do seedlings differ from adults in their trait-response to an environmental gradient? 

3) What is the natural leaf trait variation within the study population? 

Chapter 4 investigates the performance of seedlings to transplantation, asking: 

1) Can seedlings survive and grow with a ±2 and ±4 °C change in climate? 

2) Is there evidence of abiotic or biotic limitations to growth and survival with transplantation? 

Chapter 5 asks if seedlings can acclimatise to transplantation through specific hypotheses 

related to a number of leaf traits: 

1) Photosynthetic capacity will decrease with simulated warming 

2) Respiratory capacity will increase relative to photosynthetic capacity higher in TMCF 

species and will increase with upslope transplantation 

3) The response of photosynthetic and respiratory capacity to transplantation will be affected 

by shifts in anatomical leaf traits 

Chapter 4, Chapter 5 and Chapter 6 will address broader questions related to the response 

of elevational communities to climate change: 

1) Are TMCF species more susceptible than LMF and LF species to climate change? 

2) Is the acclimatory potential of tropical trees currently underestimated? 

3) Can we use leaf traits to understand and predict the response of tropical tress to climate 

change?
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.  Can upslope shifts along an Andes-Amazon 

migratory corridor be explained by changes in leaf traits and 

physiological stress at the lower range edge? 

3.1 Introduction 

Variable upslope shifts in tree species distributions have been reported along Neotropical 

elevational gradients in response to changing climate, with mortality at lower range edges 

identified as an important driver (Feeley et al. 2011, Feeley et al. 2013, Duque et al. 2015). 

Species that succumb to climatic stress at the lower range edge are likely to be limited by 

their current phenotypic plasticity or, over longer time-scales the rate of adaptability in their 

functional traits (Jump and Penuelas 2005, Nicotra et al. 2010, Asner et al. 2014). 

Investigating potential changes in plant physiological stress and associated functional traits 

at shifting range edges is therefore pertinent to our understanding of the response of 

communities to ongoing climate change (Funk et al. 2017). This study uses an Andes-Amazon 

elevational gradient spanning 400- 4000 m asl (above sea-level) to identify stress-related 

migratory shifts within pre-montane and cloud forest communities. 

Along elevational gradients, leaf traits are thought to be mediated by the trade-off between 

conservative (stress-tolerant) and acquisitive (resource-competitive) resource allocation 

strategies (Loehle 1998, Wright et al. 2004, Read et al. 2014, Vitasse et al. 2014). As 

environmental stress increases and competition decreases with elevation, this favours 

conservative strategies, with lower specific leaf area (SLA) and higher leaf thickness (Lth) and 

nutrients contents compared to their lowland counterparts (Körner et al. 1983, Körner et al. 

1986, Cordell et al. 1998). Shifts in trait frequency distributions along environmental 

gradients are driven by both interspecific (species turnover) and intraspecific trait variability. 

Studies are increasingly focussing on the relative contribution of the latter and its subsequent 

incorporation into frameworks that predict community assembly and responses to 

environmental change (Albert et al. ϮϬϭϬ, de Bello et al. ϮϬϭϭ, Lepš et al. ϮϬϭϭ, Violle et al. 

2012, Kichenin et al. 2013, Lajoie and Vellend 2015, Bastias et al. 2017). 

Intraspecific variation in traits associated with the leaf economic spectrum, such as leaf mass 

per unit area (LMA) and leaf N content on an area-basis (Na), are equally important as 
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interspecific variation in determining shifts along elevational gradients globally (Read et al. 

2014). These traits demonstrate greater variability than those associated with leaf size 

(Siefert et al. 2015). Few tropical studies have explicitly investigated changes in intraspecific 

trait variation with elevation (Hulshof et al. 2013). It is therefore unclear whether 

intraspecific variation, specifically in traits related to leaf economics, will be as important as 

interspecific variation in determining leaf trait frequency distributions along tropical 

gradients (see conceptual framework, Lajoie and Vellend (2015)).  

Along the Andes-Amazon gradient, elevation plays a major role in driving leaf trait 

distributions (Asner et al. 2016). The observed increase in leaf canopy trait variation at high 

elevations has been linked to the greater variability in microclimatic factors, such as diurnal 

temperature changes, radiation (including increased UV-B) and humidity, exerting a mosaic 

of environmental selection-pressures on upland species (Rapp and Silman 2012, Bahar et al. 

2016, Malhi et al. 2016, Asner et al. 2017). This variation is partly driven by the seasonality 

of the cloud-base, with the highest levels of species turnover occurring at the transition 

between lower and upland cloud forest (1500-2000 m asl) (Girardin et al. 2013, van de Weg 

et al. 2014, Fyllas et al. 2017). Despite evidence of elevational shifts in community leaf trait 

distributions, the acclimatory potential of individual species along the Andes-Amazon 

gradient is not well understood. This is particularly important considering that 75% of the 

most common tree genera along the Andes-Amazon gradient have shifted their distributions 

upslope (Feeley et al. 2011) driven by climate-induced mortality at the lower range edge.  

We hypothesise that if mortality is driven by long-term warming in addition to extreme 

climatic events such as drought, there will be evidence of physiological stress within adult 

individuals at the lower range edge, as a result of being near their climatic limits (Colwell et 

al. 2008). In addition we anticipate that seedlings will differ from adults in their stress 

response, as individuals from early ontogenetic stages are more vulnerable to environmental 

fluctuations (Ettinger and HilleRisLambers 2013). Understanding the response of seedlings at 

range edges is critical, as their successful establishment determines whether the population 

is able to persist at that locale in the future (Grubb 1977, Ishida et al. 2005b, Poorter 2007). 

It is therefore important to consider leaf trait variation and environmental stress acting upon 

both seedling and adult ontogenetic stages. In this way, the response of populations as a 

whole to changing climate can be better predicted. 
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Physiological stress can be assessed using changes in quantum efficiency as a sensitive and 

early indicator of declines in plant function (Maxwell and Johnson 2000). This is particularly 

useful when trying to detect small changes in the overall fitness of a population. Using field-

based chlorophyll fluorescence techniques to measure individuals along an elevational 

transect, we are able to study changes in physiological traits aĐross speĐies͛ eŶtire eleǀatioŶal 

range yet within narrow geographic space (Körner 2007). This study is the first to investigate 

intraspecific changes in physiological stress as well as well as functional traits along such a 

large environmental gradient.  

Here, we assess the variation in leaf traits along an Andes-Amazon migration corridor for 

twelve species differing in their elevational ranges. We measured physiological stress and 

leaf anatomical traits for adults and seedlings of each species at the centre and at the edges 

of their elevational range. The overall aim was to test if individuals at range edges were able 

to successfully acclimate to their environment, thus avoiding physiological stress. In 

particular we asked: (1) Are individuals at the lower range edge more stressed than 

individuals at the centre and upper range edge? (2) Are there differences in intraspecific leaf 

traits and physiological stress between adult canopy and understorey seedlings? (3) Does 

intraspecific variation, specifically in traits related to leaf economics, play a role in 

determining leaf trait frequency distributions, or are interspecific and community-level shifts 

more important?  

3.2 Methods 

3.2.1 Elevational transect 

This study was carried out along an Andes-Amazon gradient along the Kosñipata Valley, Manu 

National Park, to Madre de Dios basin, south-east Peru. Ten sites were selected from a series 

of 14 1 ha Andean forest inventory plots established in 2003-04, with repeat censuses 

occurring on average every 4 years since establishment (Feeley et al. 2011). In addition, three 

1 ha study plots established by ABERG (Andes Biodiversity and Ecosystem Research Group) 

(Malhi et al. 2010) were selected to extend the range of this study from tropical montane to 

lowland forest. The plots are situated at intervals of between 50-500 vertical metres, 

spanning an elevational range of 400 to 3400 m above sea level (asl), with mean annual 

temperatures ranging from between approximately 10 to 25 °C. Mean annual precipitation 

ranges between 1500- 5300 mm yr-1 across the gradient (Malhi et al. 2016), with a higher 
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frequency of cloud immersion above 1500 m asl, peaking between 2000 to 3500 m asl 

(Halladay et al. 2012).   

3.2.2 Species selection 

Native tree species were selected from two broad elevational communities; high tropical 

montane cloud forest (TMCF) species (mean elevation 2150 m asl +/- 400 m); and lowland 

and pre-montane forest (LMF) species (mean elevation below 1000 m asl and mean elevation 

1500 m asl +/- 150 m, respectively). The species were chosen to be representative of different 

elevational range widths (Figure 3-1) and locally abundant taxa within each forest type (Table 

3-1) .  The LMF species were; Cedrelinga cateniformis  (Ducke) Ducke; Iriartea deltoidea Ruiz 

&Pav.; Brosimum lactescens (S. Moore) C. C. Berg; Dictyocaryum lamarckianum (Mart.) H. 

Wendl.; Guatteria glauca Ruiz & Pav.; and Tapirira cf. guianensis Aubl. The selected TMCF 

species were Alzatea verticillata Ruiz & Pav.; Schefflera patula (Rusby) Harms; Clethra 

revoluta (Ruiz & Pav.) Spreng.; Clusia thurifera Planch. & Triana; and Hedyosmum 

goudotianum Solms. 

 

 

Figure 3-1 Sample location of adult individuals (triangles) and seedlings (circles) of each species relative to local 

estimated elevational range (based on composition of 1ha permanent plots (Feeley et al. 2011)). LMF, lower and 

pre-montane forest species; TMCF, tropical montane cloud forest species 

Species local range 

LMF                      TMCF 

C. cateniformis 

I. deltoidea 

B. lactescens 

D. lamarckianum 

G. glauca 

T. guianensis 

M. splendens 

A. verticillata 

S. patula 

C. revoluta 

C. thurifera 

H. goudotianum 
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Table 3-1 Tree species selected for transplant experiment by elevational community. Abundance is within a  series 

of 1 ha plots along the Andes to Amazon gradient (Feeley et al. 2011). *Hemi-epiphytic species (Austin 1993). a  

(Stimm et al. 2008),  b (Lüttge 2007), c (Roth 1987), d (Graham 1984), e (Todzia 1988),  f (Russo et al. 2005),  g 

(Swamy 2008). 

 Species Common name Family Abundance Dispersal 
TM

C
F 

Clethra revoluta  Clethraceae 182 Winda 

Clusia thurifera*   Clusiaceae 172 Birdsb 

Myrcia splendens  Myrtaceae 87 Birdsc 

Alzatea verticillata*  Alzateaceae 423 Most likely by windd 

Hedyosmum goudatianum  Chloranthaceae 96 Birds e 

Schefflera patula*  Araliaceae 41 Birds, bats and mammalsc 

LM
F 

Tapirira cf. guianensis  Anacardiaceae 37 Birds and mammalsc 

Guatteria glauca  Anonaceae 47 Birds, bats and mammalsc 

Dictyocaryum 

lamarckianum 

Andean royal palm 
Arecaceae 5 Birds and batsc 

Cedrelinga cateniformis Tornillo Fabaceae 32 Mammalsf 

Theobroma cacao Cocoa tree Malvaceae na Mammalsg 

Iriartea deltoidea Copa palm Arecaceae 215 Mammalsf 

Brosimum lactescens  Moraceae 7 Birds and mammalsfg 

TMCF, Tropical montane cloud forest; LMF, lower montane cloud forest. 

 

3.2.3 Sampling strategy 

Species were sampled where possible at three elevations; high, centre and low, 

corresponding to target sites within 250 vertical metres of the estimated minimum, mean 

and maximum elevation of each species (data from Feeley et al. 2011). The sampling design 

was limited by the uneven distribution of plots along the gradient, access to sites and 

identification of a sufficient number of specimens at certain target plots. This resulted in the 

use of additional plots with greater elevational deviations from the target elevation (up to 

375 vertical metres) or the removal of a target elevation from the sample design (Figure 3-1).   

At each elevation five adult trees and 15 tree seedlings of each species were measured. Sites 

were visited over a period of five weeks during the dry season (July and August 2015) for up 

to four days per site. At each site trees were identified using the inventory records and the 

expertise of local botanists. One sunlit branch was cut per adult tree and recut underwater 

to re-establish the water supply (Pérez-Harguindeguy et al. 2013). 5 leaves were chosen at 

random and marked. The branch was then positioned in a canopy gap prior to measurement. 

Seedlings were sampled in situ and, where high abundances allowed, at least 2 m from 

http://en.wikipedia.org/wiki/Clusiaceae
http://en.wikipedia.org/wiki/Myrtaceae
http://en.wikipedia.org/wiki/Chloranthaceae
http://en.wikipedia.org/wiki/Araliaceae
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another sampled seedling. The uppermost fully expanded leaf was selected for physiological 

measurements.  

3.2.4 Measurement protocol 

Chlorophyll fluorescence techniques were used to detect decreases in the photosynthetic 

efficiency of PSII (equations 1a-b), giving the first indicators of physiological stress caused by 

damage to the photosynthetic machinery of the leaf (Maxwell and Johnson 2000). 

Chlorophyll fluorescence measurements were made of the leaf lamina using cross-calibrated 

MINI-PAM-I and MINI-PAM-II fluorometer (Walz, Germany) throughout each measurement 

day (08:00-18:00). The MINI-PAM leaf clip was attached to the centre of the leaf lamina, 

avoiding veins and maintaining a natural leaf angle. The MINI-PAM-I was used to measure 

the quantum yield of photosystem II (PSII), which is a measure of the realised quantum 

efficiency of PSII (ΦPSII) and the MINI-PAM-II was used to measure the potential quantum 

efficiency of PSII (Fv/Fm). Each measurement (equations 1a-b) can be made from a single 

fluorescence trace, where Fm’ is maximum fluorescence, Ft is steady state fluorescence under 

light conditions and Fm and F0 are maximum and minimum fluorescence under dark 

conditions. As Fv/Fm must be measured under dark conditions, the leaf was dark-adapted 

using a leaf clip (LI-COR, Lincoln, NE, USA) for at least 20 minutes prior to measurement 

(Maxwell and Johnson 2000).  

  aͿ         ΦPSII =
;Fŵ' - FtͿ

Fŵ'
                     ďͿ                Fǀ/Fŵ =

;Fŵ-F0Ϳ
Fŵ

                   

Concurrent with each measurement, leaf temperature (NiCr-Ni thermocouple) and 

photosynthetically active radiation (PAR, LS-C Mini Quantum Sensor) were measured. In 

addition, mean soil volumetric water content (ML3 - ThetaProbe Soil Moisture Sensor, Delta-

T Devices) and soil temperature were recorded for each individual. These microclimatic 

measurements were compared to wet season data collected at understorey 

micrometeorological stations. Each station consisted of a temperature/ relative humidity 

smart sensor ((HOBO, 12-bit, #S-THB-M002; resolution of 0.02 °C at 25 °C; temperature 

accuracy of +/- 0.21 °C from 0 to 50 °C; relative humidity accuracy of +/- 2.5 % from 10 % to 

90 % humidity, mounted inside a  protective enclosure), a soil moisture smart sensor (10HS 

#S-SMD-M005; resolution of 0.08 %; accuracy of +/- 3.3 % from 0 to 50 °C) and a PAR smart 

sensor (#S-LIA-MϬϬϯ; resolutioŶ of Ϯ.5 μŵol ŵ-2 s-1; accuracy of +/- 5 μŵol ŵ-2 s-1 with an 

additional temperature-induced error +/- 0.75 μŵol ŵ-2 s-1 above 25 °C; Cosine corrected 0 - 
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80 °, 360 ° rotation). Data were logged every hour (HOBO U23 Pro v2 External Temperature 

Logger #U23-004, HOBO USB micro station data logger #H21-USB) during the set-up and 

throughout the transplant experiment  

All leaves measured were collected and rehydrated overnight before processing (Prior et al. 

2003). Measurements of relative chlorophyll content on an area basis (SPAD value, SPAD 502 

Chlorophyll Meter, Spectrum tech. Inc.) (Richardson et al. 2002) and leaf thickness (Lth, digital 

calliper) were made at multiple points across the leaf lamina. The petiole was removed and 

the fresh mass was ascertained. The leaf was photographed against a white background with 

an object of known size (Nikon Coolpix A10) and later analysed using image J (version 1.58v, 

NIH, USA) to determine leaf area. The leaf material was dried to a constant mass using silica 

gel (van de Weg et al. 2012) and weighed to determine dry leaf matter content (LDMC, mg g-

1) and specific leaf area (SLA, m-2 g-1) (Pérez-Harguindeguy et al. 2013).  

3.2.5 Statistical Analysis 

To account for the nested experimental design and differences in sample size at each 

elevation (due to differing abundance of species), mixed effect models were used to identify 

factors with the most predictive power for modelling the response of leaf-level quantum 

efficiency and anatomical traits. Mixed effects modelling was performed following standard 

methods (Burnham and Anderson 2003, Zuur et al. 2009), using the lme4 package (Bates 

2015) in R (Version 3.2.3, R Core Team 2015). Data was transformed to adjust the fit of the 

model residuals; Fluorescence measurements were transformed using the box-cox 

transformation (Box and Cox 1964), anatomical traits were log-transformed and random 

effects were centred using the scale function (Wickham and 2016, Becker et al. (1988)).  

The categorical fixed effect factors of intraspecific elevational range location (high, centre, 

and low), ontogenetic stage (adult or seedling) and community group (LMF or TMCF) were 

included in the initial full model. The optimum random effect structure was selected to 

include a combination of random intercept (RI) factors of: species identity, absolute elevation, 

individual identification number and light levels at the point of measurement. An additional 

random slope (RS) was tested with different slopes for each species response to range 

location (Appendix, Figure 3-7). Fixed effect terms were then removed sequentially and the 

relative fit of each model was assessed using Akaike Information Criterion (AIC and sample-

size adjusted AICc). Likelihood ratio test (LRT) statistics were used to compare full models to 
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each other and to a null model which contained only random effect terms. In this way, the 

significance of fixed effect terms were ascertained and the final best-fit model was selected.  

To describe the spectrum of leaf- trait strategies employed by the study species, principal 

component analysis (PCA) was used on log-transformed anatomical leaf traits (Horikoshi and 

Tang 2016, Tang et al. 2016). Traits were included in the analysis if they were important to 

the first or second principal component axes. Leaf-trait clusters were examined within each 

species, community group, ontogenetic stage and intraspecific elevational range location.  

3.3. Results 

3.3.1 Understorey microclimate  

Air and soil temperature decreased linearly by approximately 5 °C km-1 (Figure 3-2a, c). The 

air temperature during the measurement period (dry season) was 2-5 °C greater than that 

experienced during the preceding wet season at cloud forest sites. Soil temperature was 

consistent between dry and wet season measurements, but was approximately 2 °C greater 

in gap plots for the majority of the elevational gradient. 

 

PAR was significantly higher at open than closed sites during the wet season and slightly 

higher in canopy gaps during the dry season (Figure 3-2b). Dry season PAR peaked at the mid-

Đloud forest site ;Ϯϭ5Ϭ ŵ aslͿ ǁith ŵaǆiŵuŵ ǀalues of ϮϬϬϬ μŵol ŵ-2 s-1 measured in a 

canopy gap at the ridge-line. Seedlings experienced an average PAR of between 1 and 100 

μŵol ŵ-2 s-1 at the point of measurement, which was equivalent to the wet season shaded 

sites, aŶd a ŵaǆiŵuŵ of ϭϬϬϬ μŵol ŵ-2 s-1.  

 

Soil moisture was highly variable across all elevations, with a median of between 15- 40 % 

during the measurement period, which was slightly but not consistently lower than the wet 

season values (Figure 3-2d). Lowland sites tended to be less variable than montane sites, with 

the greatest variability observed between 1500 and 2000 m asl.  

 

Measurement days below 1750 m asl were similar to the preceding wet season across all 

microclimatic measurements. Measurement days between 1750 and 2300 m asl were on 

average hotter, drier and brighter than the wet season mean. Measurement days above 2300 

m asl tended to be hotter than the wet season mean.  
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3.3.2 Leaf Anatomical Traits 

Variation in leaf anatomical traits were best explained by the random effects of species and 

individual identity, followed by plot elevation. Microclimatic factors of air temperature and 

PAR were not strong predictors of leaf traits, so were not included in the models (Appendix 

Figure 3-7). Variation in LDMC and Lth were explained by the fixed effects of ontogenetic stage 

in addition to community group (LRT, P <0.05), with TMCF species having significantly thicker 

leaves but lower LDMC than LMF species (Figure 3-3a, c). Differences in SPAD values were 

explained by ontogenetic stage and the interaction with community group (LRT, P <0.001), 

as the TMCF group had the greatest chlorophyll content for adults, but the lowest for 

seedlings (Figure 3-3d). SLA was best explained by the interaction between ontogenetic stage 

and intraspecific range location (LRT, P <0.05), as mean intraspecific SLA decreased by 11% 

from low to high range location for adult individuals, but remained constant for seedlings 

(Figure 3-3b).  

 

Figure 3-4 Results of the principal component analysis applied to log-transformed seedling leaf traits of all tree 

specieS (n =831). LMF (dotted outline), low-mid forest species; TMCF (dashed outline), tropical montane cloud 

forest species. LDMC, leaf dry matter content; SPAD, relative chlorophyll content on an area basis; SLA, specific 

leaf area, LTh, leaf thickness. 59% of the variance was accounted for by PC1 (canopy-understorey) and 28% by 

PC2 (more to less succulent).  
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Species ontogenetic stages were significantly different in terms of anatomical traits (LRT, 

P<0.001); adults had approximately 50% higher values of LDMC and SPAD and 60% lower SLA 

relative to seedlings. This resulted in adults and seedlings differing in their leaf trait strategies, 

where adults and seedlings were found at different ends of the axis associated with light 

environment (Figure 3-4, PC1). Variability in leaf traits was similar across ontogenetic stages 

except for SLA, which was more variable in the seedling population (Figure 3-3b). 

The extent of intraspecific variability in LDMC, SLA and SPAD was similar for TMCF and LMF 

species and was within the same magnitude as community group-level estimates. Within-

community variability in Lth exceeded intraspecific variability for the majority of species, 

driven by the much greater thickness of a few TMCF species; leaves of the hemi-epiphytic 

species C. thurifera were distinct from other species, occurring at the most succulent end of 

principal component axis 2, with low LDMC but high Lth (Figure 3-4). A. verticillata and H. 

goudotianum had similar succulent traits but to a lesser extent than C. thurifera. Individuals 

of C. revoluta were more similar to LMF species, which had a more consistent leaf-trait 

strategy across species, with higher LDMC and lower Lth than the majority of the TMCF group 

(Figure 3-4).  

3.3.3 Quantum efficiency 

Values of Fv/Fm ranged from between 0.31 and 0.96, but less than 5% of individuals 

experienced potential quantum efficiencies of less than 0.6 (Figure 3-5 dashed line). Variation 

in Fv/Fm could be accounted for by the following random effects, in order of total variance; 

species identity (random intercept and slope at each range location), individual identity and 

plot elevation (Appendix, Figure 3-7 ). Of the fixed effects, the inclusion of ontogenetic stage 

sigŶifiĐaŶtlǇ iŵproǀed the ŵodel ;LRT, χ2= 23.0, P=<0.001); seedlings had significantly lower 

Fv/Fm than adult trees, with seedlings of C. revoluta, C. cateniformis and I. deltoidea 

experiencing the lowest mean Fv/Fm of less than 0.75, whereas adults of A. verticillata, B. 

lactescens, D. lamarckianum and T. guianensis experienced the greatest mean values of more 

than 0.8 (Appendix, Table 3-2). There were significant interactions between ontogenetic 

stage aŶd ďoth iŶtraspeĐifiĐ raŶge loĐatioŶ ;LRT, χ2= 58.9, P=<0.001) and community group 

;LRT, χ2= 11.3, P=<0.01), so ontogenetic stages were analysed individually. Together the fixed 

effects explained 23% of the total variation in Fv/Fm and together with the random effects, 

explained 49% of the total variation. 
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When Fv/Fm was investigated for adults, a significant amount of variation (12%) was explained 

ďǇ iŶtraspeĐifiĐ raŶge loĐatioŶ aloŶe ;LRT, χ2= 6.2, P=<0.05), driven by an increase in Fv/Fm at 

low elevations (Figure 3-5). An additional 16% of the variation was explained by range 

location plus the interaction ǁith ĐoŵŵuŶitǇ group ;LRT, χ2= 15.9, P=<0.01) (Figure 3-6a). 

The interaction occurred at low range locations, where LMF species had 10% greater values 

of Fv/Fm relative to TMCF species (Figure 3-5). With the addition of random effects, the model 

explained 48% of the variation in adult Fv/Fm. Variation in seedling Fv/Fm was not explained 

by community group or interactions between fixed effects (Figure 3-6b), but there was a 

significant effect of intraspecific range location, explaining 4% of the variation in Fv/Fm (LRT, 

χ2= 15.7, P=<0.05). This was observed as a 3% decrease in mean Fv/Fm at low range locations 

relative to the central and higher elevations (Figure 3-5). Combined with the random effect 

of species identity, the model explained only 18% of the total variation in seedling leaf traits. 

The realised quantum yield of photosystem II (ΦPSIIͿ was more variable than Fv/Fm, 

particularly for adult trees (Figure 3-5).  The best-fit model included ontogenetic stage and 

interactions with both community group (LRT, χ2= 19.4, P=<0.01), and intraspecific range 

location ;LRT, χ2= 20.6, P=<0.01), with adults experiencing on average 4% lower ΦPSII than 

seedlings and TMCF species experiencing on average 6% lower ΦPSII relative to the LMF 

Figure 3-5 Probability density of (dark plots) Fv/Fm (potential quantum efficiency of PSII) and (light plots) ΦPSII 
(realised quantum yield) for adult and seedling ontogenetic stage and community group. Low, centre and high 

intraspecific ƌaŶge loĐatioŶs aƌe ƌelatiǀe to eaĐh otheƌ ǁithiŶ the speĐies’ eleǀatioŶal ranges.  LMF; low-mid 

forest species; TMCF, tropical montane cloud forest species 
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group. As with Fv/Fm, the greatest values of ΦPSII (more than 0.75) occurred in adults at low 

elevations (Figure 3-5). However, unlike Fv/Fm, the lowest values of ΦPSIII occurred in the 

adult TMCF group, with a mean value of 0.67 (SD, ± 0.20), which was 0.1 less than the mean 

Fv/Fm value. The combination of fixed effects explained only 8% of the variation in ΦPSII, with 

an additional 69% of the variation explained by the following random effects in order of 

explained variance: PAR at the point of measurement, individual code, plot elevation and 

species. 

 

3.4 Discussion 

There was no consistent evidence that species along the Andes to Amazon gradient were 

experiencing greater physiological stress (reduced Fv/Fm) at their lower range edge relative 

to the rest of their elevational range. Seedling stress was significantly greater at the lower 

range edge, but the real-world effect of a 3% increase in stress on the seedling population 

and future upslope migration is unclear. Interspecific variation in leaf traits differed between 

LMF and TMCF communities, with a greater variability in leaf trait-strategy in higher elevation 

species. Elevation did not have a strong influence on intraspecific leaf anatomical trait 

Low: TMCF 

High: TMCF 
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Figure 3-6 Mixed effect model estimates of fixed effects (±SE) on the response of (Fv/Fm). a) Adult trees b) 

seedlings. Fixed effects were TMCF community group relative to LMF group and low and high intraspecific range 

location relative to centre. The interactions (a) are relative to the sum of species range and community group 

effects. Red line, negative effect; blue line, positive effect; overlap with dashed line, non-significant result; LMF, 

low-mid forest species; TMCF, tropical montane cloud forest species. 
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distribution for most ontogenetic stages and traits, the exception being for SLA in adults, 

which decreased with elevation. 

3.4.1 Physiological stress in a changing climate 

Overall the minimal levels of physiological stress observed in the population (i.e. there were 

few Fv/Fm values of less than 0.6) indicates that species are not experiencing long term abiotic 

stress under current environmental conditions and are therefore able to acclimate to their 

environment. Although small depressions in Fv/Fm are not believed to directly affect survival, 

a decrease in Fv/Fm relative to the population as a whole indicates a reduction in 

photosynthetic performance (Adams and Demmig-Adams 2004). Within the adult population 

Fv/Fm values were significantly higher at the lower range edge relative to the centre and upper 

range locations, with the healthiest values (more than 0.8, Figure 3-5, dotted line) occurring 

at lower sample sites (Cavender-Bares and Bazzaz 2004). This suggests that under normal 

conditions the adult individuals at low elevations are not experiencing abiotic stress. This 

supports the theory that at low elevations competition is the dominant selective pressure, 

whereas with increases in elevation the environment plays a greater role, with stressors such 

as low temperatures and increasing UV radiation shaping leaf trait strategies and 

communities (Krause et al. 2003, Read et al. 2014).  

In contrast, seedlings at the lower range edges had the lowest mean Fv/Fm (less than 0.75) of 

all elevational and ontogenetic groups (Figure 3-5). This indicates that these individuals were 

experiencing the greatest levels of physiological stress and are at the greatest risk of 

mortality from climatic shifts. In addition where the upper range edge of LMF species and 

lower range edge of TMCF species overlapped (1750-1800 m asl) there was the greatest 

disparity in Fv/Fm values. These elevations are characterised by high levels of species turnover 

(Girardin et al. 2013, Fyllas et al. 2017) and high levels of seasonal climatic variability (Figure 

3-2)(Rapp and Silman 2012). This suggests that within this elevational range TMCF seedlings 

are at a competitive disadvantage relative to LMF seedlings. It may be that TMCF species with 

highly specialised conservative or succulent trait strategies (e.g. C. thurifera) are unable to 

survive in warmer or more drought-prone conditions, as they are unable to compete with 
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LMF species with more responsive and acquisitive leaf trait strategies (Valladares and 

Niinemets 2008, Nicotra et al. 2010).   

3.4.2 Ontogenetic differences in physiological stress  

Seedling values of Fv/Fm were lower than adult values (Figure 3-5, Appendix, Table 3-2), 

despite less stressful levels of irradiance (Figure 3-2), lower vapour pressure deficits and 

loǁer diurŶal teŵperature gradieŶts oďserǀed ǁithiŶ the gradieŶt͛s uŶderstoreǇ (Rapp and 

Silman 2012). However, both adult and seedling values of Fv/Fm were in the same range as 

previously reported values of tropical leaves (Ishida et al. 2005a, Ishida et al. 2005b), which 

combined with similar shifts in traits, indicates that seedling photosynthetic efficiency is 

constrained by the availability and allocation of resources. For example, seedlings may need 

to invest relatively more in their roots to avoid water stress, due to thin or absent soils in 

epiphytic species and potential competition from neighbouring trees (Niinemets and 

Valladares 2004).  

In relation to light stress, shade leaves are known to experience greater photoinhibition 

under high light than sunlit leaves, but this is normally reversed under a short period of dark-

adaptation (Murchie and Lawson 2013). However, dark-adapted relaxation can take longer 

after the influence of bright or long sunflecks, decreasing quantum efficiency for up to two 

hours post exposure in shade-tolerant understorey plants (Chazdon et al. 1996, Watling et al. 

1997, Cavender-Bares and Bazzaz 2004). In comparison, adult leaves demonstrated a high 

capacity to recover from photoinhibition, with the lowest values of ΦPSII observed in TMCF 

trees coinciding with high PAR at the point of measurement (Figure 3-2b), yet with little 

reduction in Fv/Fm (Figure 3-5, Appendix Table 3-2).  

3.4.3 Ontogenetic and community differences in leaf trait strategies 

The observed values and variation in adult leaf traits were within the same range as previous 

studies of montane and lowland forest along the Andes-Amazon transect, with higher Lth, 

lower SLA but little difference in LDMC or investment into photosynthetic pigments with 

increased elevation (van de Weg et al. 2009, van de Weg et al. 2012, Bahar et al. 2016, Asner 

et al. 2017). This study partly supports previous global meta-analyses which show shifts 

towards more conservative trait strategies with increases in elevation, as per predictions 

based on the leaf economic spectrum, with decreases in temperature and increasing UV 
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radiation increasing abiotic stress (Tevini 2004, Wright et al. 2004, Körner 2007, Read et al. 

2014). However, this trend is confounded by increases in succulence in some TMCF species, 

changing the relationship in resource investment on an area basis (Poorter et al. 2009, van 

de Weg et al. 2009) and expanding the variability of leaf trait strategies employed by the 

TMCF community (Figure 3-4).  

Seedling leaf trait values were lower than reported adult trait values, but were comparable 

to observations made elsewhere on tropical juvenile trees (Houter and Pons 2005, Poorter 

2009, Kitajima and Poorter 2010). Variability in the seedling population was not related to 

intraspecific elevational range location, with the higher variability in SLA in particular likely 

to be due to the range of environmental conditions experienced in the forest understorey 

(Poorter et al. 2009). The observed seasonal differences in understorey microclimate were 

similar to trends reported for 2008, with higher mean PAR, temperature and potentially 

limiting VPD at montane sites in the dry season relative to the wet season (Rapp and Silman 

2012). Average seedling-level PAR data indicate that seedlings were experiencing very low 

light levels, however as these data cover only a short timer-period, they may not be 

representative of the understorey light environment as a whole, such as capturing sun spot 

activity (PAR >ϭϬϬϬ μŵol ŵ-2 s-1) (Way and Pearcy 2012). In addition to direct PAR from 

canopy gaps, montane seedlings receive diffuse radiation through cloud-immersion and 

laterally due to the high slope angle. The high topographic variability,  increasing frequency 

of canopy gaps (Asner et al. 2013),  and changing cloud frequency (Halladay et al. 2012) could 

therefore explain the greater diversity of leaf-traits strategies observed in the TMCF relative 

to the LMF community, reinforcing patterns of elevation-dependent increases in trait 

variance observed through remote sensing along the transect (Asner et al. 2017). 

3.4.4 Trends in intraspecific leaf traits 

The lack of consistent elevational trends in intraspecific traits within the seedling community 

could be characteristic of the plasticity within the population as a result of the high variability 

of understorey microclimate described above. However, as the adult population also showed 

limited intraspecific elevational trends in trait frequency distributions, it is more likely that 

intraspecific variation plays a lesser role than interspecific variation in determining the leaf 

trait frequency distributions investigated in this study. SLA was the only variable that showed 

intraspecific trends with elevation; significantly declining in the adult population with 
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elevation (Figure 3-2b). It may be that the other traits investigated here (Lth, chlorophyll 

content and LDMC) did not undergo sufficient selective or acclimatory pressure to change 

directionally in response to climatic shifts with elevation. The lack of persistent ecological 

stress at the range edge supports this hypothesis.   

3.5 Conclusions 

As hypothesised we found differences in the response of adults and seedlings to elevational 

shifts in climate; acclimatory shifts in anatomical traits (SLA) and short-term physiological 

stress (ΦPSII) were observed within the adult population with increased elevation, whereas 

seedlings experienced greater long-term physiological stress (Fv/Fm) without evidence of an 

acclimatory response. This indicates that seedlings are less responsive than adults to broad 

changes in climatic regime, perhaps as a result of the high microclimatic variability within the 

understorey. There was little evidence of an intra-specific increases in physiological stress at 

the lower range edge, however there was an increase in TMCF relative to LMF community-

level stress at mid-elevations, which may explain the high species turnover observed at these 

sites (Van de Weg 2011, Asner et al. 2013, Girardin et al. 2014, Bahar et al. 2016).  Distinct 

intraspecific trait strategies and physiological stress responses were evident within LMF and 

TMCF communities. This highlights the functional similarity of species within these 

communities (Bastias et al. 2017) and suggests that the response of highly species-diverse 

forest communities to environmental change can be derived from community rather than 

species-level shifts in functional leaf traits.  
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. The response of Andean tree seedlings to a 100 year 

shift in climate warming 

4.1 Introduction 

Andean forests are experiencing warming of between 0.1 °C and 0.6 °C per decade (Marengo 

et al. 2011, Vuille et al. 2015), with predicted increases in air temperature of between +1.7°C 

to +6.7°C by the end of the century (Magrin et al. 2014). The magnitude of temperature 

change is expected to increase with elevation, with the greatest impact expected to occur in 

high elevation communities (Bradley et al. 2006). This warming is likely to be exacerbated by 

the additional pressures of decreasing precipitation (up to 15% reduction by 2100), the 

increasing frequency of extreme weather events such as droughts and floods (Lewis et al. 

2011, Marengo et al. 2011, Magrin et al. 2014), as well as changes in land-use (Báez et al. 

2016). 

In response to these shifts in climate, the Andes has been projected to experience species 

turnover of 90% over the next century, with species gains as a result of the upslope range 

expansion of lower montane and lowland species (Lawler et al. 2009). Tropical species across 

a wide range of taxa have been found to shift their population centres upslope, with free-

dispersing animals broadly keeping pace with current levels of warming (Pounds et al. 1999, 

Pounds et al. 2005, Seimon et al. 2007, Colwell et al. 2008, Raxworthy et al. 2008, Chen et al. 

2009, Chen et al. 2011a, Chen et al. 2011b). However, migration is limited due to barriers 

such as habitat fragmentation and dispersal asynchrony between trophic levels (e.g. 

predator-prey or plant-pollinator) induced by the slower response of immobile or slower 

reproducing species (Larsen et al. 2011, Rehm 2014, Parmesan and Hanley 2015). 

In order to keep pace with predicted warming over the next century, Andean plants need to 

migrate upslope by 300 to 1300 vertical metres, given a lapse rate of ~-5 °C km-1 (Rapp and 

Silman 2012). Based on current mean migration rates (2.5 m year-1, ±95% CI= +0.6 to +4.9 m 

year-1) and moderate warming (+4°C) this is unattainable for the majority of species (Feeley 

et al. 2011), with populations expected to lag temperature by approximately 5.5 °C by the 

end of the century. This mismatch has been predicted to result in population declines of over 

45% of Andean tree species, thus increasing the risk of extinction (Feeley and Silman 2010). 

The extent to which future declines will be driven by mortality at the lower range edge, or 
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dispersal limitations at the upper range edge, is unclear. Past transplant experiments indicate 

that range limits often coincide with niche limits (Lee-Yaw et al. 2016), but in shifting 

populations this is often not the case (Hargreaves et al. 2014). The survival and maintenance 

of transplanted populations beyond current and predicted future range edges may therefore 

indicate whether shifting populations will be restricted by the availability of analogous 

habitats, or by dispersal and establishment limitations.  

The rate at which warming and extreme weather events are affecting and will continue to 

affect tropical populations over their lifetimes demands rapid assessments of the 

mechanistic causes of these declines. Few studies focus on the response of tropical plants to 

climate change (Feeley et al. 2017, Stroud and J. Feeley 2017), with few predictions of future 

range shifts based on experimental manipulations (Hargreaves et al. 2014) or an 

understanding of the ecophysiological mechanisms behind in situ growth and survival of 

individuals (Ishida et al. 2005, Krause et al. 2006, Krause et al. 2012). Here we assess the 

response of seedlings to a range of simulated climate change scenarios using a chlorophyll 

fluorescence ratio, the potential quantum efficiency of PSII (Fv/Fm), as a responsive and non-

destructive monitoring tool of seedling physiological stress.  

This study aims to simulate upslope migration and climate warming of lowland and montane 

trees under real-world conditions, addressing the dearth of experimental studies under 

natural conditions with multiple stressors (Sexton et al. 2009, Sundqvist et al. 2013, 

Hargreaves et al. 2014, Parmesan and Hanley 2015). Using an elevational transect located 

along a 3000 m gradient on the eastern slopes of the Peruvian Andes, seedlings were 

transplanted by the equivalent of ±2 °C and ±4 °C (as per low and moderate end-of-century 

warming scenarios) from their home elevation and were monitored for over a year to assess 

the seedliŶgs͛ suƌǀiǀal, gƌoǁth and physiological stress responses. The main objective of this 

study is to detect if substantial changes in climate and physiological stress impact on seedling 

survival and growth rates, or whether tropical seedlings show a greater resilience to changing 

climate than estimated from observational studies of migration rate.   
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4.2 Methods 

4.2.1 Species selection and seedling establishment 

Species were selected to be representative of three elevational forest communities: lowland 

forest of less than 1000 m asl (LF), lower montane forests of between 1000 and 2000 m asl 

(LMF) and tropical montane cloud forest of above 2000 m asl (TMCF). LF seedlings (Brosimum 

lactescens (S. Moore) C. C. Berg, Leonia glycycarpa Ruiz & Pav., Cedrelinga cateniformis 

(Ducke) Ducke and Iriartea deltoidea Ruiz &Pav.) were grown from local seed sources within 

a shaded nursery at approximately 400 m asl (Figure 4-1a). LMF seedlings (Dictyocaryum 

Figure 4-1 Local population density of adult tree species grouped by elevational community (a) lowland forest, (b) 

lower montane forest, (c) tropical montane cloud forest, estimated from the abundance of species within a series 

of 1ha permanent plots along the Andes-Amazon gradient (Feeley et al. 2011). Thickened horizontal line;  

Neotropical elevational range of each species, estimated from the Neo Trop Tree database (Oliveira-Filho 2017), 

Vertical lines; transplant elevations, dashed lines; home transplant elevation, dotted line; additional transplant 

elevations, values; number of individuals in plot network. 
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lamarckianum (Mart.) H. Wendl., Guatteria glauca Ruiz & Pav. and Tapirira cf. guianensis 

Aubl) and TMCF seedlings (Alzatea verticillata Ruiz & Pav., Clethra revoluta (Ruiz & Pav.) 

Spreng., Clusia thurifera Planch. & Triana and Hedyosmum goudotianum Solms.) were 

established from seeds collected from the ĐeŶtƌal eleǀatioŶ of eaĐh speĐies͛ local population 

and grown within sheltered nurseries at home elevations of approximately 1500 m asl (Figure 

4-1b) and 2150 m asl respectively (Figure 4-1c). 

4.2.2 Transplant experiment and censuses 

Where successful establishment within the nurseries allowed, maximum of 72 seedlings of 

each species were transplanted to forest sites within their home and alternative transplant 

elevations (Figure 4-1), equivalent to a change in mean annual temperature of approximately 

±2 °C and ±4 °C. Seedlings were transported in their soil plugs to each transplant elevation, 

where they were planted into well-draining plastic pots (3.77 l) containing local soil and 

buried to local soil level. Each species was transplanted to 6 subplots per elevation, with 

individuals assigned to gap or shade treatment plots within each subplot. Transplantation 

started at lowland sites in June 2015 and were completed at upper montane sites by August 

2015. At the point of installation a unique number was assigned to each seedling, with growth 

traits recorded for each individual. Seedlings were then censused every 2 weeks from 

transplantation until September 2015 to assess mortality due to transplant shock. From 

October 2015 until May 2016, monthly censuses were made to assess seedling stress and 

survival with a final census of seedling growth traits made in October 2016. Seedling pots 

were lifted from the soil one year post-transplantation and drainage holes were checked for 

root outgrowth, of which there was minimal evidence, despite high growth rates (more than 

1 m in a year). 

4.2.3 Seedling measurements 

Traits of seedling height (cm), stem diameter (mm) and number of leaves were recorded over 

time. Net growth rate was calculated as the increase in height (cm) from installation (June-

August 2015) until October 2016, relative to initial height (cm cm-1 year-1). Seedling survival 

was assumed when a seedling had a measureable leaf area at the point of measurement. 

Relative survival was calculated at the subplot level as the proportion of surviving individuals 

relative to those surviving at the first measurement point (i.e. October 2015 or the following 
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months if leaves were too small to measure). The change in relative survival was calculated 

as the difference in relative survival from one month to the next, calculated at the subplot 

level. Due to differences in first measurement point and fluctuations in available leaf area 

the change in survival varied from -1 to 1.   

Seedling physiological stress was assessed by measuring changes in the potential quantum 

efficiency of PSII (Fv/Fm) for the uppermost leaf of each seedling. Fv/Fm was measured using 

an OS30p+ chlorophyll fluorometer (Opti-Sciences, Inc., Hudson, NH, USA). To ensure the 

ƌelaǆatioŶ of the seedliŶgs͛ photosǇŶthetiĐ ƌeaĐtioŶ ĐeŶtƌes, a dark adaptation clip (FL-DC 

clip) was attached to the leaf lamina whilst avoiding veins and the whole seedling was 

covered for at least 20 minutes prior to measurements of Fv/Fm (Maxwell and Johnson 2000). 

Measurements were taken ensuring a natural leaf angle and limiting external light exposure 

to the leaf lamina.  

4.2.4 Microclimatic sensors 

Micrometeorological stations were installed in the understorey (0.5 m above ground level) 

in one gap and one shade plot at each transplant elevation. Each station consisted of a 

Temperature/ Relative Humidity smart sensor (HOBO, 12-bit, #S-THB-M002), a soil moisture 

smart sensor (10HS #S-SMD-M005) and a PAR smart sensor (#S-LIA-M003). Data were logged 

every hour (HOBO U23 Pro v2 External Temperature Logger #U23-004, HOBO USB micro 

station data logger #H21-USB) during the set-up and throughout the transplant experiment, 

with the most complete section of the dataset presented here from September 2015 until 

August 2016. 

4.2.5 Analysis 

Mean and standard error were calculated for each seedling trait, grouped by species, 

elevation, subplot and light treatment. Trends in monthly mean relative survival and Fv/Fm at 

each transplant elevation are reported here from November 2015 until October 2016, 

whereas growth is presented at the end-point of the experiment. Statistical differences in 

Fv/Fm and growth between transplant elevations over time were determined using general 

linear mixed effect models (GLMM). Differences were also calculated between elevational 

forest communities (LF, LMF and TMCF) and where possible each species. A general linear 

model (GLM) with a quasipoisson distribution was selected to describe trends in relative 
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survival, using Fv/Fm and elevation as explanatory factors. All models were selected and 

tested as per standard methods (Zuur et al. 2009), using the lme4 package (Bates 2015) in R 

(Version 3.4.1, R Core Team ), with variation associated with light treatment, time period and 

species taken into account during model selection. To summarise and compare the decline 

in survival between transplant elevations, relative survival was log-transformed and the slope 

of the new fit was extracted.  

The microclimate data were summarised by elevation, month and season; the wet season 

was considered to be from November until March and the dry season from May until July 

(Rapp and Silman 2012). Monthly mean, standard error, maximum and minimum values were 

calculated for all microclimatic variables. Changes in air temperature, soil temperature and 

soil moisture with elevation were reported over the experimental period. Where there were 

more than 45 data points per month, these data were presented as continuous smoothed 

means with 95% confidence intervals, and where data were fewer, mean and standard error 

were reported. In addition, diurnal trends and hourly maximums were presented for air 

temperature and PAR. 

4.3 Results 

4.3.1 Microclimate 

Air temperature decreased with elevation with an average lapse rate of approximately -5.1 °C 

km-1. For TMCF elevations (above 1750 m asl), mean monthly air temperature was 

approximately 4- 6 °C greater during the wet season (November-March) than the dry season 

(Figure 4-2a). Whereas air temperature at 1550- 1750 m asl was relatively constant (±1-2 °C) 

throughout the measurement period. Seasonal changes in soil temperature were less 

pronounced across all elevations (an increase of ~2 °C during the wet season), with an 

average lapse rate of -4.8 °C km-1 (Figure 4-2b).  

Soil moisture varied between 10 and 50% across all elevations over the measurement period, 

with the lowest values experienced at 2150 and 2900 m asl following the dry season and the 

greatest values at 1500 and 1750 m asl during the wet season. Soil moisture increased during 

the wet season, peaking between February and April with mean values of between 25 and 

45%, but then decreasing by approximately ten percentage points during the dry season 

(Figure 4-2 c). 
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Diurnal changes in air temperature during the dry season were more than double those 

recorded during the wet season, with rapid increases in temperature during the morning, 

particularly in gaps at TMCF elevations (Figure 4-3a, b). Maximum temperatures and seasonal 

variability were greatest in gap than shade plots, exceeding 10 °C in difference between day 

and night mean values during the dry season.  Mean values of PAR were approximately ten 

times higher in gap than shade plots, although maximum values were within the same range 

(Figure 4-3c, d), reaching 2500 μŵol ŵ-2 s-1. There were no clear seasonal changes in PAR, 

although there was some evidence of midday decreases in shade plots during the wet season 

at 1500 and 2900 m asl. 

 In summary, during upslope transplantation above 1500 m asl seedlings experienced a 

cooler and more variable climate, with peaks in soil moisture at mid elevations (1550 and 

Figure 4-2 Understorey microclimate across seven elevations (m asl) from September 2015 to August 2016; (a) 

air temperature, (b) soil temperature and (c) soil moisture. Points are monthly mean ±SE of gap (circles) and shade 

(triangles) plots for small (n<45) or incomplete time series. Lines are smoothed monthly means with 95% 

confidence intervals (Wickham 2009a). Nov-March; wet season, May-July; dry season (Rapp and Silman 2012). 
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1750 m asl), but no evidence of drought conditions at any site. Similarly at high elevation 

sites, seedlings were exposed to greater variability of soil moisture and PAR in gap than shade 

plots. 

4.3.2 Seedling survival response to transplantation 

Mean relative survival at the end of the experiment varied between 0.16 and 0.86 for each 

species (Figure 4.4), with some species maintaining high levels of survival (>0.8) across the 

transplant experiment (e.g. L. glycycarpa), whereas others experienced almost complete 

eradication (<0.1) of the transplant population at some transplant elevations (e.g. D. 

Figure 4-3 Diurnal trends in understorey air temperature and photosynthetically active radiation (PAR) during the 

dry season, wet season and in transition between the two seasons recorded in gap (a, c) and shade (b, d) sites. 

Closed points are monthly mean ±SE for small (n<45) or incomplete time series Lines are smoothed means with 

95% confidence intervals (Wickham 2009a). Open points are maximum value recorded during each hour. 

Dry    Transitional    Wet 

 (a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

(d) 



75 
 

lamarckianum, A. verticillata and C. thurifera). The lowland forest (LF) species (Figure 4.4, 

top) experienced the highest overall rates of survival amongst elevational groups, with mean 

values varying between 0.77 and 0.97 across species and elevations. Survival was similar 

between LF species and transplant elevations, however for B. lactescens and C. cateniformis 

survival declined in shade plots at 1500 m asl (the upslope transplant site) resulting in drops 

in survival rates of 0.23- 0.26.  

Changes in survival over time was more variable for lower montane forest (LMF) species 

(Figure 4.4, middle): D. lamarckianum experienced almost linear decreases in survival, 

reaching 0% survival at 1500 masl (home elevation) by October; T. guinanensis experienced  

lesser linear declines at 400, 800 and 2150 m asl, but maintained levels of survival of over 0.5 

at 1500, 1750 and 2150 m asl; G. glauca maintained survival rates of above 0.5 across 

elevations, with the largest decline at 400 m asl (downslope transplant) during the dry season. 

Overall LMF seedlings had the greatest rates of survival at 1750 m asl, with a mixed response 

at other transplant elevations.  

Tropical montane forest (TMCF) species (Figure 4.4, bottom) underwent the most rapid 

declines in survival of all elevational groups, with greatest mortality occuring during the wet 

season (November to March). For A. verticillata and H. goudotianum the decline was greatest 

at upslope transplant elevations (2500 and 2900 m asl), reducing the transplant population 

exponentially, with total loss at shade sites within six months. C. revoluta and C. thurifera 

experienced similar rates of declines, but at downslope elevations, particularly at 1500 m asl. 

Where mortality was high, observational evidence suggested that pathogen load was the 

cause rather than herbivory.  

4.3.3 Seedling stress response to transplantation 

As with survival response, LF species experienced minimal changes in Fv/Fm relative to other 

elevational groups (approximately 83% of values were between 0.7 and 0.8) , with the only 

consistent decrease to below values of 0.7 observed in C. cateniformis at 1500 m asl (Figure 

4.5, top). Trends in Fv/Fm were found to differ significantly (GLMM, p<0.01) between the 

home elevation (400 m asl) and other elevations for L. glycycarpa and C. cateniformis; 

seedlings at 800 m asl maintained high Fv/Fm (>0.75), whereas more variable declines in Fv/Fm 

were observed at 1500 m asl.
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20% of LMF seedlings (Figure 4.5, middle) experienced depressions in Fv/Fm of below 0.7 

relative to 8-10% in other elevational community groups. However TMCF seedlings (Figure 

4.5, bottom) experienced the greatest variability in Fv/Fm (0.3 - 0.95). Fv/Fm tended to 

decrease with transplant elevation, particularly in gap sites (appendix, Figure 4-9), declining 

significantly (GLMM, p<0.01) for over half of species transplanted to the uppermost sites. A 

small proportion of seedlings at downslope transplant sites had significantly higher (GLMM, 

p<0.01) and less variable values of Fv/Fm: G. glauca at 800 and 400 m asl; C. revoluta and A. 

verticillata at 1750 m asl. Overall seedlings at 1500 m asl were found to have the greatest 

variability in Fv/Fm (0.6 to 0.85), in particular those TMCF species with exponential declines in 

survival. 

4.3.4 Relationship between seedling stress and survival 

Changes in the relative survival of seedlings in response to Fv/Fm and transplant elevation 

were tested for each elevational group, taking into account differences between light 

treatment, species and time period. For LF species no significant relationship ;χ2, p>0.05) was 

 

Figure 4-6 Relationship between 

seedling potential quantum efficiency 

(Fv/Fm) and the change in probability 

of survival the following month 

(N=2543). Values are for surviving 

seedlings at each transplant elevation 

for (a) lowland species, (b) lower 

montane species and (c) montane 

cloud forest species. Points are mean 

±SE subplot-level values taken at 

monthly intervals from Nov 2015 to 

May 2016. Elevations that are 

significantly different (GLM, p <0.05) 

from the central elevation (triangle) 

are indicated by * 
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found between survival and Fv/Fm or transplant elevation (Figure 4-6, a). For LMF species 

there was no significant relationship betweeŶ suƌǀiǀal aŶd eleǀatioŶ ;χ2, p>0.05), but there 

was a positive relationship for Fv/Fm ;χ2, p<0.01) (Figure 4-6, b) with an increase in Fv/Fm from 

0.5 to 0.75 increasing survival by 0.08. For TMCF species there was a significant relationship 

between survival, Fv/Fm ;χ2, p<Ϭ.ϬϬϭͿ aŶd eleǀatioŶ ;χ2, p<0.05); an increase in Fv/Fm from 0.5 

to 0.75 conferring an approximate increase in survival of 0.2, whereas transplantation away 

from central elevation decreased survival by 0.01 to 0.02 (Figure 4-6, c). 

4.3.5 Relative Growth of surviving seedlings 

Seedlings ranged in their growth response over the transplant year, with changes in height 

of between -20 and 90 cm and an overall mean increase in height of 9 ± 14 cm. Of the 6% of 

seedlings that exceeded 50 cm in growth, 75% were of the TMCF species C. revoluta and H. 

goudotianum. For those surviving individuals that lost stature, many also lost leaves: leaf loss 

was most common at 2950 and 1550 m asl for TMCF, 400 m asl for LMF and 1550 m asl for 

LF species.  

Net growth rate was greatest for TMCF species, growing on average 0.5 ±0.1 cm cm-1 yr-1, 

relative to 0.26 ±0.1 and 0.1 ±0.05 cm cm-1 yr-1, for LF and LMF species respectively. Net 

growth rate was not significantly related to Fv/Fm foƌ aŶǇ speĐies gƌoup ;χ2<5, p>0.05) 

(Appendix, Figure 4-8). For the LF group there was no significant difference in net growth rate 

ďetǁeeŶ tƌaŶsplaŶt eleǀatioŶs ;χ2=0.16, p>0.05). Seedlings of L. glycycarpa had more than 

double the growth rate of the other species, peaking at the upper transplant elevation, 1500 

m asl (Figure 4-7, top). Where growth occurred, values were similar across the LMF group, 

however there were seedlings that survived until October 2016 without measureable growth, 

such as D. lamarckianum at 2150 m asl and T. guianensis in shade sites at 1500 m asl (Figure 

4-7, ŵiddleͿ. TƌaŶsplaŶt eleǀatioŶ had a sigŶifiĐaŶt effeĐt oŶ LMF Ŷet gƌoǁth ƌate ;χ2=19.6, 

p<0.001), with an approximate 20% decrease in growth rate at 2150 m asl relative to the 

home elevation. Similarly net growth rate of TMCF species were affected by elevation 

;χ2=13.1, p<0.05), peaking at 1750 m asl, before declining upslope (Figure 4-7, bottom). As 

with the LMF species, C. thurifera survived at 1500 m asl and 2500 m asl without measureable 

growth. 
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4.4 Discussion 

(a) LF, 400 m asl home elevation 

Species B. lactescens L. glycycarpa C. cateniformis I. deltoidea  

Transplant 
temp. (°C) 

-2 

 

-4 

X 

 -2 

 

-4 

X 

 -2 

 

-4 

X 

 -2 

 

-4 

X 

 

Survival  –  
  

 
 –  

 –  

Stress   
 

 –  + –  
  

 

Growth - –  
  

 – –  + –  

             

(b) LMF, 1550 m asl home elevation 

Species D. lamarckianum  G. glauca  T. guianensis 

Transplant 
temp. (°C) 

+4 

X 

+2 

 

-2 

 

-4 

X 

 +4 

X 

+2 

X 

-2 

 

-4 

X 

 +4 

 

+2 

 

-2 

 

-4 

X 

Survival  
+ + +  + + + 

 
 

 
+   

Stress + + - 
 

 + + 
 –  

   – 

Growth + + – –     –  +   - 

               

(c) TMCF, 2150 m asl home elevation 

Species A. verticillata  C. revoluta  C. thurifera   H. goudotianum 

Transplant 
temp. (°C) 

+4 

X 

+2 

 

-2 

X 

-4 

X 

 +4 

X 

+2 

 

-2 

X 

-4 

X 

 +4 

X 

+2 

 

-2 

X 

-4 

X 

 +4 

X 

+2 

X 

-2

 

-4

 

Survival - – – –  – - –   – - -     – – 

Stress + +  –   +    +   –  + + - – 

Growth + + – –   +  –  –   –   + – – 

                    

The response of seedlings to upslope and downslope transplantation varied between 

elevational community groups, with changes in survival partially explained by changes in 

physiological stress and elevation, whereas growth was only related to elevation. In most 

cases transplantation to the uppermost site, equivalent to -4 °C cooling, resulted in negative 

responses of survival, stress and growth, whereas transplantations downslope (+2 °C and 

+4 °C warming) resulted in mixed responses at the species level (Table 4-1). Declines upslope 

ǁeƌe attƌiďuted to seedliŶgs͛ failuƌe to upƌegulate theiƌ ŵetaďolisŵ to more variable and 

cold temperatures, whereas declines downslope were associated with increased herbivory 

and the observed pathogen load.  

Table 4-1 Summary of seedling response to change in temperature with transplantation downslope (+2 °C or 

+4 °C) and upslope (-2 °C or -4 °C) (a) LF, lowland species, (b) LMF, lower montane species and (c) TMCF, tropical 

montane cloud forest species. Large symbols, positive or negative transplant effect (p<0.01); small symbols, 

positive or negative transplant effect (p<0.06); red symbols, convincing trends, but statistically untested due to 

low survival; X / , indicate if transplant site is within current estimated local range.  
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4.4.1 Andes-Amazon context 

Mean rates of seedling survival from this study (0.16 – 0.86) were more variable than 

previously reported survivorship from a seedling transplant experiment carried out at the 

treeline (3150 - 3650 m asl) of the same elevational transect: 0.40 - 0.62 (Rehm and Feeley 

2016). This is likely due to the greater range of species and the greater transplant distances 

used in this study. However, there were parallels between the findings of Rehm and Feeley 

(2016) and the response of TMCF seedlings, as survival trends were species-specific in 

relation to elevation: Weinmannia fagaroides responded negatively to warming like C. 

revoluta and C. thurifera, whereas Clethra cuneate responded negatively to cooling like H. 

goudotianum and to a lesser extent A. verticillata. Similarly, observed trends in tree growth 

with elevation along the transect were found to be species specific, but as with TMCF species, 

growth was found to decrease with elevation above 1750 m asl (Rapp et al. 2012). Decreases 

in growth with elevation have been observed across the Andes as a whole, with the impacts 

of cloudiness on radiation plus the a number of direct and indirect effects of low temperature 

on nutrient cycling (Nottingham et al. 2015) and plant metabolism proposed as the main 

causes (Báez et al. 2015). 

Mean measures of physiological stress (Fv/Fm) were more variable (0.6 – 0.85) than values 

previously recorded for naturally occurring seedlings of the same species along the Andes to 

Amazon transect (0.7 – 0.8, Appendix 2.2). Within the natural population seedlings at the 

lower range edge were more stressed, but there was no evidence of long-term abiotic stress 

within this sub- population (Chapter 2). Transplantation understandably elicited a greater 

range of stress responses, considering seedlings were moved outside their realised niche, 

with the impact of reducing the probability of survival over time for LMF and TMCF species 

(Figure 4 6). 

4.4.2 Upslope transplantation 

Consistent with recent syntheses of beyond range transplant experiments (Hargreaves et al. 

2014, Lee-Yaw et al. 2016), declines in survival and growth increased in frequency at beyond-

range transplant sites particularly towards high elevations (Table 4-1), indicating that for 

these instances range limits currently overlap with niche boundaries. Declines in relative 

survival of LMF and TMCF seedlings could be explained by increasing physiological stress 
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(Figure 4-6, b and c), which correlated with decreasing temperatures and an increase in 

diurnal and seasonal variability experienced at elevations above 1500 m asl. Declines in 

survival of LF species at the uppermost transplant site (1500 m asl) were also likely to be due 

to low temperature and climatic factors, as growth rate simultaneously declined.  

Negative seedling responses were also observed within the present range (Table 4-1). 

Upslope declines in growth for C. cateniformis, D. lamarckianum were recorded at sites 

located close to the estimated upper range edge, where the adult populations were small 

(Figure 4-1, note sample size). This suggests that these edge population may have long 

experienced low or chance reproduction, establishment and recruitment, perhaps 

contingent on climatically favourable years. In contrast, the negative response of 

transplanted H. goudotianum seedlings at high elevation is best explained by an alternative 

process: the increased frequency of clonal reproduction (adventitious root and shoot growth) 

observed in the natural population. This response is common at high elevations and in 

stressful environmental conditions as a mechanism to overcome dispersal and seedling 

establishment barriers ;Kliŵes ϮϬϬϯ, Badeƌ et al. ϮϬϬ7, Kliŵešoǀá aŶd Doležal ϮϬϭϮ, Ye et al. 

2014) e.g. low growth rates lengthen the seedling establishment period, making seedlings 

more susceptible to climatic fluctuations. 

4.4.3 Downslope transplantation 

Previous controlled warming experiments show that an increase in daytime and night-time 

temperatures of + 2 °C to + 5 °C above current ambient temperatures increased and in some 

cases doubled tropical seedling growth (Esmail and Oelbermann 2011, Cheesman and Winter 

2012, Cheesman and Winter 2013, Krause et al. 2013, Slot and Winter 2016, 2017). Because 

of this, downslope transplantation was expected to elicit a positive growth response in 

surviving seedlings. There were significant increases in growth response for T. guianensis at 

the +4°C transplant site and C. revoluta and H. goudotianum at the +2 °C site, however the 

growth response was weak or non-existent for the majority of species. 

For LMF seedlings, downslope transplantation resulted in neutral or positive survival, stress 

and growth responses, indicating lessened abiotic pressures and no evidence of a 

physiological range limit. Neutral responses indicate that although seedlings were able to 

acclimate to a change in climatic regime, they were unable to exploit the warmer conditions 
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in order to upregulate their growth, perhaps due to other limiting factors such as light 

availability or resource competition. Based on the Neotropical distribution of the LMF species 

(Figure 4-1, horizontal line) it is unsurprising that seedlings are able to survive at these 

elevations. However, the narrow local elevational ranges of D. lamarckianum and G. glauca 

suggests otherwise (Figure 4-1, population density plot), potentially indicating local niche 

constraints. Equally, the difference may be due to sampling error, as high levels of 

competition in diverse lowland sites could have reduced species͛ frequencies below a point 

that was detectable by the census plot design. 

The response of TMCF species to downslope transplantation is yet more complicated, as 

survival decreased despite neutral or positive responses in stress and growth (A. verticillata, 

C. revoluta, C. thurifera, Table 4-1). This indicates a lack of physiological barriers to survival, 

with biotic pressures the most likely cause of seedliŶgs͛ failuƌe to estaďlish. Biotic factors 

such as competition, predation and disease are known to play a role in range- limitation 

across a diversity of taxa (Gaston 2003, Sexton et al. 2009). A recent review of transplant 

experiments found that biotic factors partially or completely  enforced low-elevation range 

limits in 55% of studies (Hargreaves et al. 2014). Within this study mortality often followed 

defoliation, but the mechanisms behind this remain unclear. There was little evidence of 

herbivory on surviving leaf material, however observations of rot within remaining stems 

indicated that fungal pathogens were present. Previous studies have shown fungal 

pathogens to cause mortality within two weeks of infection (Bagchi et al. 2010), which could 

easily have occurred between census intervals. Pathogen virulence has been found to 

increase with watering frequency (Swinfield et al. 2012), so on transplantation to warmer, 

wetter sites (1550 and 1750 m asl, Figure 4-2), seedlings were at greater risk of fungal 

pathogen-induced mortality. 

4.4.4 Limitations of transplant experiment 

Transplantation along an elevational gradient allowed space for time comparisons simulating 

low to moderate changes in mean annual temperature under real-world conditions. The 

replication of the study was limited to one gradient with measurements over the course of 

one year, making assessments of the long-teƌŵ effeĐts of tƌaŶsplaŶtatioŶ oŶ speĐies͛ lifetime 

unadvisable. To put the measurement period in inter-annual context: 2015/16 has been 

described as a super El Niño year (the maximum Pacific sea surface temperature  anomaly 
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exceeding 3 K in Niño regions) (Rao and Ren 2017). El Niño years are drier and average 0.7-

1.3 °C warmer than la Niña years in the tropical Andes (Vuille and Bradley 2000, Vuille et al. 

2000) and compared to mean temperatures recorded during the 2007 and 2008 la Niña years 

(Rapp and Silman 2012), the 2015- 2016 period was significantly warmer (approximately 

+2°C), although with decreasing inter-annual variability at high elevations (above 1750 m asl). 

This variability makes the measurement period arguably more stressful than an average year, 

although there was no evidence of drought in the study plots (Figure 4-2c). Declines in 

seedling survival during the measurement period can be interpreted as impacting on the 

lifetime fitness of the population, due to impacts on seedling recruitment. However high 

survival rates must be interpreted with caution, as success at one ontogenetic stage cannot 

be extrapolated to others (Lee-Yaw et al. 2016). 

In terms of spatial replication, the study transect has been found to have levels of 

heterogeneity; previous studies have observed considerable variability within species and 

elevational bands (Bahar et al. 2016), as well as high levels of topographic variability (Asner 

et al. 2013). Indeed, with high levels of intra-specific variability there is little evidence of 

phenotypic shifts at speĐies͛ edge populatioŶs ;Chapteƌ ϮͿ. This heterogeneity ensures that 

by transplanting seedlings from the centre of their range to a variety of sub plots at each 

elevation, the variability in response will lessen any risk of over-interpreting our results. 

The nature of the experiment imposes co-occurring changes in environmental and biotic 

factors such as soil fertility, cloud cover, pathogen virulence and herbivore abundance that 

are arguably unrealistic. However, as populations shift their range they will meet an equal 

variety of limiting factors, which due to the uncertainty in climate change forecasts, are 

difficult to predict (Huntingford et al. 2013). The inclusion of these complicating factors 

therefore provides a valuable opportunity to explore the real-world implications of shifting 

climate (Parmesan and Hanley 2015). 

4.4.5 Implications of future climatic shifts 

This study supports the asymmetric abiotic stress limitation hypothesis, which predicts that 

stress plays a greater role at high rather than low elevations in determining range limits, 

except in the case of drought (Normand et al. 2009). High stress and low survival upslope 

indicates that the lag in current upslope migration rates relative to warming is less likely to 
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be a result of dispersal limitations, but rather a climate-driven barrier to seedling 

establishment and growth.  The speed and success of upslope range expansions are therefore 

dependent upon the trajectory of future climatic shifts, with more favourable adjustments, 

such as reduced seasonality and warmer temperatures, facilitating seedling establishment. 

The greatest uncertainty for the future of LMF and TMCF species is associated with shifts in 

the cloud base, which could dramatically alter levels of rainfall and radiation and thus 

increase water or light stress (Foster 2001, Halladay et al. 2012). Under these scenarios 

species that can more readily acclimate to stress, such as T. guianensis, will be at an 

advantage.  

Although growth has been found to increase with moderate warming along environmental 

gradients and within controlled experiments (Báez et al. 2016, Slot and Winter 2016), this 

was not the case for the majority of species, highlighting the impact on co-occurring natural 

stressors. Biotic factors associated with lower elevations and high species turnover had a 

disproportionate effect on seedlings transplanted downslope from TMCF communities, as 

species acclimated to cold and stressful conditions are unequipped to compete with lowland 

generalists or to survive defoliation by herbivores or pathogens. If this response is 

extrapolated across the community it suggests that by the end of the century LF and LMF 

species will increasingly outcompete TMCF species on the lower Andean slopes.  

4.5 Conclusions 

Our results suggest that if montane species lag behind their current thermal niche they will 

experience population declines as a result of mainly biotic factors rather than physiological 

limitations. However, the lack of a positive growth response in the absence of physiological 

stress suggests that these species are unable to acclimate to climatic conditions downslope, 

which in turn could impact on their ability to compete with co-occurring lowland species. 

With declines downslope, upslope shifts are required to maintain population levels, however 

our results demonstrate that seedling establishment at high elevations is limited by climatic 

factors. Increased warming may facilitate upslope movement, but growth rates may not be 

sufficient to prevent population declines. We therefore predict that TMCF species are at the 

greatest risk of population declines as a result of climate change, but that LF and LMF species 

have the acclimatory capacity to maintain population levels. 



87 
 

4.6 References 

Asner, G. P., C. Anderson, R. E. Martin, D. E. Knapp, R. Tupayachi, T. Kennedy-Bowdoin, F. 
Sinca, and Y. Malhi. 2013. Landscape-scale changes in forest structure and functional 
traits along an Andes-to-Amazon elevation gradient. Biogeosciences Discussions 
10:15415-15454. 

Bader, M. Y., I. van Geloof, and M. Rietkerk. 2007. High solar radiation hinders tree 
regeneration above the alpine treeline in northern Ecuador. Plant Ecology 191:33-45. 

Bagchi, R., T. Swinfield, G. Rachel, O. Lewis, S. Gripenberg, L. Narayan, and R. Freckleton. 2010. 
Testing the Janzen-Connell mechanism: Pathogens cause overcompensating density 
dependence in a tropical tree. Ecology Letters 13:1262-1269. 

Bahar, N. H. A., F. Y. Ishida, L. K. Weerasinghe, R. Guerrieri, O. S. O'Sullivan, K. J. Bloomfield, 
G. P. Asner, R. E. Martin, J. Lloyd, Y. Malhi, O. L. Phillips, P. Meir, N. Salinas, E. G. Cosio, 
T. F. Domingues, C. A. Quesada, F. Sinca, A. Escudero Vega, P. P. Zuloaga Ccorimanya, 
J. del Aguila-Pasquel, K. Quispe Huaypar, I. Cuba Torres, R. Butrón Loayza, Y. Pelaez 
Tapia, J. Huaman Ovalle, B. M. Long, J. R. Evans, and O. K. Atkin. 2016. Leaf-level 
photosynthetic capacity in lowland Amazonian and high-elevation Andean tropical 
moist forests of Peru. New Phytologist 214:1002-1018. 

Bates, D., Maechler, M., Bolker, B., Walker, S. 2015. Fitting Linear Mixed-Effects Models Using 
lme4. Journal of Statistical Software, 67:1-48. 

Bradley, R. S., M. Vuille, H. F. Diaz, and W. Vergara. 2006. Threats to Water Supplies in the 
Tropical Andes. Science 312:1755-1756. 

Báez, S., L. Jaramillo, F. Cuesta, and D. A. Donoso. 2016. Effects of climate change on Andean 
biodiversity: a synthesis of studies published until 2015. Neotropical Biodiversity 
2:181-194. 

Báez, S., A. Malizia, J. Carilla, C. Blundo, M. Aguilar, N. Aguirre, Z. Aquirre, E. Álvarez, F. Cuesta, 
Á. Duque, W. Farfán-Ríos, K. García-Cabrera, R. Grau, J. Homeier, R. Linares-Palomino, 
L. R. Malizia, O. M. Cruz, O. Osinaga, O. L. Phillips, C. Reynel, M. R. Silman, and K. J. 
Feeley. 2015. Large-Scale Patterns of Turnover and Basal Area Change in Andean 
Forests. PLOS ONE. Public Library of Science. 

Cheesman, A., and K. Winter. 2012. Elevated night-time temperatures increase growth in 
seedlings of two tropical pioneer tree species. New Phytologist 197:1185-1192. 

Cheesman, A. W., and K. Winter. 2013. Growth response and acclimation of CO2 exchange 
characteristics to elevated temperatures in tropical tree seedlings. Journal of 
Experimental Botany 64:3817-3828. 

Chen, I.-C., J. K. Hill, R. Ohlemüller, D. B. Roy, and C. D. Thomas. 2011a. Rapid Range Shifts of 
Species Associated with High Levels of Climate Warming. Science 333:1024-1026. 

Chen, I. C., J. K. Hill, H.-J. Shiu, J. D. Holloway, S. Benedick, V. K. Chey, H. S. Barlow, and C. D. 
Thomas. 2011b. Asymmetric boundary shifts of tropical montane Lepidoptera over 
four decades of climate warming. Global Ecology and Biogeography 20:34-45. 

Chen, I. C., H.-J. Shiu, S. Benedick, J. D Holloway, V. Khen Chey, H. S Barlow, J. Hill, and C. 
Thomas. 2009. Elevation increases in moth assemblages over 42 years on a tropical 
mountain. PNAS 106:1479-1483. 

Colwell, R. K., G. Brehm, C. L. Cardelus, A. C. Gilman, and J. T. Longino. 2008. Global warming, 
elevational range shifts, and lowland biotic attrition in the wet tropics. Science 
322:258-261. 

Esmail, S., and M. Oelbermann. 2011. The impact of climate change on the growth of tropical 
agroforestry tree seedlings. Agroforestry Systems 83:235-244. 

Feeley, K. J., and M. R. Silman. 2010. Land-use and climate change effects on population size 
and extinction risk of Andean plants. Global Change Biology 16:3215-3222. 



88 
 

Feeley, K. J., M. R. Silman, M. B. Bush, W. Farfan, K. G. Cabrera, Y. Malhi, P. Meir, N. S. Revilla, 
M. N. R. Quisiyupanqui, and S. Saatchi. 2011. Upslope migration of Andean trees. 
Journal of Biogeography 38:783-791. 

FeeleǇ, K. J., J. T. Stƌoud, aŶd T. M. Peƌez. ϮϬϭ7. Most ͚gloďal͛ ƌeǀieǁs of speĐies͛ ƌespoŶses 
to climate change are not truly global. Diversity and Distributions 23:231-234. 

Foster, P. 2001. The potential negative impacts of global climate change on tropical montane 
cloud forests. Earth-Science Reviews 55:73-106. 

Gaston, K. J. 2003. The Structure and Dynamics of Geographic Ranges. Oxford University 
Press. 

Halladay, K., Y. Malhi, and M. New. 2012. Cloud frequency climatology at the Andes/Amazon 
transition: 2. Trends and variability. Journal of Geophysical Research: Atmospheres 
117. 

Haƌgƌeaǀes, A. L., K. E. Saŵis, aŶd C. G. EĐkeƌt. ϮϬϭϰ. Aƌe SpeĐies͛ RaŶge Liŵits SiŵplǇ NiĐhe 
Limits Writ Large? A Review of Transplant Experiments beyond the Range. The 
American Naturalist 183:157-173. 

Huntingford, C., P. Zelazowski, D. Galbraith, L. M. Mercado, S. Sitch, R. Fisher, M. Lomas, A. 
P. Walker, C. D. Jones, B. B. B. Booth, Y. Malhi, D. Hemming, G. Kay, P. Good, S. L. 
Lewis, O. L. Phillips, O. K. Atkin, J. Lloyd, E. Gloor, J. Zaragoza-Castells, P. Meir, R. Betts, 
P. P. Harris, C. Nobre, J. Marengo, and P. M. Cox. 2013. Simulated resilience of 
tropical rainforests to CO2-induced climate change. Nature Geosciences 6:268-273. 

Ishida, A., T. Toma, and Marjenah. 2005. A Comparison of in situ Leaf Photosynthesis and 
Chlorophyll Fluorescence at the Top Canopies in Rainforest Mature Trees. Japan 
Agricultural Research Quarterly: JARQ 39:57-67. 

Klimes, L. 2003. Life-forms and clonality of vascular plants along an altitudinal gradient in E 
Ladakh (NW Himalayas). Basic and Applied Ecology 4:317-328. 

Kliŵešoǀá, J., aŶd J. Doležal. ϮϬϭϮ. Aƌe ĐloŶal plaŶts ŵoƌe fƌeƋueŶt iŶ Đold eŶǀiƌoŶŵeŶts thaŶ 
elsewhere? Plant Ecology and Diversity 4:373-378. 

Krause, G. H., A. W. Cheesman, K. Winter, B. Krause, and A. Virgo. 2013. Thermal tolerance, 
net CO2 exchange and growth of a tropical tree species, Ficus insipida, cultivated at 
elevated daytime and nighttime temperatures. Journal of Plant Physiology 170:822-
827. 

Krause, G. H., A. Gallé, A. Virgo, M. García, P. Bucic, P. Jahns, and K. Winter. 2006. High-Light 
Stress does not Impair Biomass Accumulation of Sun-Acclimated Tropical Tree 
Seedlings (Calophyllum longifolium Willd. and Tectona grandis L. f.). Plant Biology 
8:31-41. 

Krause, G. H., K. Winter, S. Matsubara, B. Krause, P. Jahns, A. Virgo, J. Aranda, and M. García. 
2012. Photosynthesis, photoprotection, and growth of shade-tolerant tropical tree 
seedlings under full sunlight. Photosynthesis Research 113:273-285. 

Larsen, T., G. Brehm, H. Navarrete, F. P, G. H, J. L. Mena, V. Morales, J. Argollo, B. K, and V. 
Canhos. 2011. Range Shifts and Extinctions Driven by Climate Change in the Tropical 
Andes: Synthesis and Directions. Pages 47-67  Climate Change and Biodiversity in the 
Tropical Andes. Inter-American Institute of Global Change Research and Scientific 
Committee on Problems of the Environment. 

Lawler, J. J., S. L. Shafer, D. White, P. Kareiva, E. P. Maurer, A. R. Blaustein, and P. J. Bartlein. 
2009. Projected climate-induced faunal change in the Western Hemisphere. Ecology 
90:588-597. 

Lee-Yaw, J. A., H. M. Kharouba, M. BoŶtƌageƌ, C. MahoŶǇ, A. M. Cseƌgő, A. M. E. NoƌeeŶ, Q. 
Li, R. Schuster, and A. L. Angert. 2016. A synthesis of transplant experiments and 
ecological niche models suggests that range limits are often niche limits. Ecology 
Letters 19:710-722. 



89 
 

Lewis, S. L., P. M. Brando, O. L. Phillips, G. M. F. van der Heijden, and D. Nepstad. 2011. The 
2010 Amazon Drought. Science 331:554-554. 

Magrin, G. O., J. A. Marengo, J.-P. Boulanger, M. S. Buckeridge, E. Castellano, G. Poveda, F. R. 
Scarano, and S. Vicuña. 2014. Central and South America. In: Climate Change 2014: 
Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of 
Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change [Barros, V.R., C.B. Field, D.J. Dokken, M.D. Mastrandrea, K.J. Mach, 
T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. 
Levy, S. MacCracken, P.R. Mastrandrea, and L.L.White (eds.)]. Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA:pp 1499-1566. 

Marengo, J., J. D. Pabón Caicedo, A. D'Iaz, G. Rosas, E. Montealegre, M. Villacis, and S. Solman. 
2011. Climate Change : Evidence and Future Scenarios for the Andean Region. 

Maxwell, K., and G. N. Johnson. 2000. Chlorophyll fluorescence—a practical guide. Journal of 
Experimental Botany 51:659-668. 

Normand, S., U. A. Treier, C. Randin, P. Vittoz, A. Guisan, and J.-C. Svenning. 2009. Importance 
of abiotic stress as a range-limit determinant for European plants: insights from 
species responses to climatic gradients. Global Ecology and Biogeography 18:437-
449. 

Nottingham, A., J. Whitaker, B. Turner, N. Salinas, M. Zimmermann, Y. Malhi, and P. Meir. 
2015. Climate Warming and Soil Carbon in Tropical Forests: Insights from an 
Elevation Gradient in the Peruvian Andes. BioScience 65:906-921. 

Oliveira-Filho, A. T. 2017. NeoTropTree, Flora arbórea da Região Neotropical: Um banco de 
dados envolvendo biogeografia, diversidade e conservação., Universidade Federal de 
Minas Gerais. 

Parmesan, C., and M. E. Hanley. 2015. Plants and climate change: complexities and surprises. 
Annals of Botany 116:849-864. 

Pounds, J. A., M. P. L. Fogden, and J. H. Campbell. 1999. Biological response to climate change 
on a tropical mountain. Nature 398:611-615. 

Pounds, J. A., M. P. L. Fogden, and K. L. Masters. 2005. Responses of natural communities to 
climate change in a highland tropical forest. Pages 70-74 in T. E. Lovejoy and L. J. 
Hannah, editors. Climate change and biodiversity. Yale University Press, New Haven. 

Rao, J., and R. Ren. 2017. Parallel comparison of the 1982/83, 1997/98 and 2015/16 super El 
Niños and their effects on the extratropical stratosphere. Advances in Atmospheric 
Sciences 34:1121-1133. 

Rapp, J. M., and M. R. Silman. 2012. Diurnal, seasonal, and altitudinal trends in microclimate 
across a tropical montane cloud forest. Climate Research 55:17-32. 

Rapp, J. M., M. R. Silman, J. S. Clark, C. A. J. Girardin, D. Galiano, and R. Tito. 2012. Intra- and 
interspecific tree growth across a long altitudinal gradient in the Peruvian Andes. 
Ecology 93:2061-2072. 

Raxworthy, C. J., R. G. Pearson, N. Rabibisoa, A. M. Rakotondrazafy, J.-B. Ramanamanjato, A. 
P. Raselimanana, S. Wu, R. A. Nussbaum, and D. A. Stone. 2008. Extinction 
vulnerability of tropical montane endemism from warming and upslope 
displacement: a preliminary appraisal for the highest massif in Madagascar. Global 
Change Biology 14:1703-1720. 

Rehm, E. M. 2014. Rates of upslope shifts for tropical species depend on life history and 
dispersal mode. PNAS 111. 

Rehm, E. M., and K. J. Feeley. 2016. Seedling transplants reveal species-specific responses of 
high-elevation tropical treeline trees to climate change. Oecologia 181:1233-1242. 

Seimon, T. A., A. Seimon, P. Daszak, S. R. P. Halloy, L. M. Schloegel, C. A. Aguilar, P. Sowell, A. 
D. Hyatt, B. Konecky, and J. E Simmons. 2007. Upward range extension of Andean 



90 
 

anurans and chytridiomycosis to extreme elevations in response to tropical 
deglaciation. Global Change Biology 13:288-299. 

Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice. 2009. Evolution and Ecology of Species 
Range Limits. Annual Review of Ecology, Evolution, and Systematics 40:415-436. 

Slot, M., and K. Winter. 2016. The Effects of Rising Temperature on the Ecophysiology of 
Tropical Forest Trees. Pages 385-412 in G. Goldstein and L. S. Santiago, editors. 
Tropical Tree Physiology: Adaptations and Responses in a Changing Environment. 
Springer International Publishing, Cham. 

Slot, M., and K. Winter. 2017. Photosynthetic acclimation to warming in tropical forest tree 
seedlings. Journal of Experimental Botany 68:2275-2284. 

Stroud, J., and K. J. Feeley. 2017. Neglect of the Tropics Is Widespread in Ecology and 
Evolution: A Comment on Clarke et al. Trends in Ecology & Evolution 32:626-628. 

Sundqvist, M. K., N. J. Sanders, and D. A. Wardle. 2013. Community and Ecosystem Responses 
to Elevational Gradients: Processes, Mechanisms, and Insights for Global Change. 
Annual Review of Ecology, Evolution, and Systematics 44:261-280. 

Swinfield, T., O. T. Lewis, R. Bagchi, and R. P. Freckleton. 2012. Consequences of changing 
rainfall for fungal pathogen-induced mortality in tropical tree seedlings. Ecology and 
Evolution 2:1408-1413. 

Vuille, M., and R. S. Bradley. 2000. Mean annual temperature trends and their vertical 
structure in the tropical Andes. Geophysical Research Letters 27:3885-3888. 

Vuille, M., R. S. Bradley, and F. Keimig. 2000. Interannual climate variability in the Central 
Andes and its relation to tropical Pacific and Atlantic forcing. Journal of Geophysical 
Research: Atmospheres (1984–2012) 105:12447-12460. 

Vuille, M., E. Franquist, R. Garreaud, W. S. Lavado Casimiro, and B. Cáceres. 2015. Impact of 
the global warming hiatus on Andean temperature. Journal of Geophysical Research: 
Atmospheres 120:3745-3757. 

Wickham, H. 2009a. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. 
Wickham, H. 2009b. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. 

Springer-Verlag New York. 
Ye, D., Y. Hu, M. Song, X. Pan, X. Xie, G. Liu, X. Ye, and M. Dong. 2014. Clonality-Climate 

Relationships along Latitudinal Gradient across China: Adaptation of Clonality to 
Environments. PLOS ONE. Public Library of Science. 

Zuur, A., E. N. Ieno, N. Walker, A. A. Saveliev, and G. M. Smith. 2009. Mixed Effects Models 
and Extensions in Ecology with R. Springer New York. 

 

 

 



91 
 

4.7 Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Relationship between seedling potential quantum efficiency 

(Fv/Fm) and net growth rate of surviving censused seedlings (n=330) of (a) 

lowland species, (b) lower montane species and (c) montane cloud forest 

species. Fv/Fm values are mean ±SE of values measured from Nov 2015 to 

May 2016. Net growth rate is the mean ±SE subplot-level values calculated 

as the increase in height from installation, June-August 2015, until October 

2016 relative to the initial height for seedlings 
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. Pushing the limits: using an elevational gradient to 

experimentally test the acclimation of Neotropical tree 

seedlings to changing climate 

 Introduction 

How Neotropical tree species respond to the changing climate is fundamentally important to 

our understanding of how forests will change in composition and function over the next 

century. Neotropical forests are of substantial interest because of their high levels of 

biodiversity, likely susceptibility to climate and land-use change (Báez et al. 2016) and 

importance in regional and global climate feedbacks (IPCC 2013). 

Recent changes in species composition in the Andes of South America have been studied 

through the use of long-term oďserǀatioŶal datasets, traĐkiŶg shifts iŶ speĐies͛ raŶges 

through repeated census of permanent forest plots along elevational gradients for between 

5 and 24 years (Feeley et al. 2011, Feeley et al. 2013, Duque et al. 2015).  Studies in Peru, 

Costa Rica and Colombia show current upslope movements in tree populations of around 

1.2-2.0 m·y-1, driven by mortality at the lower edge of the range and a lack of growth and 

recruitment upslope, in combination leading to range retractions and a greater risk of species 

loss (Feeley et al. 2011, Feeley et al. 2013, Duque et al. 2015). However, these few 

observational studies are limited in their capacity to predict future trends and to directly 

attribute the observed upslope migration to alterations in climate, so there is a need for 

experimentation to investigate the mechanisms behind these range shifts. 

The mechanistic response of Neotropical tree species to changing climate can be studied and 

modelled by assessing the plasticity of functional traits related to productivity and survival. 

AŶ iŶdiǀidual plaŶt͛s acclimatory response to a long-term alteration in climate may involve 

changes in leaf anatomy, physiology and biochemistry. When estimating changes in 

productivity, the acclimatory potential of traits underlying plant physiological responses, 

such as the maximum rate of Rubisco carboxylation (Vcmax), the rate of RuBP (Ribulose-1,5-

bisphosphate) regeneration (Jmax) and the ratio of Jmax to Vcmax (Hikosaka et al. 2006), are 

important sources of uncertainty in current vegetation models (Huntingford et al. 2013, 

Rowland et al. 2015a, Seiler et al. 2015, Rogers et al. 2017). Similarly, understanding the 

acclimatory trends and relationships between photosynthetic capacity (Vcmax and Jmax), 
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respiratory capacity and their associated leaf traits is essential in describing and estimating 

the overall carbon balance of ecosystems and consequent vegetation dynamics under 

climate change scenarios (Lavorel and Garnier 2002, Wright et al. 2005, Galbraith et al. 2010, 

Atkin et al. 2014, Slot et al. 2014). 

Few studies have been carried out into the temperature-response of photosynthesis in 

tropical trees (Kattge and Knorr 2007, Slot and Winter 2016), however a recent study has 

shown a consistent in situ temperature-response of photosynthesis across 42 ecologically 

dissimilar species of tropical trees and lianas (Slot and Winter 2017). Under warming 

scenarios, tropical montane species have been found to decrease their base rates of 

photosynthetic capacity (Jmax25 and Vcmax25) and Jmax: Vcmax ratio (Dusenge et al. 2015). The 

reciprocal relationship (increases in capacity under cooling scenarios) has been observed in 

some temperate species (Yamori et al. 2005), but this does not hold across global meta-

analyses (Kattge and Knorr 2007). However, the decline in Jmax: Vcmax with measurement 

temperature is consistent with previous extensive meta-analyses of temperate tree species 

(Medlyn et al. 2002, Kattge and Knorr 2007), due to the often lower temperature optimum 

(Topt) of Vcmax than Jmax (Long and Bernacchi 2003). However, the only reported values of the 

Topt of photosynthetic capacity in the tropics showed that the Topt of Jmax  for montane species 

was 5-7 °C lower than for Vcmax, which could alter the temperature response of the ratio 

(Vårhammar et al. 2015, Slot and Winter 2017). Because of this changes in Vcmax may be a 

better indication of shifts in temperature dependence than the Jmax: Vcmax
 ratio (Hikosaka et 

al. 2006). 

Tropical trees are considered to be close to their Topt for photosynthesis, with some evidence 

of declines in overall productivity with historic climatic warming and drought (Clark 2004, 

Way and Oren 2010, Doughty 2011, Clark et al. 2013). Tropical montane species are 

hypothesised to be more sensitive to warming than their lowland counterparts based on 

evidence of historic elevational range shifts (Bush et al. 2004, Colwell et al. 2008, Morueta-

Holme et al. 2015). This is supported by evidence from warming experiments, where high 

growth temperatures had a greater than expected effect on montane than lowland tree 

seedling growth and survival, suggesting  local epigenetic constraints on the acclimatory 

potential of montane species (Cheesman and Winter 2013). Similarly, common garden 

experiments comparing native montane and lowland exotic species in Rwanda found that 
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montane tree species more often experienced sub-optimal leaf temperatures, with a lower 

acclimatory potential for the Topt for Jmax (Vårhammar et al. 2015).  

Unlike photosynthesis, respiration has been found to readily acclimate to growth 

temperature (Atkin and Tjoelker 2003, Atkin et al. 2005). In general, and when compared at 

a standard temperature, species from cold habitats have higher rates of dark respiration (Rd) 

relative to Vcmax25 and Na (leaf nitrogen on an area basis) than warmer habitat species, 

indicating a greater allocation of resources to respiratory demands (Atkin et al. 2015). This 

trend is consistent with elevational studies in the tropics that show strong temperature-

driven acclimation of Rd relative to more complex acclimatory patterns for photosynthetic 

capacity (van de Weg et al. 2012, Wittich et al. 2012). This asynchronous acclimatory 

potential could be especially significant for the more temperature-sensitive tropical montane 

cloud forest (TMCF) species, resulting in potential individual plant carbon deficits and 

mortality under climate warming scenarios (Campbell et al. 2007, Way and Oren 2010, Slot 

and Winter 2016). 

A recent global analysis identified Vcmax, foliar mass to area ratios, Na and Pa (leaf phosphorus 

on an area basis) as the most important trait predictors for variation in Rd  (Atkin et al. 2015), 

however the relative importance of these traits across the tropics is unclear, especially due 

to the high climatic, edaphic and taxonomic diversity in these regions (Wright et al. 2005, 

Quesada et al. 2010, Rowland et al. 2016). Although Na is considered to have a stronger 

relationship with photosynthetic and respiratory parameters at the global level (Reich et al. 

1997, Reich and Oleksyn 2004, Wright et al. 2004, Atkin et al. 2015), Pa has often been found 

to be an equal or better predictor of Rd (Meir et al. 2001, Cavaleri et al. 2008, Slot et al. 2014, 

Rowland et al. 2016) and photosynthesis (Domingues et al. 2010, Cleveland et al. 2011, 

Domingues et al. 2015) in tropical trees.  

Forest canopy and leaf traits have been observed to shift with increased elevation along the 

Andes-Amazon gradient used in this study. With increases in elevation of the forest, these 

features have been reported: reduced stature, gaps become more prevalent, NDVI of the 

canopy declines (Asner et al. 2013); tree growth declines (Robertson et al. 2010, Rapp et al. 

2012) , GPP, NPP and above-ground biomass decrease (Girardin et al. 2010, Girardin et al. 

2014, van de Weg et al. 2014, Malhi et al. 2016); Vcmax: Na (Bahar et al. 2016)and Rd: Vcmax 

ratios increase (van de Weg et al. 2012); and leaf traits become more conservative, increasing 
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in LMA (leaf mass per unit area) and decreasing in Nmass (leaf nitrogen on a mass basis) but 

not Pmass (van de Weg et al. 2009). The underlying drivers of the decline in productivity with 

elevation in tropical montane forest have been an open question for decades, with much 

focus on alterations in nutrient availability and cloud cover with elevation (Bruijnzeel and 

Veneklaas 1998, Tanner et al. 1998). However, the recent intensification of measurements 

has fed new modelling capacity, enabling for the first time a clear demonstration of the 

dominant roles of temperature and radiation in determining GPP (van de Weg et al. 2014) 

followed more recently still by an emphasis on the combination of radiation and leaf trait 

diversity (Fyllas et al. 2017). 

However few ͚real world͛ experiments have been carried out to assess the acclimatory 

potential of tropical trees species to future climate warming in the context of range-shift 

scenarios. Where experiments have taken place, they tend to focus on highly controlled 

warming (Cheesman and Winter 2013, Krause et al. 2013) or common garden experiments 

(Dusenge et al. 2015, Vårhammar et al. 2015), which do not take into account the additional 

challenges of multiple stressors; the frequency of competitors, altered trophic interactions, 

and the shifts in the availability of nutrients, light and water. Elevation gradients provide an 

opportunity to investigate these more complex interactions (Malhi et al. 2010, Sundqvist et 

al. 2013, Parmesan and Hanley 2015, Slot and Winter 2016).  

Here we report on an experimental approach to understand the limits of acclimation to 

temperature; by transplanting tree seedlings along an elevation gradient away from the 

centre of each speĐies͛ loĐal distriďutioŶ by the equivalent of ± 4 °C. We used a 3000 m study 

transect stretching from the Andean treeline to the lowland Amazon in Peru, hereafter 

referred to as the Kosñipata gradient. The goal was to simulate upslope migration and climate 

warming for tree seedlings of four lowland and mid elevation forest species (LMF) and four 

tropical montane cloud forest species (TMCF). We investigated changes amongst species 

groups in their leaf-level ecophysiological and anatomical traits in response to 

transplantation. We hypothesised that: 1) TMCF species are more susceptible than LMF 

species to warming-induced mortality and reductions in photosynthetic capacity; H2) 

photosynthetic capacity (Jmax, Vcmax) and Jmax: Vcmax ratio will decrease with simulated warming; 

H3) Rd will readily acclimate to simulated warming and upslope transplantation; H4) the Rd: 

Vcmax ratio will be higher in TMCF species and will increase with upslope transplantation; H5) 

photosynthetic capacity and Rd will differ in relation to Na, LMA, LDMC and possibly Pa.



97 

 

. Methodology 

 

5.2.1 Study sites 

The four transplant sites were located along an Andes-Amazon gradient on the eastern slopes of the 

Peruvian Andes. The montane sites were located along a 10 km stretch of the Kosñipata valley; the 

top of the cloud immersion zone (2900 m asl); within the cloud immersion zone (2150 m asl); and at 

the lower edge of the cloud base (1500 m asl) (Girardin et al. 2013). The lowest site (450 m asl) was 

located in lowland forest at the base of the Pantiacolla range, 50 km along from the Kosñipata valley. 

Mean annual temperature decreases with increased elevation at a wet adiabatic lapse rate of 4.4 °C 

km-1, whereas precipitation peaks at the lower edge of the cloud base and solar radiation is reduced 

in areas of high cloud occurrence (Rapp and Silman 2012, Malhi et al. 2016). Environmental variables 

recorded during the measurement period show a linear decrease in soil temperature with elevation, 

high levels of soil moisture across all sites and increasing canopy openness from lowland to montane 

sites (Table 5-1).

Table 5-1 Summary of environmental variables for plots at each transplant elevation at the  Kosñipata gradient measured 

over a week during June-July 2016; where plot data not available, data are provided from nearby 1ha study plots  a(Malhi 

et al. 2016), b(Nottingham et al. 2015); na, where data are unavailable. Values are mean (± SD). 

 

Site code 
Pantiacolla  San Pedro 2 Trocha Union VII Trocha Union III 

Elevation (m asl) 426 (5) 1487 (80) 2140 (25) 2900 (15) 

Longitude -12.65250 -13.04774 -13.07729 -13.10825 

Latitude -71.23777 -71.53608 -71.56247 -71.59618 

Slope (°) na 27.1a 23.0 (9.4) 18.8 (7.9) 

Aspect (°) na 125 a 83.2 (68.2) 117.3 (86.6) 

Precipitation (mm yr-1) 2366 a 5302 a 1827 a 1776 a 

MAT (°C) 23.5 a 18.8 a 17.4 a 11.8 a 

Total Soil C (%) 3.42 (1.3) 11.05 (6.6) 37 (4.8)b 27.1 (5.5) b 

Total Soil N (%) 0.16 (0.1) 0.61 (0.5) 2.0 (0.24) b 1.57 (0.21) b 

Total Soil P (mg P g-1) 0.80 (0.14) 1.59 (0.4) 0.71 (0.10) b 0.92 (0.13) b 

Tleaf  (°C) 29.7 (1.5) 23.8 (1.9) 21.5 (2.9) 16.9 (1.4) 

Tsoil (°C ) 22.52 (0.25) 17.18 (0.35) 15.34 (0.57) 10.59 (0.49) 

Soil Moisture (%) 42.4 (8.6) 43.1 (5.9) 40.5 (9.6) 58.7 (11.3) 

Canopy Openness (%)         

Open 5.3 (2.8) 13.9 (3.4) 23.4 (8.2) 19.8 (8.7) 

Shade 4.8 (1.2) 11.5 (2.1) 14.2 (2.8) 14.8 (2.9) 

MAT, mean annual air temperature; Tleaf, leaf temperature measured by LiCor Li-6400XT Portable Photosynthesis Systems 

(Li-Cor Inc., Lincoln, NE, USA); Tsoil, daytime soil temperature  
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5.2.2 Transplant experiment 

The experiment was carried out on locally abundant species of the lowland and sub-montane 

forest (LMF) and tropical montane cloud forest (TMCF) found along the Kosñipata gradient 

in southern Peru.  The LMF species were  the closely related (Bacon et al. 2016) Iriartea 

deltoidea Ruiz &Pav., and Dictyocaryum lamarckianum (Mart.) H.Wendl., in addition to 

Guatteria glauca Ruiz & Pav. and Tapirira cf. guianensis Aubl. The selected TMCF species 

were Clethra revoluta (Ruiz & Pav.) Spreng., Clusia thurifera Planch. & Triana, Alzatea 

verticillata Ruiz & Pav. and Hedyosmum goudotianum  Solms. These species were selected 

based on their estimated elevational ranges that centre around three ͚hoŵe͛ eleǀatioŶs; ϰϱϬ 

m asl and 1500 m asl for LMF species and 2150 m asl for TMCF species (Figure 5-1). Species 

were selected with different local and Neotropical elevational range widths in order to 

incorporate species with greater (e.g. T. guianensis) and lesser (e.g. A. verticillata) estimated 

acclimatory potential. 

Seeds and seedlings of the target species were collected and established within a 200 m 

eleǀatioŶal ďaŶd of the ͚hoŵe͛ traŶsplant distribution; seedlings were grown in container 

plugs within herbivore-exclusion tents for at least two months until the experiment was 

Figure 5-1 Population density plot of adult tree species, based on composition of 1ha permanent plots (Feeley et 

al. 2011). Thickened horizontal line; species Neotropical elevational range, estimated from the Neo Trop Tree 

database (Oliveira-Filho 2017), Vertical liŶes; traŶsplaŶt elevatioŶs, Solid liŶes; ͚hoŵe͛ traŶsplaŶt elevatioŶ.  

I. deltoidea 
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installed. Approximately 60 seedlings of each species were selected at random from the 

collected individuals and traŶsported iŶ ͚hoŵe͛ soil to each transplant elevation (Figure 5-1). 

Seedlings were installed from June until August 2015 at each transplant elevation; planted in 

well-draining plastic pots (3.77 l) containing local soil and buried to local soil level. Seedlings 

were planted in mixed species groups at six sites at each transplant elevation. Each site 

contained two plots, one classified as having a closed canopy and the other a more open 

canopy. The difference in light environment between these open and closed canopy plots 

was found to be most distinct at the montane sites (summarised in Table 5-1), which is 

representative of the changing forest canopy structure with increased elevation (Asner et al. 

2013, Girardin et al. 2014). Survival rate was calculated as the proportion of transplanted 

individuals that survived until May 2016. 

After one year of transplantation and where survival rates allowed, twelve seedlings per 

species were selected at each transplant elevation, with six from each light environment. 

Seedlings were selected from a range of sites at each elevation, with some sites 

unrepresented due to low survival rates. The seedlings were transported in their pots from 

the field site to the field station for measurement. The effects of transportation on the health 

of individuals was assessed to be negligible, as the ecophysiological stress (Fv/Fm) of 

individuals did not differ significantly before and after transplantation. 

5.2.3 Gas-Exchange Measurements 

Gas exchange measurements were carried out on fully expanded leaves (selecting leaves 

with no visible damage), between 09:00 and 14:00, using a LiCor Li-6400XT Portable 

Photosynthesis Systems (Li-Cor Inc., Lincoln, NE, USA) fitted with an LED light source. 

Measurements of light-saturated photosynthesis (An) were made at 12 intercellular CO2 

concentrations (Ci) and at a pre-deterŵiŶed saturatiŶg photoŶ fluǆ deŶsitǇ of ϭϱϬϬ μŵol ŵ-2 

s-1. Curves were initiated once leaf temperature, humidity and stomatal conductance (gs) had 

stabilised for 5 minutes. Measurements were made at ambient leaf temperatures (Table 5-1) 

and relative humidity between 60- 80%.  

A curve fitting protocol described in Domingues et al. (2010) and carried out in the ͞R͟ 

environment , was used to calculate Vcmax and Jmax on an area basis. An rates were adjusted to 

take into account CO2 diffusion through the leaf-chamber gasket. To allow comparisons of 

underlying base rates, values were adjusted to a common temperature 25 °C, using 
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temperature conversion coefficients taken from Sharkey et al. (2007). Data quality was 

checked visually and measurements were excluded where stomatal conductance dropped 

below 0.03 mol H20 m-2 s-1, thus we retained 181 out of 216 A-Ci curves. 

After each A-Ci curve was completed, the leaf was dark-adapted for 20-30 minutes to ensure 

reliable measurements of leaf dark respiration (Rd) (Rowland et al. 2016). Rd measurements 

were made at ambient leaf temperature (Tleaf) and were adjusted to a common temperature 

of 25 °C, according to equation 1 (Atkin and Tjoelker 2003, Rowland et al. 2015b) with a Q10 

of 2.2 (Meir et al. 2001, Atkin et al. 2005). 

Rdark.Ϯ5= Rdark ∙  QϭϬ ; Ϯ5-Tleaf

ϭϬ
Ϳ                   (Equation 1) 

5.2.4 Leaf Traits 

Immediately after gas-exchange measurements, leaves were detached from the seedling and 

were rehydrated (Domingues et al. 2010). Leaf weight and leaf thickness were determined 

for the rehydrated leaf lamina (Pérez-Harguindeguy et al. 2013). A digital image of the 

flattened leaf surface was taken against a known scale (Nikon Coolpix A10) and analysed 

using ImageJ (version 1.48v, NIH, USA) to calculate the leaf area. Leaves were subsequently 

dried to a constant mass using silica gel and weighed (van de Weg et al. 2012). Leaf dry matter 

content (LDMC mg g-2) and leaf mass per unit area (LMA g m-2) were then calculated from 

area and mass measurements. The leaf matter was analysed for nitrogen concentrations 

using an elemental analyser (Carlo Erba, NA 2500) and phosphorus concentrations were 

determined by the molybdenum blue method (Allen et al. 1974) using an auto-analyser (Bran 

and Luebbe, Auto Analyser III). 

5.2.5 Statistical Analysis 

To account for the nested experimental design and differences in sample size at each 

transplant elevation (due to differing survival rates between species), mixed effect models 

were used to identify factors with the most predictive power for modelling the response of 

seedlings to transplantation. Mixed effects modelling was performed following standard 

methods (Burnham and Anderson 2003, Zuur et al. 2009), using the lme4 package (Bates et 

al. 2015) in R (Version 3.2.3, R Core Team 2015).  



101 

 

Seedling survival of LMF and TMCF species in relation to transplant effect was analysed by 

mixed effects logistic regression, with transplant elevation (downslope, home or upslope) 

and light environment (open or shade) as fixed effects, plus species and subplot nested within 

plot elevation as random effects. Odds-ratio (OR) and 95% confidence intervals of treatment 

effects on seedling survival were calculated from logistic regression model estimates of effect 

sizes (Lüdecke 2016), where values close to zero indicate lower odds and values above one 

indicate higher odds of survival relative to the baseline. 

Models were also used to test the effect of transplantation on seedling Vcmax, Jmax, Rd, and Jmax: 

Vcmax, including transplant elevation (downslope, home or upslope), light environment (open 

or shade) and species type (LMF or TMCF) as fixed effects and species and subplot nested 

within plot elevation as random effects. Fixed effect terms were removed sequentially and 

the relative fit of each model was assessed using Akaike Information Criterion (AIC and 

sample-size adjusted AICc). Likelihood ratio test (LRT) statistics were used to compare full 

models to each other and to a null model, which contained only random effect terms. In this 

way, the significance of fixed effect terms were ascertained and the final best-fit model was 

selected.  

Standardised major axis estimation was used to determine the bivariate relationships 

between log-transformed photosynthetic and anatomical leaf traits ;α=Ϭ.ϬϱͿ, using the 

robust approach of the smatr package (Warton et al. 2006, Warton et al. 2012) in R (Version 

3.2.3, R Core Team 2015). The values were log-transformed to ensure normality and 

heterogeneity of residuals. Differences in the slope and elevation of best fit lines were tested 

between transplant elevations and species groups. To quantify the spectrum of leaf- trait 

strategies employed by the study species, principal component analysis (PCA) was used and 

summarised (Horikoshi and Tang 2016, Tang et al. 2016). 
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 Results 

5.3.1 Survival 

After one year, surviving seedlings differed in their visual quality: 6% of seedlings (notably 

individuals of C. revoluta and H. godotianum between 1500 and 2150 m asl) grew 

substantially, reaching 50 cm in height, whereas 59% grew to less than 20 cm in height, with 

some individuals showing evidence of herbivore and pathogen damage  (especially D. 

lamarckianum and I. deltoidea) (appendix 1, Figure 5-8).  

Survival rates varied between species from 0.15- Ϭ.ϴϳ at ͚hoŵe͛ eleǀatioŶs ;Figure 5-2) with 

a mean survival rate of 0.46 ± SD 0.25 across all species and transplant sites. Survival rates 

were lowest at San Pedro 1500 (0.24 ± SD 0.14) and highest at the uppermost montane site, 

TRU-03, (0.62 ± SD 0.26). Species groups had similar overall survival rates of 0.46 ± SD 0.20 

for LMF species and 0.46 ± SD 0.29 for TMCF species. The largest disparity in survival was 

seen when transplanting TMCF species downslope to San Pedro 1500; resulting in a reduction 

Figure 5-2 Survival rate of seedlings after one year at each transplant elevation for each species ±SE. LMF, low-

mid forest species; TMCF, tropical montane cloud forest species; black triangles, home transplant elevation; 

Horizontal line; species Neotropical elevational range, estimated from the Neo Trop Tree database (Oliveira-Filho 

2017). 
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in seedling survival of 73%. Species survival was not constrained to transplant elevations 

within a speĐies͛ estimated local and neotropical elevational ranges (Figure 5-2), although 

the decline in TMCF species survival rates downslope occurred close to the estimated range 

edge of three species (A. verticillata, C. revoluta and H. goudotianum). 

The modelled effect of transplantation on seedling survival differs between LMF and TMCF 

species; transplanting upslope did not have a significant effect on the odds-ratio (OR) of 

seedling survival relative to home elevation for either species group, however transplanting 

downslope was twice as likely to result in mortality for TMCF (OR= 0.09) than LMF species 

(OR= 0.2) (Figure 5-3). The survival response of TMCF species to transplantation was more 

consistent than LMF species, which had a larger range of species͛ responses.  

The best fit model for TMCF species was not improved by including light treatment as a factor 

aloŶe ;LRT, χ2=1.88, p=0.170), however when included alongside an interaction term (light* 

transplant) the fit ǁas iŵproǀed ;LRT, χ2=7.21, p=0.027). This is seen as an additional 

decrease in seedling survival at downslope sites under shaded conditions. The best fit model 

for LMF species iŶĐluded light treatŵeŶt ;LRT, χ2=7.97, p=0.005) but no interaction term (LRT, 

χ2=5.82, p=0.054), indicating a significant decrease in survival at shaded sites across all 

elevations. 

Figure 5-3 Odds-ratio (OR) and 95% confidence interval of treatment effects on seedling survival relative to the 

treatment baseline (dashed line). Fixed effects were transplant elevation (upslope or downslope) relative to home 

elevation and light treatment (shade) relative to open plot. Red line, negative effect; blue line, positive effect; 

overlap with dashed line, non-significant result; LMF, low-mid forest species; TMCF, tropical montane cloud forest 

species. 
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5.3.2 Photosynthetic capacity (Vcmax25 and Jmax25) 

Photosynthetic capacity varied between species and transplant sites, ranging from 9.4 to 46.8 

μmol m-2 s-1 for mean Vcmax25 and from 24.1 to 87.3 μmol m-2 s-1 for mean Jmax25 .The lowest 

mean values were recorded for the two LMF Arecaceae species (I. deltoidea and D. 

lamarckianum) and the highest values for the TMCF species (H. goudotianum and C. revoluta) 

(Figure 5-4). Photosynthetic capacity increased with site elevation, peaking at 2140 m asl 

(TRU-07) and then decreased at the highest elevation site (TRU-03).  

Variations in Vcmax25 and Jmax25 could be accounted for by differences between TMCF and LMF 

species (LRT; log (Vcmax25), χ2=9.93, P < 0.01; log (Jmax25), χ2=11.55, P < 0.001, Table 5-4), with 

mean values for TMCF species about twice that of LMF species (Table 5-3). Shade treatments 

had a significant effect on photosynthetic capacity (LRT; log (Vcmax25), χ2=16.27, P < 0.001; log 

(Jmax25), χ2=17.21, P < 0.001, Table 5-4), decreasing Vcmax25 and Jmax25 by approximately 28% 

relative to open sites. Vcmax25 and Jmax25 differed between transplant elevations (LRT; log 

(Vcmax25), χ2=9.65, P < 0.01; log (Jmax25), χ2=6.29, P < 0.05, Table 5-4), but to different extents 

(Table 5-4, Figure 5-4). Transplanting downslope significantly reduced Vcmax25 (P < 0.01) and 

Figure 5-4 Mean and standard error of the maximum rates of RuBP regeneration (Jmax25) and Rubisco 

carboxylation (Vcmax25) adjusted to 25°C. Dark-coloured wide bars, Jmax25; inset light-coloured narrow bars, Vcmax25; 

LMF, low-mid forest species; TMCF, tropical montane cloud forest species; black triangles, home transplant 

elevation; Horizontal line; species Neotropical elevational range, estimated from the Neo Trop Tree 

database(Oliveira-Filho 2017). 
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Jmax25 (P < 0.05) by approximately 42% and 34% respectively, whereas transplanting upslope 

reduced values by about 15%, which was not a significant reduction. These changes in 

baseline photosynthetic capacity resulted in significant reductions in ambient measurements 

of Vcmax at upslope elevations for all species (P < 0.01) and reductions downslope for TMCF 

species only (P < 0.01). Ambient Jmax did not differ between elevations for LMF species, but 

significantly decreased upslope (P<0.01) and downslope for TMCF species (P<0.05) (Table 

5-3). 

5.3.3 Respiration (Rd25) 

Rd25 increased with elevation across all species except for I. deltoidea, where no change was 

observed. TMCF species had double the respiratory capacity of LMF species (Table 5-3), 

therefore explaining a significant amount of the variation in Rd25 (LRT; log (Rd25), χ2=10.96, P 

< 0.001). The shade treatment reduced Rd25 by 27%, consistent with the reduction in Vcmax25 

and Jmax25 (appendix, Table 5-4). Seedling Rd25 responded significantly to transplantation in 

both directions (LRT; log (Rd25), χ2=7.40, P < 0.05); transplanting downslope decreased Rd25 by 

about 39%, whereas transplanting upslope increased Rd25 by an estimated 40%. This resulted 

in the maintenance of ambient Rd across all transplant elevations for both species groups 

(Table 5-3).  

5.3.4 Leaf traits 

Leaf mass per unit area (LMA) was highly species specific; the LMF species G. glauca had the 

lowest mean LMA (36.5 ± 7.6  g m-2) and the TMCF species C. thurifera and A. verticillata the 

greatest (75.0 ± 25.8 g m-2 and 70.5± 23.3 g m-2). TMCF species had a greater variability in 

LMA than LMF species (Table 5-3), but there was no significant difference between the 

groups (LRT; log (LMA), χ2=0.33, P > 0.1). Shading treatment had a significant effect on LMA 

(LRT; log (LMA), χ2=14.36, P <0.001), reducing values by 10%. Transplantation downslope 

reduced LMA overall by 5% (Table 5-3), but this was not a significant decrease (LRT; log (LMA), 

χ2=2.575, P > 0.1), reflecting the variability in within-species response to transplantation. C. 

thurifera and A. verticillata leaves were approximately twice as thick as the LMF species, but 

with about half the Leaf dry matter content (LDMC). The TMCF group overall had an 

estimated 30% lower LDMC than the LMF species (Table 5-3) (LRT; log (LDMC), χ2=5.8255, P 

<0.05). Similarly to LMA, shade treatment reduced LDMC by 5% (LRT; log (LDMC), χ2=5.82, P 

< 0.01), but there was no trend with transplantation (LRT; log (LDMC), χ2=1.66, P > 0.1). 
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Leaf phosphorus content (Pa) varied between 0.05- 0.11 g m-2 across species, and did not 

change with any of the fixed effect treatments, instead 60% of the variation in Pa was 

explained by the random components of subplot and species. Leaf nitrogen content (Na) 

ranged from 0.3 to 1.4 g m-2 across species, but did not differ between species groups (LRT; 

log (Na), χ2=0.006, P > 0.1) (Table 5-3). Light treatment had a significant effect on leaf nitrogen 

content (LRT; log (Na), χ2=16.7, P < 0.001), with shade treatment decreasing Na by 15%. 

Including an interaction term between species group and transplanting away from home 

elevation (down and up combined) significantly improved the model (LRT; log (Na), χ2=5.3, P 

< 0.05), where TMCF species had 26% lower Na away from home elevation, but LMF species 

had 26% more (Table 5-3).  

5.3.5 Bivariate relationships in response to transplant treatment  

 

Figure 5-5 Log-log plots of bivariate relationships 

by transplant elevation. (a) dark respiration rate 

(Rd) relative to maximum rate of Rubisco 

carboxylation (Vcmax) (b) Vcmax relative to leaf 

nitrogen content on an area-basis (Na) (c) the 

maximum rate of RuBP regeneration (Jmax) relative 

to Vcmax.. Rates adjusted 25 °C. Cross symbols, home 

elevation; open symbols, upslope elevation; closed 

symbols, downslope elevation; SMA regressions 

given for significant relationships (P<0.05); dotted 

line, home elevation; dashed line, upslope 

elevation; full line, downslope elevation. 

(a) (b) 

(c) 
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Photosynthetic capacity parameters were strongly positively related (SMA, R2=0.904, P= 

<0.001), and changed in proportion with each other at all transplant elevations except for 

the TMCF downslope site, where there was a lesser reduction in Jmax25 relative to Vcmax25 (LRT; 

log (Jmax25: Vcmax25) , χ2=7.43, P <0.05), resulting in a 16% increase in the Jmax25: Vcmax25 ratio. 

The slope of the best fit lines differed significantly between transplant sites (LRT; χ2=6.7, 

P<0.05), with Jmax25:Vcmax25 decreasing with photosynthetic capacity at downslope elevations 

relative to the home elevation, whereas Jmax25:Vcmax25 increased with photosynthetic capacity 

at upslope elevations (Figure 5c).  

There was a significant (P<0.001) positive relationship between photosynthetic capacity 

parameters and Rd25 (SMA, R2=0.21 and 0.18 for Vcmax25 and Jmax25 respectively). The ratio of 

Rd25: Vcmax25 did not differ between species groups, but significantly changed with 

transplantation treatment (LRT; log (Rd25: Vcmax25Ϳ, χ2=7.9, P <0.05), increasing with 

transplantation away from the home elevation by 59% upslope and by a non-significant 10% 

downslope. There was no significant difference between the best fit slopes between 

transplant sites, and individual fittings of SMA regression lines were significant only for home 

and downslope transplant elevations (Figure 5a). 

There was a significant (P<0.01) but noisy positive relationship between photosynthetic 

capacity parameters and Na (SMA, R2=0.04 and R2=0.06 for Vcmax25 and Jmax25 respectively), but 

no significant overall relationship with Pa (Figure 6b).  However, when analysed individually, 

the LMF species group was not significantly related to Na or Pa (Figure 6a and b). There was 

no significant bivariate relationship between overall Rd25 and leaf nutrients, but when 

analysed individually there was a significant positive relationship for TMCF species with Na 

(R2=0.13, P<0.001, Figure 6e) and Pa (R2=0.19, P<0.01, Figure 6f). 

Photosynthetic capacity per gram of leaf Nitrogen (Vcmax25: Na) was an estimated 75% higher 

in TMCF than LMF species (LRT; log (Vcmax25: Na), χ2= 7.0, P<0.01, Table 5-3), and was 

significantly reduced by the transplantation treatment (LRT; log (Vcmax25: Na), χ2= 14.4, 

P<0.001). Transplanting downslope decreased mean Vcmax25: Na by approximately 36 % and 

significantly increased the slope and fit of the best fit line relative to the home elevation 

(downslope, R2=0.11, P<0.05; home, R2=0.04, P>0.05, Figure 5b). Transplanting upslope 

decreased values by about 10%, which was not significant.  
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Photosynthetic capacity parameters had a weak but significant positive relationship with 

LMA (Figure 5-6c) and a weak but significant negative relationship with LDMC (Table 5-5), 

neither of which were influenced by transplant treatment. Differences in the strength and 

direction of relationships between photosynthetic parameters, Rd25 and anatomical leaf traits 

((Figure 5-6, g and h) were due to differences in leaf- trait strategies between species types 

as demonstrated in the results of the PCA (Figure 5-7 ). The first PCA axis related to the leaf 

economic spectrum (Wright et al. 2004), with the greatest investment on an area basis for 

TMCF species with mid to high LMA and high LTh, but lower LDMC and Nmass (A. verticillata 

and C. thurifera) (Austin 1993, Wilson et al. 1999). The second PCA axis related to the abiotic 

and biotic gradient with elevation, with more resistant leaves (high LDMC and LMA) at the 

lower side for the Arecaceae I. deltoidea and D. lamarckianum and less resistant leaves for 

mid and high elevation species.  

 

Figure 5-7 Principal component analysis applied to log-transformed seedling leaf traits of all tree species (n = 

193). LMF (dotted outline), low-mid forest species; TMCF (dashed outline), tropical montane cloud forest species. 

LDMC, leaf dry matter content; N, leaf nitrogen content on a mass basis; Rd, leaf respiration on an area basis; 

LMA, leaf mass per unit area; LTh, leaf thickness. 47% of the variance was accounted for by PC1 (less to more 

investment on an area basis) and 29% by PC2 (more to less resistant). 
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 Discussion 

We aimed to quantify changes in leaf-level physiological and anatomical traits in response to 

transplantation by ±4 °C. We found that, as hypothesised (H1), TMCF species were more 

susceptible to warming-induced mortality and reductions in photosynthetic capacity than 

LMF species. This was apparent in declines in both Vcmax and Jmax, in response to warming, 

however there were no concurrent declines in the Jmax: Vcmax ratio, as expected (H2). Rd 

showed the strongest response to transplantation (H3), acclimating both downslope and 

upslope across all species, thus maintaining respiratory rates at ambient leaf temperatures. 

As a result of the mismatch in acclimatory response between photosynthetic and respiratory 

capacity there was an increase in Rd: Vcmax upslope, but no difference between LMF and TMCF 

species as anticipated (H4). The response of anatomical leaf traits to transplantation tended 

to be species-specific, with the only clear trend being in the reduction in the Vcmax25: Na ratio 

downslope (H5). 

5.4.1 Tropical context 

Values and ranges of photosynthetic capacity (Vcmax25 and Jmax25), Rd25, Na, Pa and LMA at 

͚hoŵe͛ eleǀatioŶs ǁere at the loǁer eŶd or lower than previously reported along the 

Kosñipata gradient (van de Weg et al. 2012, Bahar et al. 2016), but overlapped with values 

from the tropical and temperate understory (Meir et al. 2002, Domingues et al. 2007, 

Weerasinghe et al. 2014) and global trees elsewhere (Atkin et al. 2015). LMF values were 

most similar to the tropical ground level values of Vcmax, Jmax and Rd made by Carswell et al. 

(2000). The observed values agree with those in a low light environment (Meir et al. 2002, 

Weerasinghe et al. 2014), but variations in seedling and adult leaf anatomy could also 

account for the relatively low values of Na, Pa and LMA (Ishida et al. 2005). 

TMCF species had on average approximately twice the photosynthetic capacity and 

photosynthetic N-use efficiency of LMF species. This trend has been reported to a lesser 

extent along the Kosñipata gradient for dominant species, with increases of 36 %, 45 % and 

19 % for Vcmax25, Jmax25 and Vcmax25: Na (Bahar et al. 2016) from lowland to upland sites. Values 

of Vcmax25: Na for LMF species were in the same range as previous tropical studies, but values 

for TMCF species were higher than previously reported along the Kosñipata gradient (van de 

Weg et al. 2012, Bahar et al. 2016), and higher than values estimated for the tropical plant 

functional type (Kattge et al. 2009). This may be due to physiological differences between 
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adult and seedlings, as the TMCF values were within the same range as those reported in the 

tropical seedling study of Vårhammar et al. (2015). 

The observed Jmax25: Vcmax25 ratios at home elevations were higher than the average reported 

values (Medlyn et al. 2002, Kattge and Knorr 2007), but within the same range as values for 

tropical montane species (van de Weg et al. 2012, Vårhammar et al. 2015, Bahar et al. 2016), 

shaded saplings (Coste et al. 2005) and crop species (Medlyn et al. 2002). This higher relative 

investment in Jmax25 compared to Vcmax25 could be an acclimatory response to lower light levels 

in the understorey and areas of frequent cloud immersion (Niinemets et al. 1998, van de Weg 

et al. 2012, Malhi et al. 2016). Equally, the lower relative investment in Vcmax25 and concurrent 

low values of Vcmax25: Na may be as a result of species-specific differences in N allocation 

between photosynthetic and structural proteins (Harrison et al. 2009, Scafaro et al. 2017). 

5.4.2 Transplantation effect 

The effect of transplantation was catastrophic for over half of the transplanted seedlings, 

with the lowest odds of survival in shaded plots and at downslope elevations (Figure 5-3). 

TMCF species were particularly affected when transplanted downslope to the lower edge of 

the cloud base; a natural zone of transition between sub-montane and montane cloud forest 

species (Malhi et al. 2016) (Figure 5-1). Survival and physiological stress at 1500 m asl  was 

lower across all species (Appendix, Figure 5-9), which could be due to the combination of 

warmer temperatures and high rainfall (Table 5-1) facilitating fungal pathogen infection 

(Swinfield et al. 2012), the presence of which at lowland sites was highlighted upon visual 

inspection of Arecaceae seedlings (Appendix, Figure 5-8). The frequency of disease has been 

found to increase in low light environments (McCarthy-Neumann and Ibáñez 2013, DeWalt 

et al. 2015), potentially contributing to the decreased rates of seedling survival across shaded 

treatments.  

Rates of seedling survival were generally higher than expected when transplanted to the 

upper edge or above their estimated current Neotropical distribution (Figure 5-2. This 

increase in seedling survival at the leading range edge may be as a result of enemy-release 

from pathogen attack and herbivory pressure, which has been found to decrease away from 

speĐies͛ ĐeŶtral distriďutioŶs (Hillyer and Silman 2010, Urli et al. 2016), with the diversity of 

invertebrates often peaking at mid elevations (1600-2000 m asl) along tropical elevational 
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gradients (Brehm et al. 2003, Brehm et al. 2007, Rodríguez‐Castañeda et al. 2010, Maveety 

et al. 2013). 

Transplanting upslope did not cause a significant change in the baseline photosynthetic 

capacity (Jmax25 and Vcmax25) of the seedlings, however as hypothesised (H2) downslope 

transplantation resulted in a significant reduction. These changes indicate an acclimatory 

response, which could be considered constructive if resulting in the maintenance of ambient 

photosynthetic rates with reduced investment, or detractive if photosynthetic and growth 

rates were not maintained (Way and Yamori 2014). For TMCF species the acclimatory 

response was detractive, reducing mean ambient values of Vcmax and Jmax by approximately 

23 % downslope and 50 % upslope. However, LMF species differed in their acclimatory 

response, maintaining ambient Jmax across all transplant elevations and maintaining Vcmax 

downslope, but with a detractive reduction of approximately 33% occurring upslope for Vcmax. 

Based on the current range (Figure 5-1Ϳ aŶd reĐeŶt upslope shifts of TMCF speĐies͛ 

distributions (Feeley et al. 2011), reductions in seedling performance were expected with 

simulated warming at traŶsplaŶt eleǀatioŶs Đlose to or ďeloǁ the speĐies͛ trailiŶg edge. This 

detractive adjustment downslope is likely to be as a result of iŶdiǀidual͛s leaf teŵperatures 

exceeding the optimum temperature range of Jmax and Vcmax, as reported in previous tropical 

warming experiments (Cunningham and Read 2003, Cheesman and Winter 2013, Vårhammar 

et al. 2015).  

Previous studies along the Kosñipata gradient have predicted and observed decreases in 

productivity with elevation, with sharp declines in NPP at the zone of transition between sub-

montane and montane cloud forest (1500-1700 m), driven by low photosynthetically active 

radiation (PAR) and the effects of suboptimal temperatures (van de Weg et al. 2014, Malhi 

et al. 2016). These community-level studies reported that, there was no observed decreases 

in ambient photosynthetic capacity with elevation, due to the increased capacity of TMCF 

species relative to LMF species (Bahar et al. 2016) and the high turnover of tree species at 

the zone of transition. Despite the high capacity of TMCF species in this study, seedlings were 

not observed to upregulate their capacity further in response to upslope transplantation. In 

particular, the greater reduction in Vcmax25 relative to Jmax25 upslope suggest that these species 

are more limited by carboxylation capacity than RuBP regeneration, being unable to 

upregulate their investment to maintain enzyme activity in response to cooler temperatures 
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(Yamori et al. 2005). This may be due to low temperatures constraining the development of 

new tissues (Cheesman and Winter 2013) or alternatively, these species may already be 

operating at their highest capacity, with additional low-temperature effects resulting in 

reductions in productivity.  

The response of seedling Jmax25 relative to Vcmax25 differed between transplant treatments 

with the Jmax25: Vcmax25 ratio increasing downslope for TMCF species, driven by higher Jmax25 

relative to Vcmax25 at low photosynthetic capacities (Figure 5-5c). This differs to previous 

studies, where Jmax25: Vcmax25 have been found to decrease with growth temperature (Medlyn 

et al. 2002, Kattge and Knorr 2007, Dusenge et al. 2015), although of these studies only one 

reported measurements of tropical tree species (Dusenge et al. 2015). The observed increase 

in slope of the Jmax25: Vcmax25 ratio from warmer to cooler sites has been reported in previous 

studies, and has been associated with inter-specific variations in the allocation of resources 

to photosynthetic carboxylation and RuBP regeneration (Dusenge et al. 2015, Bahar et al. 

2016). The greater reductions in Vcmax25 and Vcmax25: Na at downslope elevations, could be due 

to a reduction in leaf N allocation to Rubisco (Scafaro et al. 2017), with N preferentially 

allocated to structural proteins (Harrison et al. 2009) or in the maintenance of efficient light-

harvesting under low-light conditions at lowland sites (Table 5-1) (van de Weg et al. 2012, 

Dusenge et al. 2015). In addition the Topt of Jmax25 has been found to be lower than Vcmax25 in 

three tropical montane species (Vårhammar et al. 2015), which could result in increased 

investment in  Jmax25 in order to maximise photosynthetic rates at higher temperatures 

(Hikosaka et al. 2006).  

As hypothesised (H3), Rd25 readily acclimated with transplantation, increasing consistently 

with transplant elevation across LMF and TMCF species. This increase in respiratory capacity 

with decreasing temperatures allows seedlings to maintain ambient rates of Rd at the same 

level across all transplant elevations, minimising impacts of temperature on leaf 

maintenance processes (Atkin et al. 2005). Seedling acclimatory potential of Rd25 was greater 

than that of photosynthetic capacity, resulting in a significant increase in the Rd25: Vcmax25 ratio 

at upslope elevations and a non-significant increases at downslope elevations. It was 

predicted that TMCF species would have a greater Rd25: Vcmax25 ratio than lowland forests (H4), 

due to their colder habitat (Atkin et al. 2015), but no difference was found between the 
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species groups, although TMCF species did experience an increase in Rd25: Vcmax25 at 

downslope elevations relative to the home elevation (Table 5-3).  

5.4.3 Leaf trait relationships 

Leaf nutrient traits were not strongly related to photosynthetic capacity (R2<0.1) or Rd25 

(R2<0.2). The strongest relationships were between Vcmax25: Na and Rd25: Na and Rd25: Pa, but 

only for TMCF species, with little or no bivariate relationship for LMF species. As with baseline 

photosynthetic capacity, the Vcmax25: Na ratio was significantly reduced by downslope 

transplantation, indicating a possible detractive acclimatory response in seedling N-use 

efficiency at low elevations. No other consistent acclimatory trends were detected, because 

of the species-specific leaf-trait strategies employed. 76% of the variance in leaf traits were 

accounted for by two principal component axes, which combine to form a gradient of 

increasing succulence and investment on an area-basis for TMCF relative to LMF species. The 

trend in succulence was driven by the hemi-epiphytic adaptations of the TMCF species A. 

verticillata and C. thurifera (Holbrook and Putz 1996), minimising overheating and water loss 

in the canopy (Petter et al. 2016). LMF species spanned those with thick but resistant leaves 

(I. deltoidea and D. lamarckianum) and those with thin, less resistant leaves (G. glauca and T. 

guianensis and the TMCF species C. revoluta). These indicate distinctive strategies as a 

response to biotic stress; high investment and damage resistant slow growing leaves 

(Lohbeck et al. 2015), versus low investment, easily replaceable leaves.  

5.4.4 Vulnerability of TMCF species 

Taking all the evidence together, there is support for the hypothesis (1) that TMCF species 

are more susceptible to climate warming than LMF species. TMCF species odds of survival 

were twice as low as LMF species when transplanted downslope (Figure 5-3) and had 

significantly lower levels of Na when transplanted away from their home elevation. Although 

there was no significant difference in the response of baseline photosynthetic capacity or 

respiratory capacity to transplantation between the species groups, transplanting TMCF 

species downslope resulted in significant detractive responses in ambient Vcmax and Jmax, and 

the greatest detractive changes in Vcmax25: Na and Rd25: Vcmax25. This suggests that TMCF species 

were surviving near the lower limit of their acclimatory capacity. The drivers behind this are 

likely a combination of biotic and abiotic factors, as temperature alone was not a better 

predictor of survival than transplant treatment and only 25% of the variance in survival 
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assigned to the random effect of subplot was captured by differences in light and transplant 

treatment. 

5.4.5 Concluding remarks 

Neotropical trees are able to survive a change in climate equivalent to ± 4 °C temperature 

change, but the extent of their acclimatory response differed between species groups and 

photosynthetic capacity parameters. The response of Vcmax was greater than that of Jmax to 

transplantation treatment, although the mechanisms behind this difference remains unclear. 

More mechanistic studies are therefore needed to ascertain if this trend hold across a 

broader range of tropical species and environments, investigating the underlying 

temperature-response of these parameters and alterations in within-leaf allocation of 

nutrients under warming scenarios. LMF species had a greater capacity to constructively 

acclimate to warming than TMCF species, but neither group were fully able to upregulate 

their photosynthetic capacity with upslope migration. This has implications for future 

upslope shifts, with low seedling survival expected at the trailing edge of TMCF species 

distributions and a slowing in recruitment at the leading edge for all species, due to the 

temperature and light limitations of upland cloud forest.
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Figure 5-9 Diurnal quantum yield of photosystem II for (top) LMF and bottom (TMCF) transplanted seedlings 

grown in the gap and shade. Declines show evidence of short-term physiological stress. 
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. General discussion and conclusions 

The overall aim of the thesis was to explore the survival and growth response of Neotropical 

tree species to aŶ eǆperiŵeŶtal chaŶge iŶ cliŵatic regiŵe aŶd to assess species’ accliŵatorǇ 

abilities through the study of anatomical and physiological leaf traits. This aim was addressed 

via an in situ seedling transplant experiment along an Andes-Amazon elevational gradient, in 

which seedlings were transplanted by the equivalent of ±2 °C and ±4 °C and their 

performance followed over a year (Chapter 4). The acclimatory response of a subset of these 

seedlings was measured and interpreted (Chapter 5) in the context of an observational study 

of anatomical and physiological leaf traits carried out on the local populations (Chapter 3). 

The main findings are summarised here in relation to the following key questions: 

6.1 Key findings  

6.1.1 Using leaf traits to predict how species will respond to climatic change 

- Adults have greater directional shifts in leaf traits and a greater ability to 

recover from physiological stress than seedlings (Chapter 3).  

- Intraspecific leaf trait variation was not a useful indicator of response to a 

change in climate (Chapters 3 and 5). 

- An increase in the frequency of specialist trait strategies in TMCF species may 

indicate a reduced capacity to respond to warming (Chapters 3 and 5).  

- There was little evidence of physiological stress (as quantified by Fv/Fm) in 

response to climatic chaŶge withiŶ species’ local populatioŶs (Chapter 3). 

Q1. Can we use leaf traits to predict how species will respond to climate change? 

Q3. Do tree species differ in their response to climate change? 

Q2. How do tree seedlings perform with a ±2 °C and ±4 °C change in climatic regime? 

Q4. Is there evidence that tree seedlings can acclimate to new transplant conditions? 
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-  Chlorophyll fluorescence (Fv/Fm) could be used to detect early declines in 

seedling performance in response to abiotic stress (Chapter 4). 

As mentioned in chapter 5 the increasing global coverage of leaf trait variation studies make 

them a valuable resource for understanding and predicting ecosystem processes in the face 

of rapid climatic change (Lavorel and Garnier 2002, Wright et al. 2005, Galbraith et al. 2010, 

Atkin et al. 2014, Slot et al. 2014). Although intraspecific variation in traits associated with 

the leaf economic spectrum, such as LMA and Na, have previously been found to be 

important in determining community shifts in leaf traits along elevational gradients globally  

(Read et al. 2014), this was less important along the Kosñipata gradient (chapter 3). The single 

gradient of conservative to acquisitive leaf trait strategies as described in the leaf economic 

spectrum (Wright et al. 2004) (from high to low LMA, LDMC and leaf nutrients on an area 

basis), was only partly supported by evidence along the Andes to Amazon gradient. The trend 

was confounded by an increase in succulence (high LMA and low LDMC) of hemi-epiphytic 

cloud forest species (chapter 3) and an increase in resilience (low LTh but high LDMC) of 

Arecaceae leaves (chapter 5). With more complex community-level trait strategies, the 

response of species to climate warming was better described by the trade-off between 

abiotic and biotic specialisations i.e. where TMCF species invested in abiotic leaf-trait 

specialisations (high LMA and nutrients on an area basis) were disproportionately affected 

by biotic factors when transplanted downslope (chapter 4).  

Along the Kosñipata gradient functional leaf traits (LMA, Na, Pa, Vcmax and Jmax) have been 

incorporated into models explaining the decline in forest productivity with elevation (van de 

Weg et al. 2014, Fyllas et al. 2017). In Fyllas et al. (2017) photosynthetic rate was expressed 

as a function of anatomical leaf traits and radiation intensity, based on evidence that there 

was no difference in Asat between lowland and upland sites at the measurement 

temperatures used (>20 °C) (Bahar et al. 2016). However for the species in this study the 

relationships between anatomical and physiological leaf traits were weak and Asat was found 

to decrease with upslope transplantation (chapter 5). Although there were differences in 

methodologies between these studies, e.g. seedlings versus adults and different 

measurement Tleaf, this discrepancy highlights the need for further study of the acclimatory 

limitations of these communities.  
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In addition to anatomical traits we used leaf-level chlorophyll fluorescence parameters to 

assess the physiological stress in response to climatic change. Although little difference in 

stress was detected within the natural population in response to elevational changes in 

climate (Chapter 2), stress was a good predictor of the abiotic limitations of transplanted 

seedlings: Fv/Fm correlated with the probability of survival the following month (chapter 4, 

Figure 4-6) and coincided with acclimatory limitations to photosynthesis (chapter 5, see 

summary Figure 6-1). Future work should take advantage of this technique to quickly and 

efficiently monitor tropical plants, adding to current canopy-level remote-sensing studies 

(section 1.4.2) by assessing a greater number of species at multiple ontogenetic stages within 

the forest understorey. In this way abiotic limitations to range-edge recruitment may be 

detected prior to declines in the performance of canopy trees. 

Q1. In this study anatomical leaf traits alone were not useful in understanding the 

response of specie to climate change, instead leaf-trait strategies and measures of 

physiological stress aided the iŶterpretatioŶ of species’ respoŶse.  

6.1.2 Tree seedling performance with a ±2 °C and ±4 °C change in climatic regime  

The following seedling performance responses were predicted based on previous 

observational studies and warming experiments (section 2.9.1, Figure 2-5): 1) decreases in 

survival and growth in response to upslope transplantation as a result of the increased abiotic 

stress at higher elevation; 2) decreases in survival and growth downslope in response to 

drought or extreme warming events; 3) increases in growth downslope in response to 

moderate warming; 4) decreases in survival due to biotic pressure downslope.  

- LMF species were twice as likely to survive as TMCF species when 

transplanted downslope to warmer conditions (Chapters 4 and 5). 

- Seedlings survived better than expected based on their elevational range i.e. 

the fundamental niche appeared to be larger than the realised niche (Chapter 

4). 

- Growth performance did not increase downslope as expected based on 

controlled warming experiments (Chapter 4). 

- All seedlings were negatively affected by transplantation upslope as a result 

of abiotic stressors (e.g. low temperature and UV-B) (Chapter 4 and 5). 
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As per the prediction (1) upslope traŶsplaŶtatioŶ decreased seedliŶgs’ survival and growth 

rates (chapter 4) but not to the same extent for all species. Upslope trends for LMF species 

were weaker than for LF and TMCF species, potentially because upslope transplant sites 

(1750 and 2150 m asl) did not experience dramatic changes in cloud cover or variability 

relative to the home elevation (1500 m asl). However where the most dramatic changes in 

temperature, cloud cover and diurnal variability occurred (400 to 1500 m asl and 2150 to 

2900 m asl) seedling stress and mortality increased.  

In contrast, there was no evidence of direct abiotic limitations to survival and growth 

downslope as predicted (2), probably due to the absence of intense drought or warming 

during the measurement period (chapter 4). Because of this, the survival of LMF species 

downslope was much greater than anticipated, although there was no concurrent increase 

in growth response as anticipated (3) from warming experiments (Cheesman and Winter 

2012, Cheesman and Winter 2013, Slot and Winter 2017), suggesting that factors other than 

temperature were limiting productivity, such as light or nutrient availability (see chapter 5). 

The prediction that biotic pressures would increase downslope (4) was supported by 

observations of leaf damage downslope (presence of fungal pathogens), however this only 

adversely affected the survival of TMCF species. Despite convincing evidence of pathogen-

induced seedling mortality elsewhere in the literature (Bell et al. 2006, Swinfield et al. 2012, 

Bagchi et al. 2014), without the experimental manipulation of biotic factors we are unable to 

directly quantify this effect.  

Q2. In summary, this seedling transplant experiment supports previous findings of 

the survival and growth performance of tropical trees to climate change: seedling 

performance declined away from the home elevation for the majority of species, 

with upslope declines as a result of abiotic limitations, and downslope declines due 

to biotic limitations. 

6.1.3 Differences in the response of tree species to climate change 

- TMCF species were more specialised than LMF species in their adaptations to 

abiotic stress (Chapters 2 and 5). 
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- The response of leaf-traits to simulated climate change was species-specific 

(Chapters 2 and 5).  

- LMF seedlings performed better than TMCF seedlings to transplantation 

(Chapters 4 and 5). 

- LMF species had a greater acclimatory capacity for photosynthesis than TMCF 

species (Chapter 5). 

Tropical species are considered to be potentially more vulnerable to climate change relative 

to temperate species (section 1.5.1), but their vulnerability relative to one another is less 

clear (section 1.5.2). Although TMCF and LMF species are less likely to experience lowland 

extremes of temperature, their distributions span a greater range of environmental 

conditions than LF species, so they are considered likely to be less vulnerable to fluctuations 

in climate (Colwell et al. 2008, Doughty and Goulden 2008, Corlett 2011). However, LMF 

species have been found to be less responsive than LF species when warmed, with a lesser 

acclimatory capacity of photosynthesis and lower rates of survival (Cheesman and Winter 

2013, Vårhammar et al. 2015, Slot and Winter 2017).  

Within the natural population LF/LMF species had trait strategies related to tolerance of 

biotic stress, whereas TMCF species were found to be more adapted to abiotic stress (chapter 

3). It was anticipated that at the extremes of species ranges (chapter 3) and in response to 

transplantation (chapter 5) species traits would show evidence of acclimation to elevational 

changes in climate. There was evidence of acclimatory trends at the species-level (Appendix- 

Figure 6-3, Figure 6-4, Figure 6-5, Figure 6-6), but few coherent trends across species or 

community groups as a result of the range of leaf trait strategies in evidence. The lack of 

evidence of physiological stress within the natural population suggests that despite the 

limited amount of intra-specific variation observed in the populations, the performance of 

the studied seedlings was not limited. However that does not mean to say that they were 

perfectly adapted to their environment.  

By following the performance of transplanted seedlings over a year, distinct differences in 

the physiological stress response of LF/LMF and TMCF communities were observed. As with 

the increase in climatic variability with elevation, the variability in stress response of 

seedlings also increased with the elevation of transplant sites. There was a step-up in stress 

response from lowland to transition zone sites for LF species, a gradual increase in stress with 
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elevation for LMF species and a much greater variability in stress response for TMCF species 

(chapter 4). Similarly when investigating the performance limitations of each group there 

were distinct differences between LF/LMF and TMCF communities. Whereas LF and LMF 

species experienced only abiotic limitations to their physiology upslope, TMCF species 

experienced multiple direct and indirect limitations to survival and growth (Figure 6-1). Direct 

limitations were hypothesised to be as a result of TMCF species facing unprecedented levels 

of biotic pressure at warm and wet sites downslope (chapter 4) and extreme low 

temperature and light limitations to growth upslope. All species experienced imperfect 

acclimation in their photosynthetic capacity, but only TMCF species experienced this at both 

upslope and downslope sites (chapter 5).  

Q3. As a whole this suggests that TMCF species are more vulnerable than LF and LMF 

species to climate change, due to their reduced ability to acclimate or respond to 

changes in biotic and abiotic conditions. 

6.1.4 Evidence of tree seedling acclimation to new transplant conditions 

We expected that (1) seedling respiration would most readily adapt to moderate changes in 

climate so that (2) the ratio of Rd25: Vcmax25 would increase upslope consistent with local (van 

de Weg et al. 2012) and global trends in temperature response  (Atkin et al. 2000, O'Sullivan 

et al. 2013, Heskel et al. 2016) (section 1.4.1). Predictions of the response of photosynthetic 

capacity to transplantation were tentative, as the photosynthetic temperature-response of 

tropical trees is not well-studied (Vårhammar et al. 2015, Slot and Winter 2016). Consistent 

with the only previous tropical study, we anticipated that (3) Vcmax25 and Jmax25 would decrease 

downslope (Dusenge et al. 2015) and as found in previous global meta-analyses (4) the Jmax25: 

Vcmax25 ratio would decrease downslope with warming (Medlyn et al. 2002, Kattge and Knorr 

2007, Dusenge et al. 2015). 

- TMCF and LMF species were able to adjust their respiratory capacity in order 

to maintain rates of Rd at ambient measurement temperatures (Chapter 5). 

- TMCF species were unable to acclimate their photosynthetic capacity in 

response to transplantation. 

- LMF species were able to adjust Jmax in order to maintain rates at ambient 

temperatures, but were not able to upregulate Vcmax upslope (Chapter 5). 
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- The Rd25: Vcmax25 ratio increased by approximately 59% upslope for TMCF and 

LMF seedlings (Chapter 5). 

- The Vcmax25: Na ratio decreased by approximately 35% downslope for TMCF 

and LMF seedlings (Chapter 5). 

- The Jmax25: Vcmax25 ratio of TMCF seedlings increased by 16% downslope 

(Chapter 5). 

In the absence of signficant drought or nutrient-limitation gradients, seedling respiratory 

capacity increased in response to warming, maintaining ambient respiratory rates across all 

transplant sites. Thus, as predicted (1) seedliŶgs’ respiratioŶ accliŵated ŵore or less 

perfectly to changes in climate. In contrast photosynthesis did not upregulate upslope to the 

same extent, resulting in (2) decreases in Rd25: Vcmax25. As predicted (3) we found a significant 

decrease in Vcmax25 and Jmax25 with downslope transplantation, but also a smaller decrease 

upslope. The impact of this on ambient rates was detractive for both TMCF and LMF species 

at upslope sites, but constructive for LMF species at downslope sites. This constructive 

acclimation enables ambient rates to be maintained, yet with a lower investment in capacity.  

The ratio of Jmax25: Vcmax25 did not decline with warming as predicted (4), but was maintained 

in LMF species, as observed in a previous local study (Bahar et al. 2016), and increased 

downslope in TMCF seedlings. This increase may have been as a result of differences in the 

temperature optima of Vcmax25 and Jmax25 in tropical trees (Dusenge et al. 2015), or combined 

with a decrease in Vcmax25: Na at downslope elevations, a result of changing N allocation within 

the plants (Scafaro et al. 2017).  

Q4. Based on this transplant experiment we conclude that the acclimatory response 

of TMCF species has not been under-estimated by observational and modelling 

studies and that there is a real risk that these species will continue to decline at their 

lower range edge. LMF species are able to acclimate to moderate warming scenarios, 

so their future distribution will instead be limited by the availability of favourable 

habitat upslope. 
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6.2 Interpretation of transplant experiment 

As visualised in Figure 6-1 we interpreted the response of each elevational community group 

to transplantation, based on the framework described in Chapter 2 and utilising the following 

sources of evidence: elevational range (approximate thermal niche), survival, growth, 

physiological stress, biotic leaf damage, acclimation of photosynthetic capacity, acclimation 

of respiratory capacity and overall leaf trait strategy.  

6.2.1 Upslope 

Based on the evidence for LMF species, we observed no additional limitation to survival 

upslope, but an increasing limitation to growth with distance away from the home elevation. 

This was interpreted as an acclimatory limitation to seedling physiology (Figure 6-1 e), as 

seedlings were unable to upregulate their Vcmax in response to greater abiotic stress 

(reductions in seedling Fv/Fm) at the -4 °C transplant site. LF species acclimated in the same 

way as LMF species, but were also observed to experience greater declines in survival at the 

-4 °C transplant site. This was interpreted as an additional direct abiotic effect (Figure 6-1 c, 

e), in response to transplantation into  the lowland-montane transition zone (1500 m asl). 

The survival and growth of TMCF seedlings declined in response to upslope transplantation, 

to the extent that abiotic stress was considered to play a direct as well as an indirect role in 

seedling performance (Figure 6-1 c, e). Within the -4 °C site (2950 m asl), specifically the gap 

plots, seedlings were the most physiologically stressed (Chapter 4, Figure 4-9), being the most 

exposed to variability in light and temperature, as well as receiving the highest levels of 

damaging UV-B. Despite this, shade plots experienced the greatest declines in survival, 

growth and photosynthetic capacity (Vcmax and Jmax), suggesting that light as well as 

temperature is limiting at high elevations. 

6.2.2 Downslope 

LMF species that were transplanted downslope acclimated perfectly to +2 and +4 °C 

conditions, maintaining ambient rates of Vcmax, Jmax and Rd across these sites (Figure 6-1 e). 

There was no evidence of abiotic stress (no declines in seedling physiological stress), but 

some evidence of leaf damage due to biotic stress at these sites, although this did not 

adversely affect seedling survival or growth. In contrast, TMCF seedlings survived poorly with 
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transplantation away from the home elevation, with low survival and declines in growth at 

+4 °C. There was no evidence of direct abiotic stress at this elevation and similar levels of leaf 

damage as observed in LMF seedlings, however in the case of TMCF species survival was 

severely impeded (Figure 6-1 d). Declines in survival due to biotic factors may have been 

facilitated by acclimatory limitations, as TMCF seedlings were unable to acclimate their Vcmax 

or Jmax, increasing their Jmax25: Vcmax25 ratio (Figure 6-1 d/e). 

6.2.3 Caveats of interpretation 

Where we describe transplantation as a change in temperature, and indeed this is the 

overwhelming environmental gradient, there are other abiotic factors that also change with 

elevation along the Andes-Amazon transect, such as: UV-B exposure, rainfall, nutrient 

availability, geology and slope (section 2.6.2). This abiotic stress gradient is mostly captured 

within the seedling physiological stress measurements and the transplant light treatment, 

however we are still limited when interpreting multiple drivers of seedling performance. 

Likewise, the biotic gradient adds an extra later of complexity to the experiment (section 

2.6.3), so interpretations are limited in this respect.   

6.3 Future research areas 

In order to fully address the mechanisms behind the findings in this thesis, the temperature-

response of underlying photosynthetic parameters in tropical trees must be further 

investigated. For example, to-date no studies have been carried out to assess the impact of 

increasing growth temperatures on the in situ photosynthetic temperature-response of 

tropical tree seedlings i.e. it is not known how climate change will affect the ability of tropical 

trees to respond to high temperature, droughts, floods or changes in seasonality. This could 

be addressed by further manipulating transplanted seedlings (Figure 6-2, Climatic).  

Although differences in response between gap and shade plots were examined in this thesis, 

the underlying limitations related to light regime have not been explored. Damage due to 

UV-B exposure at high elevations could be experimentally alleviated by the use of UV-filters, 

without influencing light levels. In addition low PAR limitation within the cloud forest could 

be explored by the addition of lighting (practicalities aside) or alternatively, simulated under 

more controlled conditions (Figure 6-2, Light).  
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Soil processes were not fully explored during the experiment (seedlings were transplanted 

with uncleaned roots into new soils), so there may have been unquantified stressors acting 

upon the seedlings. To investigate the hypothesised low temperature limitations to nutrient 

availability, seedlings transplanted upslope could be warmed in situ (practicalities allowing) 

concurrently with manipulations of soil abiotic or biotic properties, in theory removing low 

temperature effects and stimulating growth (Figure 6-2, Soil).  

To unravel the biotic limitations to seedling performance factorial transplant experiments 

could be designed, incorporating direct biotic effects via the exclusion of natural enemies 

and indirect effects such as inter-seedling competition. In this way the effect of warming-

induced increases in biotic pressure on the competitive advantage of seedlings (LMF versus 

TMCF) could be quantified (Figure 6-2, Biotic). Apart from studying seedling establishment 

and growth, little is known about the effects of climate warming on equally important biotic 

Soil 

Low temperature 

In situ moderate warming of 

upslope transplanted 

seedlings (soil and air) (Clark 

et al. 2014) 

Nutrients 

Transplantation with home 

soil or addition of fertiliser 

(Alvarez-Clare et al. 2013) 

Biota 

Transplantation of seedlings 

germinated in sterilised or 

unsterilised soil (Gundale et 

al. 2014) 

 

Light 

UV-B 

Transplant with UV-B filter 

manipulation (Krause et al. 

2003) 

 

Low PAR 

Transplant under additive light 

regime e.g. spotlights or cloud 

manipulation (A.R. Griffiths 

2017 personal communication) 

 

Biotic 

Herbivores 

Herbivore exclusion and/or 

monitoring of leaf damage on 

transplanted seedlings 

(Garibaldi et al. 2011) 

 

Pathogens 

Application of fungicide on 

transplanted seedling 

(Swinfield et al. 2012) 

 

Competition 

Germinate and monitor 

seedlings in mixed planting 

groups (LMF vs. TMCF)  

(Hovick et al. 2012) 

 

Climatic 

Drought/flood events 

Transplant with drought 

(Rowland et al. 2015) or flood 

events (Jentsch et al. 2007) 

 

 

Temperature extremes 
In situ testing of thermal 

limits (Krause et al. 2010) 

 

 

Temperature variability 
In situ variable/intermittent 

warming (Kreyling and Beier 

2013)  

  

Figure 6-2 Additional transplant treatments to investigate underlying abiotic and biotic limitations. 

 



140 

 

barriers to population growth, such as reproductive success and germination rates. In 

particular, how asynchrony in migration between plants and other trophic levels will affect 

tree population dynamics, i.e. if pollinators or vectors of dispersal migrate at a faster rate 

than their tree hosts. To understand this complexity a more holistic approach is required, 

investigating multiple ontogenetic stages and their positive and negative inter-trophic 

relationships.  

6.4 Conclusions 

- Leaf-trait strategies and measures of physiological stress can provide insight 

into the response of tropical tree species to climate change (Chapters 3 to 5) 

- There are significant differences in the response of ontogenetic stages to 

physiological stress (Chapter 3) 

- LMF species are more responsive and acclimate more readily than TMCF 

species to changes in climatic regime (Chapters 4 and 5) 

- The lack of acclimatory capacity of photosynthesis, particularly Vcmax, is 

limiting the response of species to climate change. 

The research presented in this thesis furthers our understanding of the mechanisms behind 

the upslope migration of tropical trees, assessing current variation in intra-specific traits and 

physiological stress responses along an elevational migration corridor, and experimentally 

testing the performance and acclimation of seedlings beyond their natural range. Through 

transplantation this research simulates upslope migration and climate change equivalent to 

moderate end-of-century warming scenarios, allowing the response of seedlings from 

multiple elevational communities to be quantified and compared. This research 

demonstrates the importance of leaf-level functional traits in monitoring and predicting the 

response of species to climate warming, as well as highlighting ontogenetic differences in 

trait-response that may impact upon future population dynamics. In response to end-of-

century climate change, these results suggest that: (i) upslope migration will be limited by 

abiotic stressors (low temperature, PAR); (ii) moderate warming may not impact on the 

performance of LF and LMF species; (iii) moderate warming will impact on the performance 

of TMCF seedlings; (iv) warming-related increases in biotic stress will directly and indirectly 

impact on the persistence of TMCF species downslope.  
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Under this warming scenario, the impact on community dynamics will be a gradual 

replacement of TMCF species by LMF species at mid-elevations and minimal upslope shifts 

at the upper range edge, resulting in range retractions or extinctions of TMCF species. These 

finding are in keeping with previous estimates of population declines based on current 

migration rates (Feeley and Silman 2010). There is a great amount of uncertainty arising from 

projected climate change scenarios, as warming may facilitate the establishment and growth 

of individuals upslope, or equally result in declines at any elevation in combination with 

drought or declining cloud frequency. Finally, it is important to recognise that although this 

research breaks new ground in our understanding of the in situ responses of tropical tree 

species to climate change, particularly at the crucial seedling stage, many of the underlying 

mechanisms behind these responses remain unexplored in these communities.  
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