Photosynthetic temperature
responses of tropical tree
species in Rwanda

Angelica Vårhammar

Uppsats för avläggande av naturvetenskaplig kandidatexamen i
Biologi
30 hp
Institutionen för Växt- och Miljövetenskaper
Göteborgs universitet

Photosynthetic temperature responses of
tropical tree species in Rwanda
Angelica Vårhammar,
BSc thesis 30 hp, 2011,
University of Gothenburg, Department of Plant and Environmental Sciences

Abstract
Climate change is occurring as a result of increased concentrations of greenhouse gases in
the atmosphere. An increase in global temperature has been observed and is predicted to
continue during the coming decades. The increased temperature is predicted to result in
changes in the distribution of species, with some species becoming rare or extinct as a
consequence of limited migration opportunities and an inability to acclimate to higher
temperatures. The responses of vegetation to increasing temperature may also feedback
on the global climate. Either through carbon cycle feedbacks potentially accelerating
global warming as photosynthesis is inhibited by high temperature and respiration is
increased. Alternatively the response may decelerate global warming through increased
assimilation, growth and evaporative cooling depending on the optimum temperature of
the species and the ability of the species to shift its optimum. As a consequence, it is
important to evaluate how forests and other vegetation types will react to the projected
increase in temperature and what feedbacks they will produce to the climate.
This study evaluates the temperature responses and optimum temperatures
of photosynthesis in six tropical tree species in Rwanda. Three species were common
native species which occur in cool afromontane forests and three species were exotic
species occurring in warmer climates; two Eucalyptus species from Australia and one
tropical rainforest species from the Pacific Region. By using a portable gas exchange
system, the photosynthetic rate was examined at varying intercellular CO2 concentrations
and at temperatures ranging from 20 to 40°C. The data was then used to parameterize a
biochemical photosynthesis model and other previously accepted equations explaining
the relationship between the photosynthetic parameters and temperature.
The exotic warm-adapted species were expected to have higher optimum
temperatures and to be further below the optimum temperatures than the native cooladapted species when planted in the intermediate climate of a plantation in Huye,
Rwanda. The values of the parameters estimated in this study were similar to previously
published data and the optimum temperatures of net photosynthesis ranged between 26
and 30°C. By estimating leaf temperatures using leaf size, transpiration and climate data,
the leaf temperatures of the exotic species were found to be below their optimum when
planted in the colder temperature of the Rwandan plantation whilst the leaf temperature

of the native species were found to be very close to or above their optimum temperatures
and could consequently be sensitive to continued global warming. These results suggest
that the montane forests of Rwanda and perhaps other equatorial montane forest tree
species will migrate, if possible, to higher altitudes under higher ambient temperatures.
This has implications for the conservation not only for the vegetation but also for the
forest fauna and the surrounding human communities relying on these forests for their
livelihoods. There is however a need for further research on two of these sensitive species
at higher temperatures to more confidently estimate the optimum temperatures of the
metabolic rates. There is also a need to evaluate the ability of the species investigated in
this study to shift their optimum temperature and acclimate to higher temperatures. Other
physiological processes affected by increased temperature should also be investigated in
order to develop a complete evaluation of the temperature effects, so that appropriate
actions can be taken with regard to the conservation of tropical forests and climate
change mitigation.

Abbreviations
An: Net photosynthesis (µmol CO2 m-2s-1)
ε: Emissivity
Ci: Intercellular CO2 concentration (ppm)
u: Wind speed (ms-1)
Cc: Chloroplast CO2 concentration (ppm)
Pa: Atmospheric pressure (kPa)
Ca: Ambient CO2 concentration (ppm)
Ta: Ambient air temperature (°C)
-1 -1
gs: Stomatal conductance (µmol m s )
Tk: Leaf temperature (K)
NPP: Net primary production
R2: Model efficiency
RuBP: Ribulose-1,5-bisphosphate
TSS: Total sum of squares
-1 -1
R: Universal gas constant (8,314 J mol K )
RSS: Residual sum of squares
Α: Quantum yield
Rd: Dark respiration
θ: Curvature of light response curve
Q/PPFD: Photon flux density
VPD: Leaf to air vapor pressure deficit (kPa)
RH: Relative humidity (%)
-1
cp: Specific heat of air (29.3 J mol )
Topt: Optimum temperature (°C)
-2 -1
J : Rate of electron transport (µmol m s )
kopt: Jmax or Vcmax at Topt (µmol m-2s-1)
Rnet: Net radiation (Wm-2)
TPU: Triose phosphate u
Rubisco: Ribulose-1,5-carboxylase/oxygenase
Vcmax: Maximum rate of carboxylation (µmol m-2s-1)
Vcmax25: Rate of carboxylation at 25°C (µmol m-2s-1)
Jmax: Maximum rate of electron transport (µmol m-2s-1)
Jmax25: Rate of electron transport at 25°C (µmol m-2s-1)
gm: Cell wall/mesophyll conductance (µmol m-1s-1)
An(272): Net photosynthesis calculated at Ci 272 ppm
Ha: Activation energy of Vcmax and Jmax (kJ mol-1)
Hd: Deactivation energy of Vcmax and Jmax (kJ mol-1)
σ: Stefan-Boltzmann constant (5.767*10-8 Wm-2C-4)
λ: Latent heat of vaporization of water (44100 J/mol)
RIS: Incoming photosynthetically active radiation (Wm-2)

Introduction
Climate change
The climate of the Earth is regulated by complex interactions and fluxes of energy, water
and compounds such as carbon dioxide, methane, nitrous oxide and other “greenhouse
gases” among the atmosphere, oceans, soils and vegetation. These fluxes make up a
balance of feedback mechanisms controlling the global climate (Denman et al., 2007).
Greenhouse gases, whether from a natural or anthropogenic source, hold radiative
properties and absorb outgoing infrared radiation. Consequently, increased concentrations
of greenhouse gases absorb more energy, thus heating the atmosphere (Denman et al.,
2007). There is evidence of glacial-interglacial changes occurring at 100 000 year cycles,
linked to the precession, obliquity and eccentricity of the Earth’s orbit, causing climate
change through increases in temperature, CO2 and methane concentrations (Petit et al.,
1999). However, due to the size and scale of anthropogenic emissions it is highly likely
that anthropogenic activities, including the combustion of fossil fuels, cement production
and land use changes such as deforestation and fires are the primary contributors of
increased concentrations of the aforementioned gases in the atmosphere.
During the 8000 year period prior to the industrial era, the atmospheric CO2
concentration rose ~20 ppm (Solomon et al., 2007) and from the time of the industrial
revolution until present, the levels have increased by ~100 ppm; from ~280 ppm,
recorded for the period 1000-1750, to 389 ppm in 2011 (Mauna Loa Observatory, 2011).
The evidence suggests that this increase of CO2 concentration and release of compounds
previously unavailable to the circulation system has triggered changes in the global
climate. Observations have been recorded of higher air and ocean surface temperatures,
rising sea levels, changes in spatial and temporal patterns of precipitation and increased
frequency of extreme weather events such as ENSO, all indicating a changing climate
and all are predicted to increase further until the system reaches a new quasi-equilibrium
(Kotir et al., 2011; Gitay et al., 2002).

Temperature effects
Global surface temperature has been recorded to have increased by around 0.2 degrees
per decade during the past 30 years (Hansen et al., 2006). While this may be seen as a
relatively minor increase, changes in animal and plant behavior and physiology have
already been recorded (Root et al., 2003). Different species will react in varying ways to
climate change and plants have two options for survival; either they have the endurance
and genetic diversity to withstand the changes and can consequently acclimate or adapt to
the new environment or they may migrate to more suitable conditions for their metabolic

tolerances. If they hold none of the previous abilities the environment will become
increasingly suboptimal and the species may eventually become extinct.
Migration will have varying rates for different species, depending on within
species variation, endurance, longevity, migration abilities such as reproduction ability
(Lloyd and Farquhar, 2008), seed dispersal and germination (Dawson et al., 2009) and
the effects of invading species. This results in changes in population distributions,
ecosystem compositions and functions (Root et al., 2003). Ranges and boundaries of
species are often determined by temperature and migration often occurs pole ward or up
slope from their current location when temperature increases (Gundersson et al., 2010;
Root et al., 2003). Species with restricted ranges and requirements and small populations,
isolated either through fragmentation, altitude or island shores are thus considered to be
the most vulnerable due to a reduced ability to acclimate, adapt and migrate (Gitay et al.,
2002). The projected climate change may threaten these sensitive species, result in local
extinction, migration and consequently altered biomes (Gundersson et al., 2010).
Therefore it is important to attempt to predict the changes our planet is
facing and to evaluate what plants should be cultivated for food, forestry and which
species, forest types and biomes will require extra protection and care as to not become
extinct.

Photosynthesis and temperature
Numerous methods are being used to investigate the environmentally dependent gas
fluxes between the biosphere and atmosphere. Examples include eddy covariance towers,
free-air CO2 enrichment systems, gas exchange experiments and satellite imagery
(Bonan, 2010). The data from these methods are then used in appropriate models
parameterizing the different ecosystem processes. Photosynthesis is often examined using
gas exchange measurements as it is a reaction turning CO2 and H2O into O2 and
carbohydrates. Through measuring the exchange of CO2, the photosynthetic rate can be
calculated. The most common and appropriate model in use for predicting photosynthesis
is the biochemically based model developed by Farquhar et al. (1980). Through entering
data points of calculated net photosynthesis (An) at varying intercellular CO2
concentrations (Ci), an ACi curve can be produced. Potentially, three photosynthetic
parameters can then be calculated from different areas of the curve. This model assumes
that photosynthesis is at all times limited by one of three factors being (I) the rate of
carboxylation in the beginning of the ACi curve when the access to CO2 is low, (II) the
rate of electron transport in the middle of the ACi curve when the access to CO2 is high or
(III) by the use of triose phosphate at the end of the curve when there is sufficient CO2
and electrons yet photosynthesis is not increasing (Sharkey et al., 2007). By producing
ACi curves and using the Farquhar et al. (1980) model one can parameterize
photosynthesis and by measuring at different temperatures the effect of increasing
temperature on photosynthetic capacities can be investigated.

The effect of temperature on photosynthesis is well known on a general
level and may act on photosynthesis both indirectly and directly. Indirectly
photosynthesis is affected through increased leaf to air vapor pressure deficit (VPD).
Increasing VPD results in stomatal closure and reduced stomatal conductance (gs) as a
mechanism to reduce water loss (Lloyd and Farquhar, 2008). Hence, the gs and the access
to CO2 are reduced and An is inhibited (Lloyd and Farquhar, 2008). In addition to
reduced assimilation, respiration will increase exponentially with increased temperature
(Bernacchi, 2001). The combination of lowered assimilation and increased respiration
with increased temperature has been shown to have a negative effect on growth
(Gunderson et al., 2011) and net primary production (NPP) in tropical forests (Way and
Oren, 2010; Clark et al. 2003).
Temperature can also affect photosynthesis directly through the metabolic
rates of the enzymatic reactions of ribulose-1,5-carboxylase/oxygenase (Rubisco) and
regeneration of its substrate ribulose-1,5-bisphosphate (RuBP) through the Calvin cycle,
which in turn depends on the rate of electron transport in the electron transport chain
(J; Sharkey et al., 2007). The maximum rate of Rubisco carboxylation (Vcmax) and the
maximum rate of electron transport (Jmax) have been found to increase with increasing
temperature to an optimum temperature (Topt) and then rapidly declining (Kattge and
Knorr, 2007). It has been suggested that the decline is due to reductions in enzyme
activity, as above 30°C the electron transport chain is inhibited and at temperatures above
40°C Rubisco and associated proteins start to denature (Lloyd and Farquhar, 2008).
Proposed explanations for the decline are changes in membrane structures, gene
expression, form and activation of enzymes, electron transport and thermal stability of the
PSII complex (Dreyer, 2001; Gundersson et al., 2010). The decline may therefore be
caused by multiple factors and can, depending on genetic predisposition, be shifted by a
certain degree to higher or lower temperatures (Gundersson et al., 2010). This observed
plasticity of Topt allows the plant to grow most efficiently in the current climate and trees
from different biomes have different Topt for maximum An linked to being optimal at their
prevailing conditions (Cunningham and Reed, 2002; Kattge and Knorr, 2007).
Cunningham and Reed (2002) demonstrated that tropical trees have a higher and
narrower optimal temperature range than temperate trees due to having a greater
adaptation to higher, less variable temperature. Other studies have shown that tropical
trees also have a lower capacity to shift their optimum temperature and acclimate than
temperate trees possibly due to the lower seasonal variation in temperature. (Gundersson
et al., 2010; Way and Oren, 2010). It has also been suggested that tropical trees in Africa
are close to or already above their optimum temperature for growth (Cao et al., 2001).
These observations may indicate that tropical trees are more susceptible to climate
change and especially global warming.
Tropical ecosystems contain about 40% of global biomass and represent
over 60% of the global NPP (Denman et al., 2007). The responses and feedbacks of these

ecosystems may greatly influence the CO2 concentration of the atmosphere and the future
global climate (Denman et al., 2007). Due to the relationship between optimum
temperature and current air temperature these tropical ecosystems may be carbon neutral
or carbon sinks and may remain so if the optimum temperature is far above current air
temperature. As temperature increases, photosynthesis and growth of these forests may
assist in the mitigation of climate change through carbon assimilation and may decelerate
global warming through large scale evaporative cooling (Bonan, 2010). However the
opposite may occur when the optimum temperature is reached, when assimilation is
decreasing and respiration is increasing. This may turn the tropical ecosystems into
carbon sources with higher emission than assimilation.
Currently these ecosystems are sinks and approximately half of the current
anthropogenic emissions of CO2 are absorbed by oceans and land ecosystems. Predictions
using the “business as usual” scenario also indicate that the terrestrial biosphere will
continue to act as a sink with higher assimilation than emission, until year ~2050.
Thereafter, due to the previously mentioned feedback by photosynthesis, it is predicted to
change into a source with less assimilation than emission (Cox et al., 2000) as the
optimum temperatures are reached and exceeded. Thus these forests may generate a large
positive feedback possibly accelerating global warming (Clark et al., 2003).

Plants representation in climate models
The feedback of plants on the climate may have a large effect and may either accelerate
or decelerate global warming, depending on the photosynthetic and growth response to
increasing temperature. Therefore, the feedback of plants should hold an important role in
future climate predictions.
Climate predictions are made by global, regional and local climate models
which are mathematical systems representing physical, chemical and biological
processes. Together with observed and modeled data, the climate models take into
account temporal and spatial differences in temperature, precipitation, and land cover and
simulate the influences of climate on ecosystems and the feedbacks of the ecosystems on
climate. The models can predict, to a certain degree, future climates and their
consequences (Bonan, 2010; Randall et al., 2007). Some limitations with modeling future
climate occur due to uncertainty of the size of the anthropogenic emissions (Doherty et
al., 2010), lack of data on ecosystem reactions to multiple factors and stressors (Boko et
al., 2007) and abilities in representation and parameterization of important ecosystem
processes and the feedbacks (Doherty et al., 2010; Nabuurs et al., 2007). One of these
uncertain ecosystem feedback processes with multiple stressors is the responses of
vegetation to increasing temperature and resulting effect on ability to assimilate
atmospheric carbon and subsequent feedback of vegetation on climate (Bonan, 2010).
Consequently there is a need for additional observational data on vegetation ecosystem

feedbacks. Another limitation of the climate models occurs due to low spatial resolution.
As a result, the resolution is very coarse which makes downscaling to local areas
difficult, especially in areas where there are steep gradients in altitude and resulting
environments. Therefore there is a need for improving regional and local models to
produce more accurate predictions (Boko et al., 2007; Marchant et al., 2010) by
collecting more regional and species specific information.

Africa and tropical montane forests
The majority of the research on tropical forests has focused on the Amazon basin
(e.g. Clark et al., 2003) and South East Asia (e.g. Kenzo et al., 2006), while the African
tropical forests have been somewhat neglected (Cao et al., 2001). Meir et al. (2007)
concludes that they believe they were the first to provide values for the Jmax and Vcmax
parameters for tropical African trees. This absence of information is possibly due to
political instability in a number of African countries and tropical Africa’s complex and
spatially extensive nature (Marchant et al., 2010) along with a lack of human resources
and computational facilities (Bonan, 2010).
The limited studies that have occurred in Africa and other equatorial regions
have however been applied to larger areas due to similarities in ecosystems and
ecosystem function (Gitay et al 2002). This has allowed general predictions to be
developed that have been applied more broadly to equatorial vegetation (Gitay et al.,
2002). Such as the records of a warming trend since the 1960’s (Boko et al., 2007) and
general circulation models of Eastern Africa are generally agreeing that climate change
will include higher temperatures and increased rainfall in the wet season (Doherty et al.,
2010). Studies have also suggested that increases in CO2 and precipitation will result in
increases of woody vegetation at the expense of grasslands which will lead to an
evaporative cooling of 0.8°C for the area (Boko et al., 2007). There is a need for
additional data, especially regional and country specific data (Gitay et al., 2002) to
increase the resolution of these climate models. In Eastern Africa high resolution models
are required, as the generic conclusions from other studies may not be as useful in areas
with very steep altitudinal gradients which results in rapid changes of ecosystems and
environments which will react differently to climate change. Though the resolution of
climate models are increasing, they are still not yet sufficient to make any confident
predictions about regional future climate (Boko et al., 2007; Solomon et al., 2007).
The African tropics are different from the South American and Asian
tropics due to occurring at a higher altitude with resulting lower precipitation, higher soil
water stress and cooler mean temperatures (Nsabimana et al., 2009). The African tropics
include a stretch of island-like mountains ranging from Ethiopia in Eastern Africa,
through Central to South Africa. These afromontane ecosystems contain a high degree of
endemic species which are considered sensitive to increases in temperature and other
climatic changes as there is no possibility of either horizontal or vertical migration for
high elevation species (Gitay et al., 2002). If, in addition, they hold a low ability to

acclimate they are in high risk of extinction which has implications not only for the
conservation of these species and the ecosystem structures but also for the mostly
endemic forest fauna and the surrounding rural human communities depending on these
forests.

Aims
The overall aim of this study was to investigate the temperature responses of
photosynthesis and the optimum temperatures of six tropical tree species in Rwanda.
Three species were common native species that occurred in the cool afromontane forests
of Rwanda and three species were exotic species originating from warmer climates; two
Eucalyptus species from Australia and the remaining was a tropical rainforest species
from the Pacific Region and frequently occurring in Rwandan tree plantations for forestry
purposes.
Temperature is known to have a positive effect on photosynthetic capacities and
photosynthesis until its optimum temperature, which is species specific, has been
reached. At higher temperatures photosynthesis as well as growth is inhibited. Different
species have been found to have different optimum temperatures depending on adaptation
and acclimation capacity and that leads to the main questions of this study:
(I)

Is there a difference in optimum temperature among the species?

As other studies have found a correlation between optimum temperature and origin
climate with warm adapted species having a higher optimum temperature than cold
adapted species, it is also interesting to ask:
(II)

Is there a difference in optimum temperature between the cool-adapted native
species and the warm-adapted exotic species when planted in an intermediate
temperature plantation?

Leaf temperatures can vary significantly depending on factors such as rate of
transpiration and leaf size (Campbell and Norman, 1998) and can consequently be several
degrees above or below ambient air temperature (Wise et al., 2004). The leaves of the six
species vary in shape and size and therefore one may also ask:
(III)

Is there a difference in leaf temperature among species at the same ambient air
temperature?

And final most important question as to see how these species may respond to future
temperature increases is:
(IV)

Are the leaf temperatures close to, far from or already above the optimum
temperature of photosynthesis when exposed to the prevailing air temperature?

The findings may have implications for the conservation of endangered species, forestry
industry and management as well as for quantifying the CO2 feedback of these tropical
afromontane ecosystems on climate and predicting future climate change in the region.
This, in turn, is also important for the surrounding human communities depending on
these forests for their livelihoods.

Method
Study site
The Ruhande Arboretum is a forest plantation located at Ruhande Hill, Butare province
in South Western Rwanda (2°36´S, 29°44´E; 1638-1737m; Nsabimana et al., 2008;
2009), a small (26338 km2) land-locked country in East Central Africa (Kalinganire and
Hall, 1993). The climate of the region is tropical humid with a mean temperature of
19.6°C and receiving approximately 1232 mm of rainfall per annum (Kalinganire and
Hall, 1993; Nsabimana et al., 2008). The rainfall is bimodial, with heavy periods between
March-June and lighter occurrence between October-December, separated by dry
seasons. The relative humidity ranges between 77-86 % during the wet season and
59-65% during the dry season (Nsabimana et al., 2008; 2009). The soil in the Arboretum
is classified as Ferralsols formed from schists and granites mixed with mica schists and
quartzite (Nsabimana et al., 2008). Air and water can circulate easily, producing good
absorption of rainfall but also strong leaching of nutrients and cationic bases to deeper
soils, which become unavailable to plants (FAO, 1974). The pH of Ferralsols is generally
low and Nsabimana et al. (2009) showed that pH for the Arboretum is in the range of
3.5 to 5.4. The plantation is 200 ha in size and situated on a moderate gradient (~20 %)
with an easterly aspect (Kalinganire and Hall, 1993). The 200 ha are divided into 529
monospecific and Mixed Native Species plots (ISAR, 2011), which compose over 207
exotic and native species of both conifer and deciduous trees (ISAR, 2011). Each plot
measures 50x50 meters and are separated by 6 meter wide alleys (Nsabimana et al.,
2008). All plots are yearly managed by clearing of understory shrubs and unwanted
species as well as regular thinning and harvest (Nsabimana et al., 2008). The Ruhande
Arboretum was established in 1933 at the request of the Resident of the Colonial
government for the territory Rwanda-Urundi to satisfy the need for timber and fire wood
(ISAR, 2011). The plantation is now run by the Institute of Agricultural Sciences of
Rwanda (ISAR) and is used mostly for research, biodiversity conservation, seed and
seedling production and remains as a source of timber for fuel and for construction
purposes for the surrounding communities (FAO, 2011).
The Rwasave tree nursery is located in the North East of the Arboretum and
is used to cultivate seedlings which are subsequently planted within the Arboretum.
These are grown in so called “poly pots” containing clay soil (ISAR 2011) from the

surrounding area. They are placed in monospecific plots, some partially shaded from the
sun by basic shade houses, and the seedlings were watered twice daily.

Plant material
The species used in this study are either dominant forest type species or silviculturally
important and grown in large scale for forestry purposes. The selection of species was
based on the three following criteria;
(I)

Species available both in the Ruhande Arboretum and the Rwasave Nursery.

(II)

Species with large trees (DBH >20 cm) with sun exposed branches low enough to
reach for measurements in subsequent investigations.

(III) Species which have previously been studied on this site.
Six attempts were made on 4 species of mature trees within the Arboretum, but it was not
possible to obtain a complete set of data points for any of these species. I believe this
problem was a consequence of low stomatal conductance caused by drought. Due to these
reasons the large trees were excluded from this study and seedlings ranging from
approximately 0.2 to 1.5 m in height, planted in the nursery were used. The species
selected (Table 1) were two native species from the Mahogany family (Meliaceae);
Carapa grandiflora and Entandrophragma excelsum and one native species from the
Rosaceae family Hagenia abyssinica. All originate from the Nyungwe Montane Forest to
which climate these species should be adapted. In Nyungwe the temperatures range
between 10.9°C and 19.6°C (Sun et al., 1996) and a mean annual temperature of 15.5°C
has been recorded at the Uwinka climate station situated at 2464 meters (Nsabimana et
al., 2009). Each species is also a common species within the Nyungwe Montane Forest
(WCS, 2002), thus a negative response of these species to a higher average temperature
may be interpreted to lead to radical changes in the species distributions within their
native forest types as temperature increases with climate change. Tree plantations in
Africa often use exotic species, especially Eucalyptus which is fast growing, easily
cultivated and consequently covers 65% of plantations in Rwanda (Nsabimana et al.,
2009). Three common plantation species were selected for this study, two from the
Myrtle family (Myrtaceae), Eucalyptus microcorys and Eucalyptus maidenii and the other
from the Mahogany family (Meliaceae), Cedrela serrata. The distribution, ecology and
previous research on each species are summarized in Table 1. This produced six species
being considered for this study (Table 1) and 6 seedlings of each species were used, with
the exception of E. microcorys, E. excelsum and C. serrata which all had 5 replicates.
The species were grown in the Rwasave tree nursery and were measured in a random
order and different plots were used for each replicate when available.

Table 1: List of Species; English name; Family; Origin of measured plant material; Origin, Native Habitat and Range; Altitudinal and Thermal Range; Uses and Previous research
on temperature responses.

Species

English
name

Family

Carapa grandiflora
(Carapa procera12)

African
Crabwood

Meliaceae

Entandrophragma
excelsum

Hagenia abyssinica

African
Mahogany

African
redwood

Meliaceae

Rosaceae

Eucalyptus
microcorys

Tallow
wood

Myrtaceae

Eucalyptus
maidenii
(Eucalyptus
globulus ssp.
Maidenii10)
Cedrela serrata

Maiden’s
gum

Myrtaceae

Hill toon

Meliaceae

Origin of
measured
plant
material
Nyungwe,
Rwanda

Arboretum
Rwanda

N/A

Arboretum
Rwanda

Arboretum
Rwanda

Arboretum
Rwanda

Origin, Native Habitat and range

Altitudinal and
thermal range

Uses

Riverine, groundwater, lowland and
submontane forest5, in lake shore, riparian
and mid altitude forest12 Endemic to the
Eastern Africa montane forest14

1140-1830 m12

Timber,
Medicine, Oil
from seeds1

Montane-5 mid altitude and riverine
forest6; Eastern DRC, Rwanda, Burundi,
Uganda, Tanzania, Malawi and Zambia6;
Montane mid altitude rain-forest,
sometimes riverine forest at lower
altitude12
Undifferentiated or dry single dominant
afro-montane forest; Afro-montane
endemic3 Upland rainforests, often above
moist bamboo-thickets and in upland
evergreen bushand13
Eastern Australia6; Central coast of NSW,
great dividing range and tablelands9

1525-2150m
(1280, 950 also
recorded)12

10,9 – 19,6°C4

Previous
temperature
response
research
N/A

High value
timber2 Fire
wood,
charcoal 5

N/A

Fuel, timber,
medicine, soil
improver3

N/A

Fuel, timber6

Reduced
growth with
decreasing
temperature8
N/A

10,9 – 19,6°C4
2400-3600m13

10,9 – 19,6°C4
0-1000m7
Thermal range
N/A

Coastal ranges and foothills of southern
New South Wales from Shoal haven river
to eastern Victoria, Australia.9

Altitudinal
range N/A

Secondary forests; India, Sri Lanka,
Indonesia and Myanmar3

1200-2400m3

Pulpwood
production11

Thermal range
N/A
Timber,
fodder, Shade3

N/A

4-45°C3
Forget and Kenfack, 2008 ; Hall et al., 2002 ; World Agroforestry Center 2011 ; Sun et al., 1996 ; CELP 2011 ; Louppe et al., 20086; Boland et al., 19847; Moore
et al., 20048; Brooker and Klenig, 20069; Kirkpatrick (1974)10; Nesbitt et al., 199511; Styles and White, 199112; Graham, 196013; Kenfack 201114
1

2

3

4

5

Leaf properties
The leaves which were to be used for photosynthetic measurements were selected on the
criteria of being unharmed, fully developed sun leaves and large enough to fill the 6 cm2 leaf
chamber of the equipment (see Photosynthesis). In addition to photosynthetic measurements,
the leaves were also examined for length and width, using a millimeter graded ruler, to the
nearest
millimeter
and
thickness
using
an
electronic
caliper
on
3 locations of each leaf, to the nearest 0.01 millimeter. A proxy of the chlorophyll content was
also measured using a SPAD-502-Chlorophyll meter (Konica Minolta Sensing, Inc., Ltd.,
Osaka, Japan) at 10 locations of each leaf. A puncher (13 mm diameter) was used to collect 45 discs of each leaf to be used for determination of dry mass and leaf nutrition content (N and
P). The leaf material was dried in 70°C for 48 hours before dry mass was recorded. The discs
were then milled, transported and analyzed for N content by gas chromatography at the
University of Gothenburg, Sweden. The P analyses were unfortunately not completed within
the timeframe of this thesis.

Photosynthesis
The effects of increasing temperature on photosynthesis was parameterized by measuring the
CO2 response of photosynthesis at 20°C, 25°C, 30°C, 35°C and 40°C using the LI-6400XT
Portable Photosynthesis System (LI-COR Inc., Lincoln, NE, USA; Fig. 1). The LI-6400XT is
an open chamber gas analyzer where the leaf of interest can be clamped into a 6 cm2 leaf
chamber. Air is taken from the outside, modified to the desired characteristics (CO2
concentration and humidity) and then passed into the leaf chamber as well as into a reference
chamber. The equipment then measures the differences of the absolute concentrations of CO2
and H2O in the two chambers using two non-dispersive infrared gas analyzers (IRGAs)
located in the sensor head within each chamber.
From these measurements net photosynthesis, transpiration, stomatal
conductance and intercellular CO2 concentration can be calculated in real time so that leaf
reactions to changes in environmental variables, such as temperature, can immediately be
registered. From these measurements the effects of increasing temperature on photosynthetic
rate can be investigated. The measurements were made using a LED light source and a CO2
concentrations series of; 400, 60, 125, 225, 400, 800, 1200, 1600, 2000 and 400 µmol mol-1.
Some measurements made were not considered trustworthy due to conductance falling below
0.015 µmol m-1s-1 and were therefore excluded from the analysis. However these
measurements still resulted in high model efficiency averaging at 0.995. Photosynthetic
photon flux density (PPFD) was set to 1800 µmol m-2 s-1, the flow between 250 and 400
µmol s-1 and relative humidity (RH) held below 85%. Reaching the desired leaf temperatures
was aided by the 6400-88 Expanded Temperature Control Kit (LI-COR Inc., Lincoln, NE,
USA) and the use of hot and cold water which increased the temperature control range of the
chamber block. The temperature of the chamber block was set so as to receive the desired leaf
temperatures ±1°C. For some replicates not all desired leaf temperatures could be measured.
E. microcorys and C. serrata are both missing one replicate at 20°C and E. maidenii is
missing two replicates at 20°C. E. excelsum is missing two replicates at 40°C and
C. grandiflora had only one replicate at 40°C,therefore only replicates at 20 to 35°C of
C. grandiflora were used in the analysis.

The LI-6400XT has proven to be a reliable and robust piece of equipment and
can be used in all conditions from moist tropics to arid desert (Licor, 2011), however a
preparation check-list was followed each day to make sure all sensors and functions were in
prime condition.

Fig. 1: LI-6400XT Portable Photosynthesis system

Model fitting
The calculated values of net CO2 assimilation rate (An) made by the LI-6400XT at varying
intercellular CO2 concentration (Ci) were used to make an ACi curve. These were then used in
the ACi curve fitting model for C3 leaves by Farquhar et al., (1980) with the modifications
made by Sharkey et al. (2007) however using Ci instead of chloroplast CO2 concentration
(Cc). It is a mathematical model which takes into account the kinetics of Rubisco, the
regeneration of the Rubisco substrate RuBP and triose phosphate use (TPU) (Sharkey et al.,
2007). At low Ci the photosynthesis is limited by the rate of carboxylation and at high Ci it is
limited by the rate of RuBP regeneration, which in turn is dependent on the rate of electron
transport. Constraints of Ci values of <100 ppm being Rubisco limited and >500 ppm being
RuBP limited were added. By inserting at least the required 5 data pairs of An and Ci and
fitting the observed data to that predicted from the model, the value for the parameters of
maximum carboxylation rate (Vcmax), rate of electron transport (J), triose phosphate use
(TPU), dark respiration (Rd) and model efficiency (R2) could be calculated. In this study TPU
was never a limiting factor and Rd and gm were not used further.
The maximum rate of electron transport (Jmax) was then calculated using equation (1):
(1)
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Where Jmax is the potential maximum rate of electron transport, Q is photon flux density, α is
the quantum yield and θ is the curvature of the light response curve. α and θ were held
constant at 0.3 and 0.9 respectively and hold little effect on the estimated Jmax (Medlyn et al.,
2002).
The temperature responses of the individual species were analyzed with Vcmax
and Jmax against leaf temperature and fitting the data points using a peaked Arrhenius equation
(Eqn 2; Medlyn et al., 2002):
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Where Tk is leaf temperature in K, Topt is the optimum temperature in K, R is the universal gas
constant (8,314 Jmol-1K-1) and kopt is Jmax or Vcmax at Topt. This equation calculates activation
energy (Ha), which is the rate of the increase of the function, optimum temperature (Topt) and
deactivation energy (Hd) which is the rate of the decrease of the function above the optimum
temperature.
Several studies have stated (e.g. Kattge and Knorr, 2007; Medlyn et al., 2002;
Dreyer, 2001) that the peaked Arrhenius equation is over-parameterized if all parameters are
allowed to vary. In such a case, data may be insufficient to reliably estimate the parameters. In
particular Topt and Hd were variable and depending on the initial values of the parameters and
depending on whether the function of Vcmax or Jmax against temperature peaked at higher
temperatures or not. Topt was, however, less variable than Hd and biologically sound and
therefore considered more reliable (Dreyer 2001). As Hd is often found to be around 200 kJ
mol-1 (Kattge and Knorr, 2007) in order to eliminate one of the variables, the value of Hd was
set to a constant 200 kJ mol-1 (Kattge and Knorr 2007) if it was found by 95 % confidence
interval not to be significantly higher or lower (Medlyn et al., 2002)

Energy balance
Leaf temperature varies depending on factors such as rate of transpiration and leaf size. It can
thus be several degrees different from ambient air temperature (Wise et al., 2004). Therefore a
calculation was made to estimate the difference between leaf temperature and air temperature
for the six species.
Climate data from January 1st to December 31st 2007, measured by a climate
station located in Butare, 2 km from the Ruhande Arboretum, was used to calculate the
average annual air temperature, relative humidity (RH), net radiation (Rnet) and vapor pressure
deficit (VPD) at 15:00, the time of day which generally had the highest annual air temperature
and VPD. The following equation (Eqn 3; Campbell and Norman, 1998) was then used to
calculate leaf temperature (TL):
(3)
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where Ta is ambient air temperature (°C), λ latent heat of vaporization of water 44100 (J/mol),
gv measured conductance at 400 ppm CO2 in 25 °C (mol m-2 s-1), Pa ambient atmospheric
pressure (kPa) and cp specific heat of air 29,3 (J mol-1). Rnet is net radiation (W/m2) and is
calculated by following equation (Eqn 4; Campbell and Norman, 1998):
(4)
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Where RIS is measured incoming photosynthetically active radiation (Wm-2), ε is the
emissivity and assumed to be 0.97, σ is the Stefan-Boltzmann constant (5.76697*10-8
Wm-2C-4) and T is the air temperature (K). The photosynthetically active radiation makes up
50 % of the total incoming radiation (Campbell and Norman, 1998) and thus RIS was

multiplied by 2. D in Eqn. 3 is VPD (kPa) and is obtained by using following equation (Eqn
5; Campbell and Norman, 1998):
(5)
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where hr is relative humidity. s (C-1) is the slope of the saturation mole fraction function and
can be calculated by (Eqn 6; Campbell and Norman, 1998):
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gHr is the sum of gHa and gr, where gHa is obtained by (Eqn 7; Campbell and Norman, 1998):
(7)
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where u is wind speed (m s-1), d is 0,72 multiplied with the mean of the width and the length
of the leaf.

Statistics
The equations were solved using the solver function in Microsoft Office Excel 2007 and
minimizing the residual sum of squares. Model efficiency (R2) was calculated using the
following equation (Eqn. 8);
(8)
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Where R2 is the model efficiency, RRS is the residual sum of squares and TSS is the total sum
of squares. The results were statistically tested by regression or one way ANOVA. Fisher’s
LSD or Tukey’s post hoc test was used when significant differences were found.

Results
Temperature response of Net Photosynthesis (An)
The response of An to increasing temperature, as measured by the LI-6400XT Gas exchange
System at 400 ppm CO2 in the range 20 to 40°C was found to significantly decrease for all
species (Fig. 2). The decreases ranged between 44 – 80% with the largest reductions found for
C. serrata (80%), followed by H. abyssinica (67%), E. excelsum (60%), E. maidenii (58%)
and E. microcorys (46%). The smallest decline was recorded for C. grandiflora (44%) where
only one replicate was available at 40°C. That 40°C measurement was therefore excluded due
to low replication.
There was also a significant difference in An at 25°C among species
(P=<0.0001; Fig. 2). An varied between 4.04±0.3 to 18.9±0.9 mol CO2 m-1s-1. All species were
significantly different from each other except the two highest rates which were found in
E. maidenii and E. microcorys. They third highest rate was found in H. abyssinica, followed
by C. serrata and C. grandiflora and the lowest photosynthetic rate was found in E. excelsum.
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Fig. 2. Net photosynthesis (µmol CO2 m-2 s-1) responses to increasing temperature (°C) for the species C. grandiflora,
E. excelsum, H. abyssinica, C. serrata, E. maidenii and E. microcorys. Values are measured at 400 ppm CO2. Error bars
indicate one standard error. Trend lines are polynomial functions of the 2nd order.

Temperature response of stomatal conductance (gs)
The responses of gs to increasing temperature at 400 ppm CO2 were also found to reduce
significantly for all species (Fig. 3). The reductions were in the range of 58-84% where the
largest decreases were found for C. serrata (84%) and H. abyssinica (82%) followed by
E. maidenii (77%) and E. microcorys (60%) and the smallest decreases were found for
C. grandiflora (58%) and E. excelsum (58%).
When comparing gs at 25°C there were significant differences among species
(P=<0.0001; Fig. 3). The gs ranged between 0.04±0.006 to 0.61±0.08 µmol m-1s-1 and
E. microcorys had significantly higher gs than all other species. It was followed by
E. maidenii and H. abyssinica which had similar gs and were significantly higher than the
remaining species. The lowest gs were found for E. excelsum, C. grandiflora and C. serrata
which had similar rates and were significantly lower than the other species.
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Fig. 3. The responses of stomatal conductance (µmol m-1s-1) to increasing temperature (°C) for the species C. grandiflora,
E. excelsum, H. abyssinica, C. serrata, E. maidenii and E. microcorys. Values are measured at 400 ppm CO2. Error bars
indicate one standard error. Trend lines are polynomial functions of the 2nd order.

Temperature response of the ratio of intercellular CO2 concentration to ambient
CO2 concentration (Ci:Ca)
gs regulates the access of CO2 to the photosynthetic apparatus and how much the access is
reduced can be measured by using the ratio of intercellular CO2 versus ambient CO2
concentration (Ci:Ca) in the leaf chamber. At 400 ppm significant decreases of 17-26 % were
found as the temperature increased in the Ci:Ca ratios of all species except E. excelsum
(Fig. 4). E. excelsum showed a 17 % decrease of the Ci:Ca ratio reaching a minimum at 30°C
to then increase and reach the same ratio at 40°C as measured at 20 °C. The second lowest
decrease was found in H. abyssinica (19%) followed by C. serrata (20%), E. maidenii (21%)
and the largest decrease were found in E. microcorys and C. grandiflora (26%).
At 25°C the ratio varied significantly among species and ranged between
0.57±0.03 to 0.80±0.02 (P=<0.0001, Fig. 4). The highest ratios were found in E. microcorys,
H. abyssinica and E. maidenii which therefore had significantly higher access to CO2 than
E. excelsum, C. grandiflora and C. serrata.
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Fig. 4. Responses of the ratios of intercellular CO2 concentration to ambient CO2 concentration (Ci:Ca) in the leaf cuvette of
the LI-6400XT, to increasing temperature for the species C. grandiflora, E. excelsum, H. abyssinica, C. serrata, E. maidenii
and E. microcorys. Values are measured at 400 ppm CO2. Error bars indicate one standard error. Trend lines are
polynomial functions of the 2nd order.

Temperature dependence of the photosynthetic parameters
The reduction of An at higher temperatures is, in addition to reduced access to CO2 through
stomata, also due to the temperature dependencies of the enzymes which carry out the
photosynthetic reactions. The ACi curves made were fitted using the Farquhar et al. (1980)
model and receiving an average model efficiency (R2) of 0.9945±0.0003. This model
parameterized Vcmax and Jmax. Both were then used in the peaked Arrhenius equation (Eqn. 2;
Medlyn et al., 2002). By using this equation the following parameters were determined; base
rate of carboxylation at 25°C (Vcmax25) and base rate of electron transport at 25°C (Jmax25), the
activation energies of Vcmax and Jmax (Ha), the deactivation energies of Vcmax and Jmax (Hd) as
well as the optimum temperatures for Vcmax and Jmax (Topt). A summary of the values estimated
and the model efficiencies (R2) can be found in Table 2.
Optimum temperature

Topt ranged between 35.5±1.6 to 43.6±4.8°C for Vcmax and between 29.4±1.4 to 38.2±4.2°C for
Jmax. No significant interspecific difference was found for Topt of Vcmax (P=0.12, Table 2).
However, there was a significant difference among species for Topt of Jmax (P=0.007, Table 2).
E. microcorys, E. maidenii and E. excelsum had similar optimum temperatures which were
significantly higher than the optimum temperatures of C. grandiflora and H. abyssinica whilst
C. serrata had intermediate Topt which was not significantly different to the other species.

Table 2. Estimated parameters for Vcmax and Jmax.: optimum temperature for Vcmax (ToptV), activation energy of Vcmax,( HaV), deactivation energy of Vcmax (HdV), base rate of carboxylation at 25°C
(Vcmax25), model efficiency (R2), optimum temperature for Jmax (ToptJ), activation energy of Jmax (HaJ), deactivation energy of Jmax (HdJ), base rate of electron transport at 25°C ( Jmax25). Post Hoc:
Fisher’s LSD, same letter indicates no significant difference α = 0.05, Uncertainties (±) represent one Standard error.

Species

C. grandiflora
E. excelsum
H. abyssinica
C. serrata
E. maidenii
E. microcorys
P-values
Species

C. grandiflora
E. excelsum
H. abyssinica
C. serrata
E. maidenii
E. microcorys
P-values

ToptV

HaV

Post

HdV

Vcmax25

Post

(°C)

(kJ mol-1)

Hoc

(kJ mol-1)

(µmol m-2 s-1)

Hoc

43,58 ± 4,82
35,47 ± 1,57
35,95 ± 0,87
35,81 ± 2,51
42,16 ± 1,04
38,67 ± 0,34

82,06 ± 8,25
126,0 ± 18,6
77,64 ± 10,5
86,39 ± 5,93
53,03 ± 2,73
60,91 ± 5,79

b
c
ab
b
a
ab

43,5 ± 3,60
30,3 ± 3,90
68,9 ± 3,82
64,2 ± 8,99
93,4 ± 2,92
84,3 ± 2,88

c
c
b
b
a
ab

0,997 ± 0,002
0,990 ± 0,007
0,940 ± 0,035
0,942 ± 0,026
0,997 ± 0,001
0,995 ± 0,004

0,1204

0,0004

R2

200
200
200
200
200
2018 ± 400,8

<0,0001

ToptJ

Post

HaJ

HdJ

Jcmax25

Post

(°C)

Hoc

(kJ mol-1)

(kJ mol-1)

(µmol m-2 s-1)

Hoc

59,59 ± 5,45
51,58 ± 9,55
63,52 ± 16,5
40,76 ± 2,82
32,92 ± 2,24
37,63 ± 3,86

200
200
200
445,72 ± 76,01
744,40 ± 142,12
200

86,7 ± 6,89
56,9 ± 2,91
157,5 ± 5,20
122,8 ± 7,90
154,9 ± 2,32
141,5 ± 9,63

c
d
a
b
a
ab

30,32 ± 1,83
38,23 ± 4,16
29,37 ± 1,44
33,17 ± 0,56
37,87 ± 0,47
37,14 ± 1,99
0,0075

b
a
b
ab
a
a

R2

0,1038

<0,0001

0,949 ± 0,022
0,952 ± 0,018
0,954 ± 0,023
0,999 ± 0,001
1,000 ± 0,0002
0,997 ± 0,001

Activation energy

The Ha of Vcmax varied significantly among species (P=0.0004, Table 2) and ranged from
126±19 kJ mol-1 for E. excelsum, which was significantly higher than all other species, to
53±2.7 kJ mol-1 for E. maidenii which was significantly lower than all other species except
E. microcorys. E. microcorys, H. abyssinica, C. grandiflora and C. serrata were similar and
had intermediate activation energy. The Ha for Jmax ranged between 32.9 ±2.2 to 63.5 ±17
kJ mol-1, yet no significant difference was found among species (P=0.104, Table 2).
Base rate at 25°C

The Vcmax25 was found to be significantly different among species (P=<0.0001, Table 2) and
ranging from 30.3±3.9 to 93.4±2.92 µmol m-2s-1. E. excelsum together with C. grandiflora
were significantly lower than the other species. H. abyssinica and C. serrata were
intermediate and the highest rates were found in E. microcorys and E. maidenii. There was
also a significant difference (P=<0.0001, Table 2) among species for the Jmax25 which ranged
from 56.9±2.9 µmol m-2s-1 to 157±5.2 µmol m-2s-1. E. maidenii and H. abyssinica were similar
and had the highest rates and the second highest rates were found in E. microcorys and
C. serrata. The lowest rate was found in E. excelsum. C. grandiflora was significantly higher
than E. excelsum however significantly lower than the other species.
Optimum temperature for net photosynthesis at Ci 272 ppm (An(272))

An is therefore affected both indirectly through gs and directly through the Topt of Vcmax and
Jmax. So in order to receive a combined estimate and a single value for the Topt of
photosynthesis, the Farquhar et al. (1980) model was used to calculate net photosynthesis at
ambient CO2 concentration (389 ppm; Mauna Loa Observatory, 2011) using a standardized
value for gs by keeping Ci constant at 272 ppm (70% of ambient). This way photorespiration
was included and stomatal conductance standardized for all species and a summarized
comparable parameter was received (An(272)).
An(272) decreased significantly for all species and decreases ranged between 20 to
67% (Fig. 5). The largest decreases were found in C. serrata (67%) followed by H. abyssinica
(56%) and E. excelsum (57%). Intermediate reductions in An(272) was found in the two
Eucalypt species E. maidenii (44%) and E. microcorys (34%) and the least decrease was
found in C. grandiflora (20%).
C. serrata, E. microcorys and H. abyssinica had a similar shape of their
response curve with the largest part of the reduction occurring between 35°C and 40°C while
the remaining reached an optimum at various temperatures and then gradually decreased at
higher temperatures.
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Fig. 5. Responses of net photosynthesis at 272 ppm intercellular CO2 concentration to increasing temperature for the species
C. grandiflora, E. excelsum, H. abyssinica, C. serrata, E. maidenii and E. microcorys. Values were calculated using ACi
curves of net photosynthesis at varying CO2 concentrations. Error bars indicate one standard error. Trend lines are
polynomial functions of the 4th order.

Leaf temperatures
As leaf temperature depends on numerous factors and can vary many degrees from ambient
an estimate of the leaf temperatures was made (Fig. 6). Using annual weather data from 2007
and values measured at 15:00, the time of day when temperature and VPD was the highest,
the following factors affecting leaf temperature were calculated; mean annual air temperature
(23.04±0.13°C), mean annual relative humidity (57.24±0.81%), mean annual VPD
(1.27±0.03kPa), mean annual wind speed (1.52±0.03 ms-1) and mean incoming radiation
(381±9.3 Wm-2). The resulting estimated leaf temperatures varied between 22.19±0.55 to
30.81±0,29°C and differed significantly among species (P=<0.0001; Fig. 6). C. grandiflora
and E. excelsum had similar leaf temperatures which were higher than the other species.
C. serrata had lower temperature than the highest two but higher than the remaining species.
H. abyssinica and E. maidenii also had similar leaf temperatures which were lower than all
the other species except for E. microcorys which had the lowest leaf temperature.
Highest mean annual air temperature was calculated from climate data to be
23.04±0.13°C and all species were significantly higher than ambient except E. microcorys.
The mean of E. microcorys was close to ambient as the air temperature was included in its
95 % confidence interval.
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Fig. 6. Leaf temperatures calculated from mean annual air temperature at 15:00, the time of day when temperature and VPD
was the highest, taken from weather data of 2007 for the species C. grandiflora, E. excelsum, H. abyssinica, C. serrata,
E. maidenii and E. microcorys. The line indicates mean annual air temperature at 15:00. Same letter indicates no significant
difference. Error bars indicate 95% confidence intervals.

Comparison of optimum temperatures
When comparing the different Topt estimated for Vcmax, Jmax and An(272) against the leaf
temperature calculated at ambient annual air temperature at 15:00 (23°C), it is possible to give
an indication of which species are close to their optimum and may be sensitive to further
temperature increase (Fig. 7). E. microcorys and E. maidenii had leaf temperatures which
were more than 15°C lower than the Topt for both Jmax and Vcmax. The leaf temperature of
C. serrata was ~6°C lower than both Vcmax and Jmax optimums. H. abyssinica was less than
5°C lower than Jmax and 10°C lower than Topt for Vcmax. C. grandiflora was ~1°C above the
optimum for Jmax and about 13°C lower than the Vcmax optimum and E. excelsum was 5°C
below the Jmax optimum and 8°C lower than the Vcmax optimum.
Comparing the summarized Topt of An(272) (Fig. 7) to the leaf temperatures, all
species were considerably closer to their optimum temperatures. E. maidenii was 2°C below
Topt of An(272) and E. microcorys was 6 °C from the optimum. H. abyssinica was also close to
the Topt with only 3°C below. The leaf temperatures for the remaining species were above the
Topt of An(272). E. excelsum was 0.5°C above, C. serrata was 1°C above and C. grandiflora was
~2°C above. Hence these species may already be limited in photosynthetic capacity from
being planted in the intermediate temperature of the Rwandan plantation.
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Fig. 7. Leaf temperatures calculated from mean annual air temperature at 15:00, the time of day when temperature and VPD
was the highest, taken from weather data of 2007 (TLeaf), compared to optimum temperature for Jmax (ToptJ), optimum
temperature for Vcmax (ToptV) and optimum temperature for net photosynthesis at an intercellular CO2 concentration of
272 ppm (A272) for the species E. microcorys, C. serrata, C. grandiflora, E. excelsum, H. abyssinica and E. maidenii. The
line indicates mean annual air temperature at 15:00. Error bars indicate 95% confidence interval.

Nutrient analysis

As the photosynthetic capacity and the rates of Rubisco and the electron transport has been
shown to be related to leaf nitrogen (e.g. Meir et al., 2007; Medlyn et al., 1999, 2002; Dreyer,
2001) the leaves measured for photosynthetic temperature response were sampled and
analyzed for nutrient content. Both the nitrogen content per unit area and percentage of leaf
dry mass differed significantly among species (P=<0.0001, Fig. 8 (A); P=<0.0001, Fig. 8
(B)). The nitrogen content per unit area ranged between 1.3±0.05 gm-2 to 2.3±0.1 gm-2.
E. excelsum and H. abyssinica had the significantly lowest content followed by E. microcorys
which was intermediate and E. maidenii, C. grandiflora and C. serrata had the highest
contents per unit area. The percentage nitrogen of leaf dry weight ranged between 2.3±0.1%
to 3.72±0.2%. The highest contents were found in C. serrata together with E. maidenii and
H. abyssinica which were significantly higher than E. excelsum, C. grandiflora and
E. microcorys.
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Fig 8. (A) Nitrogen content (gm-2) and (B) N% (w/w), measured by gas chromatography of 2 mg dry weight from 13 mm leaf
discs. Graph illustrates results for the species E. microcorys, C. serrata, C. grandiflora, E. excelsum, H. abyssinica and
E. maidenii. Same letter indicates no significant difference. Error bars indicate one standard error.

When combining results for nitrogen content and comparing with a combined set of measured
base rates; Vcmax25 and Jmax25, there was a very low correlation between the two parameters
and the nitrogen content expressed as a percentage (R2=0.246, R2=0.387, Fig. 9, B, D) and as
per unit area (R2=0.116, R2=0.067, Fig. 9, A, C). However positive interactions between
Vcmax25 and nitrogen content expressed as a percentage (P=0.0002; Fig. 9, B) as well as Jmax25
and nitrogen content expressed as a percentage (P=0.005; Fig. 9, D) were found by regression
to be significant. Jmax25 and nitrogen content per unit area also had a trend of increasing rate
with increased nitrogen content (P=0.067; Fig. 9, C).
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Fig 9. (A) The effect of leaf nitrogen content (gm-2) on the base rate of Vcmax (µmol m-2 s-1) at 25°C. (B) The effect of nitrogen
content (% w/w) on the base rate of Vcmax (µmol m-2 s-1) at 25°C. (C) The effect of nitrogen content (gm-2) on the base rate of
Jmax (µmol m-2 s-1) at 25°C. (D).The effect of nitrogen content (% w/w) on the base rate of Jmax (µmol m-2 s-1) at 25°C. Graph
illustrates the combined data for the species E. microcorys, C. serrata, C. grandiflora, E. excelsum, H. abyssinica and
E. maidenii.

When looking at the Vcmax25 and Jmax25 rates of individual species and nitrogen content
significant interactions were also found for some species. For Jmax25 and nitrogen expressed as
a percentage E. microcorys (P=0.0032) and E. maidenii (P=0.0008) had significant increases.
The Jmax25 rates of E. microcorys (P=0.0249) and E. maidenii (P=0.0057) was also found to
significantly interact with nitrogen per area and the Vcmax25 rates of E. microcorys (P=0.0166),
E. maidenii (P=0.0110) and E. excelsum (P=0.0055) also interacted positively with nitrogen
expressed as a percentage.

Discussion
Gas exchange measurements
As temperature increased, numerous factors affected the assimilation of CO2. Significant
decreases in An were observed in all species (Fig. 2) and native species had generally lower
rates than exotic species. Significant decreases were also found in gs (Fig. 3) where the
species formed two groups and the native species also had generally lower rates than the
exotic species. The ratio Ci:Ca (Fig. 4) also decreased significantly for most species in the
study with only one exception. The species also formed the same groups as for An and gs with
the species having low gs also had lower Ci:Ca ratios and lower An. The findings are as
expected and in concordance with current knowledge (Farquhar et al., 1980), as with
increasing temperature the potential of the air to hold water vapor increases and VPD between
the air and the inside of the leaf increases and cause stomatal closure. This results in
decreased gs and consequently decreases in Ci and Ci:Ca ratio. When less CO2 is available An
therefore decreases (Farquhar et al., 1980), as observed in this study.
The only unexpected exceptions were the continued decrease of An and the
increased access to CO2 at higher temperatures for E. excelsum. The Ci:Ca ratio of E. excelsum
decreased to a minimum at 30°C and then increased to reach at 40°C the same ratio as
measured at 20°C though An and gs continued to decrease. The Ci:Ca ratio can be expected to
increase at higher temperatures in the case where An decreases more than gs. In this study only
one species, E. excelsum, had a larger decrease of An than gs, where An decreased 60% and gs
only 58%. The other unexpected result was the continued decline of An even though there was
an increased access of CO2 at higher temperatures. A possible explanation is drastic
reductions in Vcmax, Jmax or TPU at higher temperatures which would cause CO2 to not be
assimilated though the access is increased. The TPU limitation was however never found by
the model for any of the replicates and Hd estimated for Vcmax and Jmax for E. excelsum was
not found to be significantly different from 200 kJ mol-1, suggesting that the decreases of
Vcmax and Jmax are similar to the other species and to species in other studies (e.g. Medlyn et
al., 2002; Kattge and Knorr, 2007). The variation in the data for E. excelsum when Hd is
allowed to vary is however very large with some replicates having strong decreases and other
replicates having very weak reductions. More measurements are therefore needed on
E. excelsum at higher temperatures to confidently fit the Hd parameter. The model used to fit
the Hd parameter has in addition been found to be over-parameterized (Medlyn et al., 2002;
Kattge and Knorr, 2007). This problem has to be resolved to be able to confidently
parameterize the reductions in enzyme activity to be able to use it as an explanation for the

observed results. Another possible explanation is the limitation of relating An to Ci rather than
Cc (chloroplast CO2 concentration), which may result in an incorrect estimate of the CO2
access. The model used assumes insignificant resistance between the intercellular spaces and
the site of carboxylation yet this cell-wall conductance (gm) has been found to limit
photosynthesis by up to 20% (Warren and Dreyer, 2006). gm has however also been shown
(Bernacchi et al., 2003; Warren and Dreyer, 2001) to increase exponentially with increasing
temperature and consequently increasing temperature should increase the CO2 access.
Therefore this reaction of limited An though high Ci at higher temperatures observed in
E. excelsum must be limited by some alternative biochemical pathway which should be
investigated in future research. The findings may have implications for photosynthetic
feedbacks on climate as increasing atmospheric carbon will increase the access of CO2 to
plants and is predicted to “fertilize” photosynthesis and mitigate the negative effects of
temperature (Lloyd and Farquhar, 2008). If photosynthesis in some species is not increased by
increasing access of CO2 this may lead to underestimated predictions of future climate
change.

Estimated photosynthetic parameters
The Farquhar et al. (1980) model, modified by Sharkey et al. (2007) and the peaked
Arrhenius temperature response equation (Eqn. 2; Medlyn et al., 2002) fitted the data well
with good model efficiencies and gave confident estimates of the parameters (Table 2). Some
assumptions made in the biochemical model are however that all parts of the leaf respond in a
similar way. This may be true for thin leaves but as morphology becomes increasingly
complex, this response may change. Another potential issue with the model is the assumption
that the kinetic properties of Rubisco are conserved for all C3 plants (Sharkey et al 2007).
One limitation of the peaked Arrhenius equation is that it often has been found
to be over-parameterized when all parameters are allowed to vary and that the data may not be
sufficient to confidently estimate all 4 variables (e.g. Medlyn et al., 2002; Dreyer et al., 2001;
Kattge and Knorr, 2007). This problem was partially resolved (further discussed below) by
keeping one parameter constant if not found by 95% confidence interval to be significantly
different when allowed to vary.
Activation energy (Ha) and Deactivation energy (Hd)

The calculated Ha ranged from 32.9±2.2 to 63.5±17 kJ mol-1 with an average of 47.7 kJ mol-1
for Jmax and from 53±2.7 kJ mol-1 to 126±19 kJ mol-1 with an average of for 80.9 kJ mol-1 for
Vcmax (Table 2). The mean estimates show that the Ha for Jmax for the six species was lower
than the mean estimate of Ha for Vcmax which is in agreement with previous research. The
estimated Ha for Jmax were also in the range of previously published data but values for Ha of
Vcmax for the native species and C. serrata were higher than that found in other studies and
were more similar to the Ha found for crop species than reported for evergreen, tropical and
temperate trees (e.g. Medlyn et al., 2002, 2002b; Dreyer, 2001; Kattge and Knorr, 2007).
A higher value of Ha (Eqn. 2) with a similar value of Hd suggests a narrower peak which is in
agreement with the observation made by Cunningham and Reed (2002) and others, of a
narrower optimal temperature range of tropical trees as compared to temperate trees. An

interspecific significant difference was found for Ha of Vcmax but not for Ha of Jmax potentially
due to the larger variation in the data for the native species for Ha of Jmax.
Hd for Jmax and Vcmax were rarely found to be significantly different from
-1
200 kJ mol except in a few cases for the exotic species where it was significantly higher and
greatly variable. The estimated values of Hd when significantly higher than 200 kJ mol-1
(Table 2) were up to 10 times as high as previous values published (Dreyer, 2001). The author
however, concludes that the Hd values may not be directly comparable as they were highly
correlated with other parameters. Medlyn et al. (2002) found Hd values for cold adapted,
conifer species to be significantly less than 200 kJ mol-1, which may be linked to our higher
values being found in warm adapted, exotic species. Kattge and Knorr (2007) decided to set
Hd at a constant 200 kJ mol-1 to completely avoid the over-parameterization problem but
perhaps not parameterizing correctly as the value of Hd affects the other parameters. In our
case we followed the method of Medlyn et al., (2002) and set Hd to a constant 200 kJ mol-1 if
the Hd was not found to be significantly higher or lower as determined by 95% confidence
interval. Our significantly higher Hd values were confidently estimated when very strong
decreases were measured at temperatures above Topt for the Hd of Jmax for C. serrata and
E. maidenii (Table 2). However, also perhaps incorrectly for some replicates of Hd of Jmax for
E. maidenii and some replicates of Hd of Vcmax for E. microcorys, where no peak was observed
in the dataset and Hd for those replicates were therefore statistically difficult to estimate even
though a good model efficiency was received (Table 2).
Comparing the Ha and the Hd with origin there was a trend of higher Ha for the
cold-adapted native species than for the warm-adapted exotic species and the high values of
Hd were found in the warm-adapted exotic species (Table 2). These findings are similar to the
findings of Medlyn et al., (2002) who reported high values of Ha and significantly lower
values for Hd in cold adapted species. This might therefore suggest opposite mechanisms of
narrowing the peak and the optimum temperature range to fit that of the prevailing
temperature where warm adapted species decrease or keeps Ha constant and increase the Hd,
while cold adapted species increase the Ha and keeps the Hd constant or decreased.

Base rates of carboxylation (Vcmax25) and electron transport (Jmax25) and correlation with leaf
nitrogen content

The base rates of Jmax and Vcmax at 25°C both differed among species. Vcmax25 ranged between
30.3±3.9 to 93.4±2.9 µmol m-2s-1 and Jmax25 ranged between 56.9±2.9 to 157.5±5.2
µmol m-2s-1 (Table 2). Both the Vcmax25 and Jmax25 for all six species were in the range of
previously published data for deciduous, evergreen and tropical species (Meir et al., 2007;
Kenzo et al., 2006; Medlyn et al. 2002; Dreyer 2001; Kattge and Knorr, 2007). For both
parameters C. grandiflora and E. excelsum had significantly lower rates than the other species
and E. maidenii and E. microcorys tended to have higher rates of both parameters. This
suggests lower rates for native species and higher rates for exotic species which is in
agreement with the results from the gas exchange measurements as well as with the optimum
temperatures, further discussed below.
Previous studies have found that the rates of Rubisco carboxylation and the rate
of electron transport are significantly influenced by leaf nitrogen content as most of the

nitrogen in the leaves is invested in the photosynthetic apparatus (Meir et al., 2007; Medlyn et
al., 1999; 2002; Dreyer, 2001). When examining the combined dataset of leaf nitrogen against
the combined dataset of Vcmax25 and the combined dataset of Jmax25, positive significant
relationships were found for Vcmax25 and Jmax25 against nitrogen expressed as a percentage.
Also Vcmax25 against nitrogen per area showed trends of significance suggesting that nitrogen
is a limiting factor for these metabolic rates.
The nitrogen content in this study was also found to be significantly different
among species both for nitrogen per unit area and for nitrogen expressed as a percentage and
when looking at individual species E. microcorys and E. maidenii showed significant positive
interactions between Jmax25 and nitrogen expressed as a percentage as well as Jmax25 and
nitrogen per area. The two Eucalyptus species along with E. excelsum did also show
interactions between Vcmax25 and nitrogen per area. These results indicate that there is a
positive correlation between nitrogen content and photosynthetic metabolic rates for the
exotic Eucalyptus species however no support for nitrogen being a limiting factor for the rates
of the native species. Tropical forests have been found to be more commonly limited by
phosphorous than nitrogen (Meir et al., 2007) which might explain why no significant
interaction with nitrogen was found for the native species. Unfortunately, it was not possible
within the timeframe of this study to investigate whether these species were phosphorous
limited and is thus a subject for continued research.
Optimum temperatures

The Topt were mostly found to be higher for Vcmax than for Jmax which is in agreement with
other published data (e.g. Medlyn et al., 2002, 2002b; Dreyer, 2001; Kattge and Knorr, 2007)
and gives further support to the hypothesis of the rate of electron transport being more
sensitive to higher temperatures than the rate of carboxylation. This hypothesis has been
proposed as membrane bound reactions, such as the electron transport chain, is affected more
than free in solution reactions, such as Rubisco carboxylation, by heat-induced changes in
membranes fluidity, lipid and protein composition as well as the stability of the protein
complexes involved e.g. PSII (Dreyer, 2001; Gundersson et al., 2010). At lower CO2 levels it
has also been shown that the activity of Rubisco may suffer the same sensitivity to high temp
as Rubisco activase is also a membrane bound enzyme (Lloyd and Farquhar, 2008).
The optimum temperatures for Vcmax ranged between 35.5±1.6 to 43.6±4.8°C
with an average at 38.5°C. It did not vary significantly among species probably due to a high
variation in the data with high Topt outliers estimated from leaves with Arrhenius functions
which did not peak. The reason for photosynthesis not decreasing at higher temperatures for
these replicates was due to it not being possible at these times to make the measurements at
40°C as a consequence of falling gs or the prevailing temperatures in the field making it
impossible to reach the desired leaf temperature. Thus the Arrhenius function did not in these
cases confidently estimate the optimum temperature though good model efficiency (Table 2).
The highest Topt for Vcmax was estimated for C. grandiflora, where only one replicate had a
peak, and E. maidenii of which no replicate peaked. The parameters were both well fitted by
the Arrhenius equation (Eqn. 2) with a model efficiency of 0.997±0.001 for both species, the
optimum temperatures are however above the maximum temperature measured and there is a

need for further research reaching higher temperatures to confidently estimate the optimum
temperatures.
As previously mentioned, a problem with measurements at higher temperatures
is the increase of VPD with increasing temperature which leads to stomatal closure and a
difficulty to measure gas exchange. Suggestions for solving this problem would be through
improved humidity and VPD control or through alternative methods to gas exchange
experiments, such as in vitro and chlorophyll fluorescence.
The Topt for Jmax was found to be significantly different among species and since
all replicates of all species except one replicate for C. grandiflora and one replicate for
E. excelsum peaked, the optimum temperatures are considered correctly estimated for all
except possibly these two species. When analyzing the differences the species formed three
groups; high Topt of Jmax for E. microcorys, E. maidenii and E. excelsum, low for
C. grandiflora and H. abyssinica and intermediate and insignificantly different Topt for
C. serrata. The results are in agreement with the hypothesis of correlation between Topt and
temperature of origin (Table 1). E. microcorys and E. maidenii had the highest Topt which was
expected as they originate from lower altitudes in Australia with consequently higher
temperatures (Brooker and Klenig, 2006). C. grandiflora and H. abyssinica also showed Topt
values as expected having the lowest temperatures and originating from higher altitudes of
afromontane forests with consequently lower temperatures (Sun et al., 1996; Styles and
White, 1991; Graham, 1960). C. serrata was intermediate and insignificantly different to the
other species, which was also expected as the species is deciduous and occur in a large
temperature range of 4 – 45°C (World Agroforestry Center 2011). The unexpected result was
the Topt of E. excelsum which originates from the same altitudes and areas as C. grandiflora
and H. abyssinica (Styles and White, 1991) yet had an approximate 9°C higher optimum
temperature. This is due to one previously mentioned high Topt outlier estimated from a leaf
with an Arrhenius function which did not peak. Thus the Arrhenius function did not
confidently estimate the optimum temperature even though the model efficiency was
R2=0.99997.
The optimum temperatures were then summarized in the Topt of An(272) where
photorespiration is included and Ci held constant at 272 ppm so as to eliminate the effect of
varying gs. The An(272) decreased for all species with increasing temperature and the rates were
in the same order as An at 400 ppm with the only difference of H. abyssinica and C. serrata
not being significantly different at 25°C (Fig. 5). The Topt was estimated with the peaked
Arrhenius equation (Eqn. 2) and ranged between 26°C to 30°C and native cold-adapted
species had generally lower Topt than exotic warm-adapted species. Topt for An(272) did however
not vary significantly among species, possibly due to large variation in the data and model
efficiencies (R2) of down to 0.54 and 0.77. Perhaps this equation is not the best method of
estimating the optimum temperature of net photosynthesis.
Leaf temperatures and proximity to optimum temperatures

Estimates of leaf temperatures at 15:00 were made from estimating ambient temperature, net
radiation, VPD, wind speed and relative humidity from climate data measured during 2007
together with measured data and thermodynamic constants. All species had higher
temperatures than ambient air temperature except E. microcorys which had a mean close to

ambient (Fig. 6). The highest temperatures were found in the species which had the biggest
leaves and the lowest conductance. Followed by medium sized leaves with low conductance
and the lowest leaf temperatures were found for the species with medium to small leaves and
higher conductance. This is consistent with the fact that small leaves have a smaller boundary
layer being closer to ambient temperature than large leaves and higher transpiration using
more energy to evaporate water causing cooler temperatures of the leaf.
When comparing the estimated leaf temperatures at ambient temperature to the
Topt estimated for Vcmax and Jmax they showed the expected results (Fig. 7). The exotic species
E. maidenii and E. microcorys were, due to high optimums of the photosynthetic parameters
and high gs, far below their optimum temperature which is also in agreement with origin
which has a warmer climate. C. serrata was close to Topt of both Jmax and Vcmax. This may be
due to its lower gs which can be due to a number of different internal or external factors
(Medlyn et al., 2002) or that this species is deciduous and occurs in a large temperature
ranges and may have a larger ability to acclimate than the evergreen species (Gundersson et
al., 2010) and thus may have optimized the rate of the photosynthetic parameters to the
prevailing climate. Also as expected, the native species, adapted to the cool afromontane
climate, were very close to or above the optimum temperatures intervals of one or both of the
parameters. This suggests that these species may already be inhibited and limited in CO2
assimilation and growth due to being planted in the intermediate temperature plantation.
When adding photorespiration and removing the varying gs and estimating a Topt
for photosynthesis at a Ci of 70% of ambient (272 ppm; An(272)) the leaf temperatures of all
species were considerably closer to their optimum. E. microcorys was still well below its Topt
with 6°C to spare until reaching its optimum. The other Eucalyptus species E. maidenii and
the native species H. abyssinica, which probably due to its large transpiration bringing down
the leaf temperature, were also slightly below optimum but perhaps vulnerable to climate
change as they were only less than 2°C and 3°C respectively from Topt which is less than
predicted by climate models for the upcoming decades. The remaining species were all
already above the Topt for An(272); E. excelsum by 0.5°C, C. serrata by 1°C and C. grandiflora
by 2°C. As temperature continues to increases, the ability of these species to assimilate CO2 is
expected to rapidly decrease and as these species are dominant forest type species in
afromontane ecosystems this may drastically change the carbon and hydraulic cycle feedbacks
as well as the conservation of these species. Observations of tree size and troubles of
cultivating C. grandiflora in the Ruhande Arboretum also suggest limited growth for this
species when exposed to the higher temperature of the Arboretum.
Important to note is the large variance and thus the large confidence intervals for
two of these vulnerable species, ±9°C for Jmax for E. excelsum and ±9°C for Vcmax for C.
grandiflora. The variance results from high Topt outliers originating from replicates which did
not peak and decrease at higher temperatures. Therefore, despite good fit and model
efficiency when fitting the data there is a need of measurements on these species at higher
temperatures so as to receive discernable peaks in the datasets and Topt of these parameters
can confidently be estimated. There is also high variation in the data of Topt for An(272). This
variation probably originates from the low model efficiencies received when using the peaked
Arrhenius equation for estimating Topt. Perhaps this equation is not the best method.

Conclusions
The aims for this study were to investigate the difference in temperature responses and
optimum temperatures of photosynthesis as well as leaf temperatures for a selection of chosen
species. The leaf temperatures were then compared to the estimated optimum temperatures to
evaluate if the species were close to, well below or already above the photosynthetic optimum
and whether they may be vulnerable to predicted future global warming.
Three native, cold-adapted species and three exotic, warm-adapted species,
planted in an intermediate temperature tree plantation in Rwanda, were chosen as to
investigate the correlation between optimum temperature for photosynthesis and origin.
In this study we found significant differences among species for almost all
parameters; An, gs, Ci:Ca ratio, Topt for Jmax, Ha for Vcmax, Vcmax25, Jmax25, leaf temperatures and
nitrogen per unit area as well as nitrogen expressed as a percentage. Most of these parameters
also correlated to the origin of the species, with native species having lower An, gs and Ci:Ca
ratio and higher Ha than the exotic species. Topt of Jmax was also linked to origin, as cold
adapted, native species had a lower optimum temperature than warm adapted, exotic species.
The estimated leaf temperatures also differed between species and smaller leaves with higher
transpiration were found to be closer to ambient than larger leaves with low transpiration
which were several degrees above ambient. When the leaf temperature was compared to the
Topt of Jmax, Vcmax and An(272) warm adapted E. microcorys and E. maidenii were far from their
Topt of Jmax and Vcmax. E. maidenii was however very close to its Topt of An(272) and so was the
native species H. abyssinica which had a similar leaf temperature. C. serrata was, despite
having a very large temperature tolerance, close to the Topt of both Jmax and Vcmax and
compared to Topt of An(272) it was 1°C above. The remaining native species were cold adapted
and being exposed to the higher temperature of the plantation than that of their origin, the
estimated leaf temperatures were very close to or above their thermal optimum.
The confidence intervals for the thermal optimum parameters for the potentially
vulnerable species were however very large which makes the estimated Topt parameters for
these species uncertain. The majority of the variance originates from high temperature outliers
received from functions where no peak was found. Therefore there is a need of measurements
on these species at higher temperatures to obtain discernible peaks in the datasets and
optimum temperatures can confidently be estimated. There is also a need for further
investigations of other physiological processes affected by increased temperature in order to
develop complete evaluations of the temperature effects, so that appropriate actions can be
taken with regard to conservation of tropical forests and climate change mitigation.
The results of this study suggest that some of the exotic species are close to their
optimum photosynthetic temperature when planted in the plantation which makes them
vulnerable to further global warming. This poses implications for the forestry industry and
management as well as for afforestation using these species as a mean for climate change
mitigation. The results also suggest that all the native species and perhaps other equatorial
montane forest species are very close to or already above their thermal optimum and may
therefore also be vulnerable and risk extinction as temperature increases further, unless they
are able to acclimate or migrate to more suitable environments. In such a case these montane
forests will move to higher altitudes and as migration rates differs the ecosystem compositions

and functions may change. This has implications for conservation not only for the vegetation
community but also for the forest fauna, of which many are endemic and dependent on these
forest types, as well as for the surrounding human communities relying on these forests for
their livelihoods.
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