
 1 

Tropical montane forests in a warming world 

 

Purpose and specific aims 

One of the great unknowns regarding the potential impacts of global warming on tropical 

forests is whether or not tropical tree species are close to an upper thermal limit above which 

they will experience heat stress and growth declines
1
. The present project will reduce this 

knowledge gap for tropical montane trees, with the overall scientific purpose of:  

 Assessing the sensitivity of physiology, growth and competitiveness of tropical montane 

trees to increased temperature 

… and with the implications for society of: 

 Facilitating climate change adaptation in tropical regions 

 Improving the understanding and predictability of tropical feedbacks on global climate 

change 

Temperature responses will be studied along elevation gradients in Rwanda and Peru as well 

as in controlled greenhouse experiments. By combining a novel experimental design with 

response measurements ranging from molecular and physiological mechanisms to tree growth 

and community level competition, the specific aims are to test the following hypotheses: 

A. Increased growth temperature adversely affects photosynthesis and growth of tropical 

montane forest tree species. 

B. Tropical montane tree species—adapted to temporally stable climates—have low 

thermal acclimation capacity.  

C. Negative effects of high temperature on tree physiology and growth are more 

pronounced in climax compared to pioneer tree species… 

D.  … and in high- compared to lower-elevation species.  

E. At the community level, montane climax species are outcompeted by pioneers and 

more warm-adapted species when grown in competition at lower elevation sites, 

showing that montane climax species are particularly threatened by global warming. 

 

Overview of the research area  

Temperature responses of tropical forests 

In spite of their crucial importance for global biodiversity and ecosystem ecology regulating 

biogeochemical cycles, hydrology and climate, tropical forests in general, and tropical montane 

rainforests in particular, remain relatively understudied
1,2

. Growing evidence show that tropical 

forests are highly sensitive to climate change and variability. There is a presumably CO2-driven 

long-term trend of increasing biomass in forest monitoring plots
3
, but also a pronounced inter-

annual variability in biomass change with negative effects of warm and dry conditions
4,5

. 

Unusually warm and dry years have become more common lately, possibly explaining the recent 

decline of the Amazon carbon sink during the 2000s
6
. While rainfall exclusion experiments have 

demonstrated that large tropical trees are vulnerable to drought stress
7,8

, there is large 

uncertainty regarding the direct effects of high temperature on tropical forests
2,9

. Ecologically 

realistic warming experiments are still lacking (they are extremely difficult and expensive to set 

up), and co-variation of temperature and precipitation in the field complicates causal 

interpretations of inter-annual growth variability
9,10

. This knowledge gap severely impairs our 

ability to understand and predict the potential impacts of climate change on tropical forests
11

. 
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It has been hypothesised that many tropical species have a narrow thermal niche and operate 

close to a temperature limit above which they experience declines in function or fitness
12,13

. 

Moreover, it has been suggested that tropical plants—being adapted to temporally stable 

climates—have a lower capacity to acclimate physiologically to increased temperature 

compared to plants of cooler and more seasonal regions
14,15

. If these hypotheses hold true, 

tropical forests will be particularly vulnerable to global warming. Two recent field studies—

one of which was a Rwandan study by the applicant team—demonstrated pronounced 

negative effects of high temperature in tropical climax tree species, but considerably smaller 

effects in pioneer species
16,17

.  
 

Tropical montane forests and elevation gradient studies 

Tropical montane forests are centres of biodiversity in which steep environmental gradients 

cause high species turnover and levels of endemism
2
. The montane tropics are likely to 

undergo considerable change under global warming, with plants facing dual challenges of 

climatic change and invading lowland species
18

. Elevation gradients offer the potential to 

study temperature responses of montane plants and ecosystems. Of course, other factors than 

temperature co-vary with elevation, such as cloudiness and radiation, soil conditions, and 

atmospheric absolute O2 and CO2 concentrations. However, with careful study design and 

interpretation, elevation gradients can serve as laboratories for global change research to 

explore the temperature controls on plant and ecosystem functioning under ecologically 

realistic conditions
2,19

.  

 

Project description 

Project structure and rational 

In this project we will establish multispecies plantations (common gardens) with tropical tree 

species at sites along elevation gradients in Rwanda and Peru (Fig 1 and 2; App. J), in the 

biodiversity centres of the Albertine rift and the Andes to Amazon region. A step down the 

elevation gradient represents a possible future climate change scenario. Pioneer and climax 

species from the high and mid elevation sites will be planted at all sites along the gradient, 

allowing for assessments of how they respond to climate warming. By mixing trees of 

different thermal niches and successional strategies within the common gardens, the study can 

explore potential impacts of climate change on tree community composition.  

Since other environmental factors than temperature co-vary with elevation, the common 

gardens will include experimental manipulations of water and nutrient availability, with 

fertilization mitigating site differences in fertility and water being added or diverted, 

depending on the location (Fig. 1 and 2; App. J). Cloudiness and vapor pressure deficit of the 

air change with altitude as well, but these shifts can be considered as part of realistic climate 

change scenarios. The 13% (Rwanda) and 19% (Peru) higher atmospheric partial pressure of 

CO2 at the lowest compared to the highest elevation sites may lead to conservative estimates 

of negative effects of increased temperature. However, the CO2 effect is likely small since 

productivity was unaffected by considerably larger CO2 elevations (50% to 100%) in 

experiments with tropical seedlings and saplings
20

.  

To elucidate molecular mechanisms and to unequivocally tie the responses along the elevation 

gradient to temperature, additional controlled warming experiments will be conducted in the 

greenhouses of the Gothenburg Botanical Garden. 

 

Elevation gradient studies 
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The Rwandan elevation gradient ranges from 2350 m.a.s.l. down to 1350 m.a.s.l., with an 

annual mean air temperature difference of 6.5 °C and precipitation that varies from 1750 to 

850 mm per year (Fig. 1a; App. J). The relative distribution of precipitation over the year is 

similar at all sites, with highest rainfall in March–May and a dry period in June–August. The 

high elevation site is part of Nyungwe montane rainforest, the largest block of lower montane 

rainforest remaining in Africa
21

. All sites are located at research stations owned by the 

Rwanda Agriculture Board (RAB, http://www.rab.gov.rw) and have permanent weather 

stations as well as basic facilities and staff for maintenance
22

. 

The Peruvian elevation gradient ranges from 2020 m.a.s.l. down to 210 m.a.s.l., with an annual 

mean air temperature difference of 8.4 °C (Fig. 1b; App. J). Annual presentation is high 

(≥2630 mm) at all sites. Sites along the elevation gradient are equipped with weather stations 

and good facilities for field work, and have been well characterized with respect to plant and 

stand traits of the existing natural vegetation
23

.  

In each elevation gradient, ten characteristics species (5 pioneer, 5 climax) will be selected 

from each of the two highest vegetation zones. Seedlings will be propagated in nurseries 

available in both Rwanda and Peru. After approximately 6-10 months they will be planted in 

18 plots at each site in Rwanda (Fig. 2a; App. J) and 6 plots at each site in Peru (Fig. 2b; App. 

J). Each plot will be 11 x 11 m with plant spacing of 1 x 1 m, allowing 100 plants per plot (5 

replicates of 20 species). This rather narrow spacing allows for early canopy closure and 

interspecific tree competition.  

In Rwanda, the treatments at each site include low (unfertilized) and high (fertilized) nutrient 

and low, mid and high water levels in factorial combinations, allowing three replicates at the 

plot level (Fig. 2a; App. J). The three water levels mimic the natural precipitation at low, mid 

and high elevation. Increased and decreased water supply compared to natural precipitation 

will be achieved by irrigation and rain exclusion shelters
8
, respectively. In Peru, only 

fertilization treatment will be applied, since precipitation is similar and high at all sites (Fig. 

2b; App. J).  

In the fertilization treatment, a balanced solid fertilizer of macro- and micronutrients will be 

applied annually at a level sufficient to eliminate nutrient limitations on plant growth
24

. The 

total supply as well as the ratio between individual elements will be adjusted each year based 

on annual leaf element analyses to achieve target tissue concentrations and ratios, which in 

turn are based on available data from natural stands.  

 

Greenhouse experiment 

Seeds of 12 of the tree species used in the elevation gradients (3+3 from Rwanda, 3+3 from 

Peru) will be cultivated in two rooms with 5 C different temperatures in the greenhouses of 

Gothenburg Botanical Garden. The diurnal and seasonal temperature variation will be small 

and radiation and absolute air humidity will not vary between the two rooms. Measurements 

conducted on plants in the greenhouse experiment will serve to identify indicators of high 

temperature sensitivity and acclimation capacity, and to directly link variation in physiological 

traits and tree growth along the elevation gradient to temperature responses. 

 

Response measurements 

Three types of measurements will be conducted: tree and stand level properties, leaf level gas 

exchange, and biochemical and transcriptomic profiling. While tree and stand measurements 

allow for quantification of ecological responses, molecular and physiological measurements 

serve to provide mechanistic understanding of these responses.  

http://www.rab.gov.rw/
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a. Tree and stand properties  

Tree growth will be monitored by annual measurements of height and stem diameter. An 

initial harvest as well as a partial harvest after two years will be conducted to establish 

allometric relationships between stem height and diameter and tree biomass of different plant 

organs for each species. Canopy development will be followed by optical measurements to 

estimate leaf area index. Leaf mass per unit leaf area as well as leaf nutrient content will be 

regularly analyzed, serving both as response indicators and as a basis to optimize the 

fertilization.  

b. Leaf gas exchange 

Measurement campaigns of leaf gas exchange will be conducted in a subset of species (3 

climax + 3 pioneer spp. in both elevation gradients and greenhouse) to determine the 

temperature responses of photosynthesis, respiration and stomatal conductance. By conducting 

the same type of measurements at a similar temperature range (20-40 C, in 5 C steps) at all 

sites and greenhouse rooms, these measurements will elucidate to what extent the different 

tree species can physiologically acclimate to prevailing temperature conditions, e.g. by 

adjusting their optimum temperatures. The biochemical photosynthetic capacities of electron 

transport (Jmax) and carboxylation (Vcmax) will be determined from measurements of the 

response of photosynthesis to varying intercellular CO2 concentration. Photosynthetic light 

response measurements will be used to quantify photosynthetic quantum yield and leaf 

respiration in light and darkness. Gas exchange data will also be used to determine if the 

relationship between photosynthesis and stomatal conductance responds to temperature in a 

manner that is consistent with commonly used models assuming ‘optimal’ stomatal behavior
25

.  

The parameters determined from gas exchange data are key parameters used in canopy 

models, which in turn have been incorporated into both ecosystem and global climate 

models
26

.  

c. Biochemical and transcriptomic profiling 

Leaf tissue samples will be analyzed with respect to primary metabolites, membrane lipids and 

the transcriptome. It is well known that control of membrane lipid fatty acid desaturation is a 

key feature in plant acclimation to prevailing growth temperature
27

. Changes in the thylakoid 

lipid composition might be an important predictor of photosynthetic thermal acclimation, since 

membrane-bound photosynthetic electron transport is particularly sensitive to high 

temperature
17,28

. The thylakoid membrane lipid composition will be determined using tandem 

mass spectrometry coupled to liquid chromatography
29

. Primary metabolism and in particular 

carbohydrate metabolism is strongly linked to temperature stress and acclimation
30

. To this 

end, GC-MS will be used to analyze a subset of key primary metabolites such as amino acids, 

carbohydrates and other intermediate metabolites. Finally, if interesting deviations can by 

identified based on the measurements of photosynthesis, thylakoid lipid composition and 

metabolite profiling, the most interesting samples from the greenhouse experiment will be 

subjected to transcriptional profiling. This will be accomplished using next generation 

sequencing of cDNA synthesized from RNA extracted from leaves.  

 

Time plan 

Spring 2016 – Propagation of seedlings in Rwanda, Peru and Sweden, establishment of plots, 

recruitment and training of PhD student, initial biomass and leaf nutrient sampling. 

2017-2018 – Physiological measurements, tree growth measurements, analysis of leaf 

nutrients and lipids, primary metabolites and RNA. Partial tree harvest to determine allometric 

equations. Publication of results.  
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Project management and research team 

We will form a research team with expertise in plant ecophysiology, tropical ecology, and 

plant molecular biology and biochemistry, including researchers from the University of 

Gothenburg (GU) and partners working at the Rwandan and Peruvian sites (see Appendix B2).  

GU will host the project and administer the funding and has the overall responsibility for the 

design of the studies, coordination of field work, PhD supervision, scientific analyses, 

arrangement of workshops etc. The Rwandan Agriculture Board will take care of the technical 

and logistic practicalities of establishing and running the Rwandan elevation gradient. 

Peruvian common gardens will be developed by collaborators (see below) at already 

established sites.  

 

Plan for scientific publication and dissemination of information 

We expect the present project to result in at least four scientific articles published in highly 

ranked, international peer reviewed journals: (i) physiological responses, Rwanda; (ii) tree 

growth and community composition responses, Rwanda; (iii) physiological responses, Peru; 

(iv) synthesis / review of elevation gradient studies. The articles will be made available to the 

public through open access publication. Key results obtained will be presented at international 

conferences and distributed to colleagues through research networks. 

  

Description of the societal value of the research 

This project is highly relevant for the missions of Formas to promote sustainable development 

and international research collaboration. The present state of poor knowledge regarding the 

climate change-sensitivity of tropical forests causes large societal problems, such as: 

- Difficulties in assessing the threats of climate change to different ecosystem services, 

including climate regulation, wood production and biodiversity.  

- Difficulties in designing climate change adaptation strategies in tropical areas, a problem 

that is further aggravated by poor climate change adaptation capacity in low-income 

countries
31

.  

- High uncertainty in projections of terrestrial climate feedbacks (i.e. carbon sink strength) 

and, thus, the rate and magnitude of future climate change
11

. 

Sweden has signed international conventions aiming to mitigate these problems. The United 

Nations Framework Convention on Climate Change (UNFCCC) includes actions to mitigate 

climate change. An important part of UNFCCC is to reduce emissions from deforestation and 

forest degradation in developing countries, recognizing the roles of conservation and 

sustainable forest management to enhance forest carbon stocks (REDD-plus). Methodological 

guidance and capacity building in low-income counties is central in this work. Knowledge 

generated by the present project will improve climate change projections and promote societal 

adaptation in high-altitude tropical regions. It will contribute to capacity building at the 

Rwandan partner institutions (see below), with which we collaborate since ten years. The 

inclusion of Rwandan partners in the project provides direct links to Rwandan policy making. 

The present project is also relevant for the Convention on Biological Diversity (CBD), with 

strategic plans formulated in the Nagoya Protocol as well as by the Swedish government (Prop 

2013/14:141) aiming to promote biodiversity and ecosystem services. The present project is 

relevant for this convention by identifying tree species or groups of tree species that are 

particularly vulnerable to warming. If large-seeded climax species are more vulnerable than 
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pioneer species, as indicated by our earlier studies
17

, this will have important implications for 

seed and fruit eaters, such as the numerous primate species in the Nyungwe forest of 

Rwanda
32

. Ecoturism is important for both Rwanda and Peru, and improved knowledge on the 

climate change sensitivity of different species is key for wise conservation measures in these 

centres of biodiversity. 

 
Plan for communication with stakeholders/end users. 

Results of the present project will be communicated to relevant stakeholders through 

established contacts within the strategic research area Biodiversity and Ecosystem Services in 

a Changing Climate (BECC; www.becc.lu.se) and the Forest, climate and livelihood research 

network (Focali; www.focali.se). Through BECC and Focali, the main applicant will have the 

opportunity to communicate key results at regular meetings with official contact persons at the 

Swedish Forest Agency, the Swedish Environmental Protection Agency, the Swedish Society 

for Nature Conservation, and the Swedish International Development Cooperation Agency. 

Key findings will also be communicated through Sida’s Helpdesk for Environment and 

Climate Change (http://sidaenvironmenthelpdesk.se/), where Focali provides relevant 

knowledge to Sida staff for the effective use of forest operations to achieve climate-poverty 

targets.  

The project will actively contribute to relevant international science for policy processes such 

as the International Panel on Climate Change (IPCC) and the Intergovernmental Platform on 

Biodiversity & Ecosystem Services (IPBES) through research contacts and networks of the 

main applicant. 

The project has been designed in collaboration with local partners in Rwanda and Peru. It 

builds on studies on tropical forest ecosystems in Rwanda over the past ten years
e.g.17,22,33

. 

Close collaboration with the University of Rwanda (UR) and the Rwanda Agriculture Board 

(RAB) ensures that the aims of the project are highly relevant for sustainable development in 

Rwanda, and that the results of the project will influence Rwandan policy formation related to 

climate change adaptation. The RAB ( Jordbruksverket + Skogsstyrelsen) has direct links to 

policy formation related to agriculture and forestry. Annual stakeholder interaction workshops 

will be arranged in Rwanda, to which we will invite staff members from UR, RAB and other 

authorities. This stakeholder interaction will promote science-based and sustainable climate 

change adaptation with long-lasting effects beyond the present project. 

The Swedish public will be informed about key findings through press releases as well as 

through contributions by the main applicant to the exhibition “Skogens År” (2016-2021) at 

Universeum, the largest Science Centre in the Nordic countries with approximately 600 000 

visitors per year. Uddling and Wallin are currently contributing to the planning of this 

exhibition. 

 

Existing equipment 

We have access to the following types of equipments needed for the project: 

 Leaf gas exchange systems: portable LI6400s (Li-Cor Inc., Lincoln, NE, USA) with full 

control over environmental conditions (T, RH, Light, CO2), two at GU and one at UR. 

 Leaf area index instruments at GU. 

 Basic lab facilities and infrastructure for molecular and biochemical analyses at GU.  

 Equipment for plant tissue chemical analyses (C, N) as well as access to isotope (
13

C, 
12

C, 
15

N, 
14

N) measurement facilities at GU.  

 Basic equipments for preparing plant samples at both UR and GU.  

http://www.becc.lu.se/
http://www.focali.se/
http://sidaenvironmenthelpdesk.se/
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 Two major weather stations operated collaboratively between GU an UR since 2006 plus 

four small movable weather stations. 

 Access to greenhouses at the Gothenburg Botanical Garden for controlled temperature 

experiments with tropical tree species. 
  

International and national collaboration 

Main collaborators within the present project (beyond the research team) include the following: 

 Prof. Yadvinder Malhi, Univ. of Oxford: Lead scientist of the Peruvian elevation gradient 

with vast  expertise in tropical ecology. Contributes ecological advice and access to resources 

at the Peruvian transect.  

 Assist. Prof. Danielle A Way, Univ. of Western Ontario: Plant physiologist with expertise in 

photosynthetic thermal acclimation. Contributes physiological advice and co-supervision of 

Rwandan PhD student. 

 Prof. Ben Smith, Lund Univ.: Ecosystem modeller with whom Uddling and Wallin 

collaborate in the strategic research area Biodiversity and Ecosystem services in a Changing 

Climate (BECC) to assess the importance of tree thermal acclimation for boreal land–

atmosphere interactions. Contributes modelling expertise to explore the implications of key 

results for tropical productivity and vegetation dynamics at larger spatial and longer 

temporal scales, using the ecosystem model LPJ-Guess (http://www.nateko.lu.se/lpj-

guess/). 

 Prof. Belinda E Medlyn, Univ. of Western Sydney: Plant ecophysiologist an modeller leading 

international efforts to synthesise plant data to inform models predicting land–atmosphere 

interactions. Contributes links to international research networks that will enhance the impact 

of the findings and usage of the data.  

 Prof. Sune Linder, Swedish Univ. of Agricultural Sciences: Plant ecophysiologist with vast 

experience in stand-level fertilization and irrigation experiments in different types of forests. 

Contributes advice on soil treatments in the Rwandan elevation gradient. 

 

Main supervisor of Rwandan PhD student: Johan Uddling  
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Figure 1. Schematic overview of the experimental design at three sites along elevation gradients in 
(upper) Rwanda and (lower) Peru. The information about each site includes the names of research 
station, potental vegetation type, elevation, mean annual air temperature and annual precipitation. 
The treatments at sites in Rwanda include low and high nutrient (LN, HN) and low, mid and high 
water (LW, MW, HW) levels. In Peru, all sites recieve high precipitation. Depending on the annual 
precipiation at each site in Rwanda, irrigation or rain shelters will be applied to obtain comparable 
water inputs at each site. The fertilization aims at reducing nutrient-related productivity limitiations. 
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Figure 2. Plot design at sites along the (upper) Rwandan and (lower) Peruvian elevation gradients. At 
Rwandan sites, two nutrient treatments (low=unfertilized and high) and three water treatments (low, 
mid and high) will be applied. At Peruvian sites, there will be no manipulation of water supply since 
precipitation is high (≥2630 mm) at all sites. Each treatment will be replicated three times in a full 
factorial design. Each plot will have 100 plants (20 species x 5 replicates) with 1 m x 1 m spacing. At 
the plot level, a randomized block design will be used to avoid species clumping. The spacing 
between plots will be 2 m to ensure easy access to the plots and to drain excess water and potential 
leakage of nutrients from irrigated and fertilized plots, respectively. 
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