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Chapter 23

Climate Change
Kristina J. Anderson-Teixeira, Felisa A. Smith,  
and S. K. Morgan Ernest

23.1  IntroductIon

By the end of  the century, it is predicted that atmos‑
pheric carbon dioxide concentrations will have doubled 
or tripled, global mean temperature will have increased 
by 1.8–4.0 °C, and the amount and timing of  precipita‑
tion will have been altered substantially in many parts 
of  the world (IPCC 2007b). While these values are dis‑
turbing enough, global averages mask the true magni‑
tude of  the problem. Climate shifts are larger over 
continents (particularly in their interiors), at high lati‑
tudes, in more arid regions, and in the Northern 
Hemisphere. Moreover, the rate of  climate change may 

be even more critical than its magnitude and duration 
(Davis et al. 2005; Loarie et al. 2009).These anthropo‑
genic environmental perturbations will have profound 
effects on ecological systems at all levels of  
organization.

Understanding how ecological systems will respond 
to interacting elements of  climate change is one of  the 
great challenges in science today – one that requires 
mechanistic understanding in order to accurately 
predict responses to novel environmental conditions. 
By providing a mechanistic framework grounded in the 
energetics of  individuals and spanning multiple levels 
of  organization, metabolic ecology has great potential 

Summary

1 Climate change is a reality that will profoundly 
impact ecological systems at all levels of  
organization.
2 Changes in climate are expected to impact indi‑
vidual metabolism, either directly through temper‑
ature effects on metabolism, or indirectly through 
body size changes driven by evolutionary responses 
to increases in temperature.
3 Temperature‑driven changes in metabolic rate, 
as well as changes in body size, will affect commu‑

nity properties such as numbers of  individuals and 
total biomass.
4 Changes in temperature, moisture, and carbon 
dioxide will impact ecosystem energetics, carbon 
cycling, and organization.
5 As a theory linking multiple levels of  ecological 
organization, metabolic ecology has great potential 
to contribute to our understanding of  how ecologi‑
cal systems will respond to the novel environmental 
conditions produced by climate change.
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The rate at which energy is acquired, transformed, 
and used drives the rate of  all biological activities of  
the organism and, moreover, sets its energetic demands 
or footprint on the environment. The occupation of  
novel environments or abrupt environmental shifts – 
such as those predicted under even the best‑case sce‑
narios of  climate change – can radically alter the 
crucial pattern of  energetic allocation between sur‑
vival, reproduction, and growth. Such shifts often rep‑
resent a stress, but could also benefit some organisms; 
for example, if  winters become warmer, animals may 
be able to divert energy from maintenance to growth 
or reproduction. Moreover, metabolism will be indi‑
rectly influenced by energy availability in the environ‑
ment; for example, increases in high‑latitude 
productivity could result in larger body sizes, increased 
fecundity, and higher abundance (Yom‑Tov and Yom‑
Tov 2004, 2005). Consequently, knowledge of  ener‑
getics is central to an understanding of  the selective 
forces that shape an organism’s physiology, natural 
history, and evolution, and central to a synoptic 
understanding of  how organisms will respond to 
climate change.

23.2.1.1  Ectotherms

For ectotherms in particular, many of  the biotic 
impacts of  climate shifts are mediated through physiol‑
ogy (Fig. 23.1). As discussed in previous chapters, the 
rate of  biological activity increases approximately 
exponentially with temperature in the range of  approx‑
imately 0–40 °C (Gillooly et al. 2001). This means that 
metabolism changes more in response to a shift in high 
temperature than low temperature. The implications 
of  an exponential relationship between metabolism 
and temperature are striking: not only can tempera‑
ture shifts influence ontogeny through the influence 
on growth rates or development times (Gillooly et al. 
2001; West et al. 2001; Brown et al. 2004; Hou et al. 
2008), they can lead to differences in realized adult 
body size (Atkinson et al. 1994; Partridge et al. 1994; 
Sibly and Atkinson 1994; Ashton 2004). Moreover, 
there are other feedbacks since many fundamental bio‑
logical rates also demonstrate temperature and body‑
size dependence (Fig. 23.1), as has been discussed 
throughout this volume. For example, for many ecto‑
therms, maximal population growth rates scale posi‑
tively with temperature and negatively with mass 
(Savage et al. 2004; see also Sibly, Chapter 5 and Isaac, 
Carbone, and McGill, Chapter 7).

to contribute to our understanding of  the response of  
ecological systems to climate change.

In this chapter, we discuss the impacts of  climate 
change at three levels of  ecological organization: indi‑
viduals, communities, and ecosystems. We review key 
concepts for understanding the likely impacts of  
climate change and highlight some interesting applica‑
tions of  metabolic ecology.

23.2  IndIvIdualS

In recent decades, considerable effort has gone into 
predicting how species will respond to the large anthro‑
pogenic climate shifts expected over the next few cen‑
turies. The temperature increases that have already 
occurred (IPCC 2007b) have had detectable impacts on 
species (Hughes 2000; Davis and Shaw 2001; McCarty 
2001; Stenseth et al. 2002; Walther et al. 2002; 
Parmesan and Yohe 2003; Root et al. 2003). While 
some studies have documented changes in the mor‑
phology, phenology, genetics, and community interac‑
tions of  organisms (Smith et al. 1998; Hughes 2000; 
Bradshaw and Holzapfel 2001; Davis and Shaw 2001), 
most have focused on shifts in the distribution and 
abundance of  species (reviewed in Parmesan and Yohe 
2003; Root et al. 2003; Ackerly et al. 2010). A variety 
of  detailed, spatially explicit models have been devel‑
oped to determine whether individual species can keep 
pace with climate change. These are largely based on 
characterizing the abiotic environmental niche space 
now occupied by species and projecting forward, 
although more recent iterations include biotic interac‑
tions as an important aspect (Berry et al. 2002; 
Peterson et al. 2002; Iverson et al. 2004; Thuiller et al. 
2004; Araújo et al. 2006; Araújo and Luoto 2007). 
However, these models of  “species velocity” ignore 
other possible responses to climate, particularly those 
relating to physiology and adaptation.

23.2.1  metabolism and temperature

All organisms require energy for survival, reproduc‑
tion, and growth (see Sibly, Chapter 5). The total 
energy required is not only a function of  size, but is 
also dependent on whether the organism maintains a 
constant body temperature. How organisms obtain 
that energy, and how they allocate it, is directly related 
to environmental temperature (Brown et al. 2004). 
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high‑biodiversity areas much more than previously 
thought. Higher metabolic rates for ectotherms likely 
lead to reallocation of  resources between growth, 
maintenance, and reproduction (Hou et al. 2008). 
Moreover, greater energetic demands could potentially 
lead to less “discretionary energy” for reproduction, 
which could ultimately influence population abun‑
dance and dynamics in these regions. One aspect  
not addressed by the Dillon et al. (2010) study was 
body size; increases in temperature could also influ‑
ence ontogeny and/or lead to differential survival  
of  juveniles or adults (Fig. 23.1). If  higher tempera‑
tures select for smaller body size, for example, then  
the effects Dillon et al. (2010) found could be con‑
founded by the allometric scaling of  metabolic rate 
with mass.

23.2.1.2  Endotherms

Generally, endotherms are considered to be buffered 
against environmental fluctuations since they usually 
maintain a constant core temperature of  36–40 °C. 
However, while many physiological rates and processes 
are not directly influenced by environmental tempera‑
tures, metabolism is. If  ambient air temperature is 
lowered significantly, for example, animals begin to 
shiver to maintain core body temperature, which raises 
their metabolic rate. Similarly, when ambient tempera‑
ture exceeds a certain level, organisms somewhat para‑
doxically raise their metabolic rate to cool the core 
body temperature. Several studies have indicated that 
foraging and other activities are constrained by tem‑
perature, presumably because the metabolic cost out‑
weighs the potential gain (Huey and Slatkin 1976; 
Huey and Pianka 1981; Traniello et al. 1984; Fraser 
et al. 1993). If  climate shifts result in endotherms 
restricting activity and/or expending more energy 
regulating body temperature, then there is a tangible 
physiological cost to the individual. Interestingly, there 
are several studies that suggest endotherms occupying 
high‑latitude habitats tend to have elevated metabolic 
rates relative to those in lower latitudes (Portner 2002; 
Anderson and Jetz 2005; Clarke 2006).

23.2.2  Body size and temperature

Body size is of  great physiological and ecological sig‑
nificance, as shown throughout this book (see also 
Peters 1983). How animals interact with their envi‑

How will climate change influence the physiology of  
organisms? A recent study used a metabolic ecology 
approach to estimate the effects of  temperature shifts 
on the metabolism of  terrestrial ectotherms over the 
last 30 years (Dillon et al. 2010). Although high  
latitudes have experienced a greater rise in tempera‑
ture (Fig. 23.2A) (IPCC 2007b), the exponential tem‑
perature dependence of  metabolism means that the 
impact on metabolic rate should be greater in warmer 
areas. The calculations by Dillon et al. (2010) suggest 
that metabolic rates have increased more in the tropics 
and north temperate zones than in the Arctic (Fig. 
23.2). This is particularly striking because the increase 
in temperature in the tropics has been modest to  
date, leading to the perception that little biotic  
change has occurred. The exponential relationship 
between metabolism and temperature, coupled with 
the narrower temperature tolerances of  tropical 
species, suggests that future warming will impact these 

Figure 23.1  Temperature can influence ontogeny (of  
ectotherms in particular), through changes in development 
or growth rate, which can result in altered adult body mass. 
Similarly, changing temperature regimes can result in 
differential mortality of  adults of  varying body mass. In 
turn, metabolism and other physiological and ecological 
rates are influenced by body mass.
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2003). This suggests that larger‑bodied animals may 
be more sensitive to climatic fluctuations.

Bergmann’s rule has generally been interpreted as a 
direct selective response to temperature (Birch 1957; 
Brown and Lee 1969; Dawson 1992). When organ‑
isms increase in body mass, their surface area increases 

ronment is strongly mediated by their body mass. 
Regular patterns of  morphological variation with 
abiotic factors (especially temperature) have been 
observed repeatedly over time and space (see Millien  
et al. 2006). The existence of  such ecogeographic pat‑
terns demonstrates the ability of  species to adapt to 
fluctuating abiotic conditions, as well as highlighting 
the strong selection imposed by the environment.

One of  the best‑supported ecogeographic patterns is 
Bergmann’s rule: the principle that within a broadly 
distributed taxon, representatives of  larger size are 
found in colder environments, and those of  smaller size 
are found in warmer areas (Bergmann 1847; Mayr 
1956). Although originally formulated in terms of  
species within a genus, Bergmann’s rule is often recast 
in terms of  populations within a species. The rule holds 
for the majority of  vertebrates examined to date (Table 
23.1). Moreover, many ectotherms also appear to dem‑
onstrate Bergmann clines, including bacteria, protists, 
plants, insects, marine organisms, and turtles (Huey  
et al. 2000; Ashton 2002; Belk and Houston 2002; 
Ashton and Feldman 2003; Blanckenhorn and Demont 
2004). Large‑bodied animals may more tightly 
conform, perhaps because they are less able to avoid 
stressful thermal environments by diapause, torpor, 
burrowing, nests, or other means (Freckleton et al. 

Figure 23.2  Global changes in temperatures and metabolic rates since 1980. (A) Changes in mean temperature (5‑year 
averages); (B) predicted absolute changes in mass‑normalized metabolic rates by geographic region; (C) predicted relative 
changes in mass‑normalized metabolic rates. Both temperature and metabolic rate are expressed as differences from the 
standard reference period (1961–1990) and calculated on the basis of  E and b0 for an average ectotherm. This study is the 
only one to date that has explicitly computed changes in metabolism that should have occurred with the documented 
warming. Reprinted by permission from Macmillan Publishers Ltd: Dillon, M. E., Wang, G. and Huey, R. B. (2010) Global 
metabolic impacts of  recent climate warming. Nature, 467, 704–706. © 2010.
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table 23.1  Percent of  various vertebrate groups that 
conform to Bergmann’s rule. Although endothermic 
vertebrates demonstrate a strong body‑size cline with 
temperature, ectotherms are much more variable in their 
adherence to the rule (Millien et al. 2006).

conformation to 
Bergmann’s rule

Endotherms

  Birds 76%

  Mammals 71%

Ectotherms

  Lizards 30%

  Snakes 21%

  Turtles 83%

  Salamanders 72%

  Frogs 62%

  Fish 28%
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and Holzapfel 2001; Smith and Betancourt 2006), this 
may be a possible response to climate change. Most 
likely to be affected will be small‑bodied species with 
short generation times and medium to large popula‑
tion sizes because climate shifts may be too rapid for 
species with longer generation times to adapt.

The significance of  body‑size shifts as an adaptive 
response to climate change stems from the fundamen‑
tal role of  size in mediating most fundamental ecologi‑
cal, life‑history, and physiological processes, as has 
been shown throughout this book (see also Peters 
1983). Thermal selection on the body mass of  organ‑
isms directly influences many biological processes 
including, but not restricted to, metabolism. Moreover, 
because body size so strongly constrains the energetic 
demands of  organisms and their interaction with the 
environment, it is not surprising that it also influences 
space and home range requirements, population densi‑
ties, and other important population‑ and community‑
level characteristics (Peters 1983; Calder 1996; Isaac, 
Carbone, and McGill, Chapter 7; Karasov, Chapter 17; 
Jennings, Andersen, and Blanchard, Chapter 21). 
Below, we discuss how these shifts in size and metabolic 
rate of  individuals may influence higher levels of  eco‑
logical organization.

23.3  communItIeS

As discussed above, changes in climate are expected to 
impact individual metabolism either directly through 
temperature effects on metabolism or indirectly 
through body size changes driven by evolutionary and/
or plastic responses to increases in temperature. These 
changes in individual metabolism will likely lead  
to reorganization of  communities. Understanding how 
changes in individual metabolic rate will impact  
total abundance and biomass requires models that 
explicitly link metabolism with these community‑level 
properties.

23.3.1  metabolic models of community 
abundance and biomass

There have been several papers proposing models for 
using metabolic scaling to link individual metabolic 
rate with community‑level abundance and/or biomass 
(Ernest and Brown 2001; Enquist et al. 2003; Meehan 
et al. 2004; White et al. 2004; Ernest et al. 2009; see 

more slowly than does their volume (surface area ∝ 
length2, versus volume ∝ length3). Thus the ratio of  
surface area to volume scales as ∼M2/3. Because heat is 
dissipated from surfaces, this relationship means that 
larger animals tend to lose less heat per unit mass than 
do smaller animals and are at an advantage under cold 
environmental conditions (e.g., polar bears). 
Conversely, smaller animals have a greater surface to 
volume ratio and are more capable of  dissipating heat 
under thermally stressful conditions (e.g., black bears). 
While a number of  other mechanisms for Bergmann’s 
rule have been postulated (e.g., productivity gradients, 
selection on life‑history characteristics, development 
rates; Scholander 1955; Rosensweig 1968; Burnett 
1983; Yom‑Tov and Nix 1986), most of  them are 
usually factors related to thermal characteristics of  the 
environment.

While most studies have focused on spatial gradients 
of  body size and temperature, Bergmann’s rule has 
been observed in animal populations over both histori‑
cal and evolutionary time (e.g., Smith et al. 1995, 
1998, 2009; Yom‑Tov 2001; Hunt and Roy 2006; 
Millien et al. 2006; Yom‑Tov et al. 2006). Body size 
decreases have been documented in several species of  
passerine birds over the last 20–50 years in both Israel 
and England (Yom‑Tov 2001; Yom‑Tov et al. 2006). 
Several investigators have been able to tie evolutionary 
change in the populations to underlying temperature 
changes. For example, studies of  woodrats (Neotoma) 
over both historic and millennial timescales find that 
these small rodents rapidly adapt to climate shifts by 
adjusting body size (Smith et al. 1995, 1998; Smith 
and Betancourt 1998, 2003, 2006). The response is in 
the direction predicted by Bergmann’s rule: woodrats 
are larger during cold intervals, and smaller during 
warmer episodes. In some cases, the proximate mecha‑
nism is even clear. In a 10‑year study of  these rodents 
in southern New Mexico, investigators found that 
smaller‑bodied animals were able to successfully over‑
winter when winter temperatures were milder, and 
larger‑bodied animals suffered differential mortality as 
summers warmed (Smith et al. 1998). This led to sig‑
nificant shifts in the mean adult body size of  the popu‑
lation. Bergmann’s rule has also been observed in deep 
time; it has been proposed as a mechanism for the size 
increases documented in deep‑sea ostracods over the 
past 40 million years (Hunt and Roy 2006).

While the ability of  endotherms to adapt to recent 
anthropogenic climate change has only recently been 
seriously considered (e.g., Smith et al. 1995; Bradshaw 
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23.1 and 23.2, we can predict the responses of  total 
abundance and standing biomass to shifts in tempera‑
ture and average individual mass for a hypothetical 
ectotherm community under three different climate 
change scenarios (no change and 1.8 °C and 4 °C 
increases in ambient temperature) (Fig. 23.3). With no 
change in temperature, as average size of  an individual 
shifts from 80 g to 30 g, we predict an increase in total 
abundance and a decrease in standing biomass, dem‑
onstrating both the potential importance of  shifting 
size on community‑level properties and the different 
effect of  changing metabolic rate on community‑level 
total abundance and standing biomass. If  temperature 
alone changes (i.e., no corresponding change in 
average size of  an individual), then increasing tem‑
perature is expected to cause a decrease in both abun‑
dance and biomass. Finally, if  temperature increases 
and average size decreases, as might initially be expected 
from biogeographic patterns such as Bergmann’s rule 
(see section 23.2.2), expected impacts on metabolic 
rate can be more complicated. As the community shifts 
from an average mass of  80 g to 45 g concurrently with 
a 4 °C increase in temperature, we predict very little 
change in total abundance, but standing biomass 
should decline by approximately 40%. The magnitudes 
and broad ranges of  possible responses of  communities 
to climate change highlight the importance of  better 
understanding not only the impacts of  increasing  
temperature on metabolic rate but also how changes 
in temperature and average individual size might 
interact.

Should increases in temperature impact the average 
size of  an individual in communities? Based on 
Bergmann’s rule, we might expect shifts in tempera‑
ture to cause shifts in the average size of  an individual 
through selection for smaller individuals within 
species, or smaller species, based on physiological and 
life‑history responses to temperature (Atkinson and 
Sibly 1997). However, one study examining both 
species‑level and community‑level changes in average 
size showed that a community can exhibit an overall 
decrease in average size even though the dominant 
species increased in size over the same time period 
(White et al. 2004). These different responses at the 
species and community level emerge, because at the 
community level the average size of  an individual is 
influenced by the distribution of  abundance across 
sizes. If  individual species are being selected to become 
larger or smaller in size, they can concurrently also 
become more or less abundant within the community. 

also Isaac, Carbone, and McGill, Chapter 7). While 
each of  these models has some unique components, 
they all have the same essential core (Brown et al. 
2004): the community property reflects an interplay 
between the rate of  resource supply and individual 
metabolic rate. The exact structure of  the relationship 
varies depending on whether the variable of  interest is 
total abundance (N) or standing biomass (W). For 
abundance, the core relationship is:

N
R

I

R

i M e E kT
= =

−

[ ] [ ]
/ /

0
3 4

 (23.1)

And for standing biomass:
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= =
−

[ ]
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4

 (23.2)

where [R] is the rate of  supply or concentration of  
resource, io is a normalization constant, and M3 4/  and 
M are averages taken across all individuals within a 
community or assemblage.1

Depending upon the taxa and the question being 
addressed, modifications can be made to equations 
23.1 and 23.2 to improve both predictive ability and 
biological accuracy. For example, inclusion of  the spe‑
cific gravity of  a tree species’ wood is important for 
accurate biomass estimates for forest ecosystems 
(Enquist et al. 1999; Chave et al. 2005). Additionally, 
it may be necessary to use different scaling relation‑
ships between mass and metabolic rate when asking 
questions about endotherms operating at tempera‑
tures beyond their thermoneutral zone (Meehan et al. 
2004).

23.3.2  Possible impacts of climate change 
on community properties

The relationships outlined above make it clear that 
shifts in average individual size, temperature, and 
resource concentration or rate of  supply should all 
impact community‑level properties directly through 
their relationship with metabolism. Using equations 

1 Brown et al. (2004) simplify the relationship for standing 
biomass to yield: W [R]M1/4eE/kT. However, because M3 4/  does 
not generally equal M  (Savage 2004), equation 23.2 is more 
generally appropriate.
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2005; Meerhoff  et al. 2007; Brucet et al. 2010; plank‑
ton: Bays and Crisman 1983; Duncan 1984; Saito  
et al. 2011; Sommer and Lewandowska 2011; but  
see Meehan et al. 2004 for an example with birds). 
Obviously, more work examining temperature  
impacts on the individual size distribution in terrestrial 
ecosystems is required before we can confidently 
predict the metabolic implications of  climate change 
for community‑level properties.

23.4  ecoSyStemS

We have already seen how two important climatic ele‑
ments, temperature and water, shape ecosystem‑level 
processes through their effects on metabolic rate 

Therefore small increases in size at the species level can 
be offset or overwhelmed by large shifts in community 
composition. Answering the question of  whether 
increases in temperature will impact average individ‑
ual size in communities requires an understanding of  
how the individual size distribution (i.e., the frequency 
distribution of  individual masses; sensu White et al. 
2007) for an entire community is affected by tempera‑
ture. The limited number of  studies comparing com‑
munities along environmental gradients – as well as 
those specifically considering the effects of  warming 
(e.g., Daufresne et al. 2009; Morán et al. 2010; Yvon‑
Durocher et al. 2011b) – have generally found that 
average body size within a community decreases with 
increasing temperature. However, most of  these studies 
are on aquatic systems (e.g., fish: Blanchard et al. 

Figure 23.3  Predicted responses, as expected from MTE, to shifts in average individual size and temperature of  community‑
level abundance (A) and standing biomass (B) using equations 23.1 and 23.2. Black and red lines indicate the percent 
expected change in total abundance or standing biomass under a specific climate change scenario, as average individual mass 
decreases. Blue dots (at 80 g mass) denote the percent expected change if  only temperature is changing. Dashed lines denote 
expected changes if  both size and temperature are changing concurrently. The initial community was modeled as having a 
normally distributed individual size distribution (mean = 80 g, standard deviation = 5), under an average environmental 
temperature of  11.8 °C (contiguous US average for 1980–1999; data from www.ncdc.noaa.gov). Expected percent change in 
abundance and biomass were calculated using the initial community as a baseline and comparing to expectations for three 
different shifts in average individual mass (mean = 60 g, 45 g, and 30 g) and three different temperature scenarios (no change 
in average temperature, and 1.8 °C and 4 °C increases). 1.8 °C and 4 °C increases in temperature were chosen based on the 
minimum and maximum temperature changes projected in the most recent IPCC report (IPCC 2007b).

A. Total abundance B. Standing biomass

Average individual mass (g) Average individual mass (g)
30

P
er

ce
nt

 c
ha

ng
e

P
er

ce
nt

 c
ha

ng
e

40 60 80

0

−10

−20

−30

−40

50 30 40 60 7070 8050

20

−20

0

40

100

80

60

∆T= 0°C

∆T= 0°C

1.8°C

1.8°C

4°C

4°C

Decreasing M Initial M = 80 g

Brown_1528_c23_main.indd   286 11/9/2011   11:19:42 AM



Brown—Metabolic Ecology

Ci

climate change    287

straightforward. Knowing the temperature depend‑
ence of  soil respiration, for example, we should be able 
to calculate the expected soil respiration rate at a new 
temperature. Although this approach works on very 
short timescales, responses are quickly complicated by 
acclimation, adaptation, feedbacks, shifts in commu‑
nity composition, and ecosystem state changes (Fig. 
23.4) (e.g., Luo 2007; Reich 2010). The challenge to 
predicting ecosystem responses to climate change lies 
in understanding the different responses of  multiple 
interacting processes to various elements of  climate 
change, as well as how these play out across trophic 
levels and through time (e.g., Heimann and Reichstein 
2008; Walther 2010; Woodward et al. 2010c). 
Ultimately, of  course, fundamental biophysical con‑
straints shape ecosystem properties, and understand‑
ing how to integrate these basic constraints with the 
complexity at the ecosystem level will help us to better 
understand the role of  metabolism in determining eco‑
system responses to climate change.

(Anderson‑Teixeira and Vitousek, Chapter 9). Here, we 
consider how changes in temperature, precipitation, 
and atmospheric carbon dioxide will affect ecosystems. 
One of  the most fascinating – and challenging – aspects 
of  understanding these changes is that they will affect 
many intimately linked ecosystem processes in differ‑
ent ways. Understanding how ecosystems will ulti‑
mately respond to these changes is challenging, yet of  
utmost importance. Climate change will affect not only 
the structure and internal dynamics of  ecosystems, 
but also the global climate. Any shift in the balance 
between CO2 uptake through photosynthesis and CO2 
release through respiration will feed back to affect 
atmospheric CO2 concentration and climate. Therefore, 
it is important to understand how production and res‑
piration will differ in their responses to various ele‑
ments of  climate change and, thereby, how climate 
change will affect the carbon balance of  ecosystems.

On the surface, using metabolic theory to predict 
how ecosystems will respond to climate change seems 

Figure 23.4  Schematic diagram showing how processes operating at different timescales shape individual metabolism 
(I; equation 1.1) and thereby ecosystem metabolism (Be). Individual metabolism: I, individual metabolic rate; io, normalization 
constant; M, body mass; E, effective activation energy (eV); k, Boltzmann’s constant (8.62 × 10−5 eV K−1); T, temperature (K); 
N, number of  individuals; [R], rate of  supply or concentration of  a limiting resource; j, size‑class; n, number of  size‑classes 
represented in a community.
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stimulate production and respiration in both terrestrial 
ecosystems (Fig. 23.5) (Rustad et al. 2001; Wu et al. 
2011) and aquatic mesocosms (Yvon‑Durocher et al. 
2010). Moreover, there is evidence that climatic 
warming has increased both net primary productivity 
and soil respiration globally (Nemani et al. 2003; 
Bond‑Lamberty and Thomson 2010). Thus, climate 
change is likely to accelerate ecosystem dynamics.

23.4.1.1  Modification of  temperature 
response by acclimation and feedbacks

Observed increases in productivity and ecosystem res‑
piration often do not quantitatively match the increase 
that would be expected based on the intrinsic tempera‑
ture dependence of  physiological rates under current 
conditions (Table 23.2). Rather, biotic acclimation, 
changes in resource supply, changes in community 
composition, and interactions with other environmen‑
tal variables modify the response expected from meta‑
bolic theory (Table 23.2; Figs 23.4 and 23.6) (Luo 
2007; Reich 2010).

The relationship between productivity and tempera‑
ture will almost certainly be affected by climate change 
(Table 23.2). The effective temperature dependence of  
photosynthesis depends upon the photosynthetic 
pathway (C3, C4, or CAM), ambient CO2 concentration, 

Metabolic ecology is helpful for predicting responses 
of  ecosystems at the short timescale (Table 23.2), 
understanding the mechanisms underlying the com‑
plexity at intermediate timescales, and also for under‑
standing how ecosystems are ultimately constrained 
by climate across broad climatic gradients (Fig. 23.4). 
Currently, however, the vast majority of  research on 
this topic does not employ the metabolic scaling 
approach. Here, we attempt to relate to metabolic 
theory the current understanding of  how changes in 
temperature, precipitation, and CO2 will affect ecosys‑
tem metabolism. We give special attention to the dif‑
ferential responses of  ecosystem production and 
respiration, as such differences will drive feedbacks in 
resource availability and the long‑term carbon balance.

23.4.1  temperature change

Ecological rates, including those at the ecosystem level 
(Anderson‑Teixeira and Vitousek, Chapter 9), gener‑
ally increase with temperature – at least in the short 
term and below stress‑inducing temperatures. Based 
on the inherent temperature dependence of  physiologi‑
cal rates (Table 23.2), we expect warming to increase 
rates of  energy and material flow in ecosystems. 
Indeed, experimental increases in temperature often 

table 23.2  Expectations for short‑term responses of  terrestrial production and respiration to increases in temperature, 
precipitation, and atmospheric carbon dioxide (+ indicates increase; − indicates decrease; 0 indicates no change). The 
respective effective temperature sensitivities (ε; Anderson‑Teixeira and Vitousek, Chapter 9) for these processes are also shown. 
Based on Campbell and Norman 1998; Bernacchi et al. 2001; Gillooly et al. 2001; Atkin and Tjoelker 2003; Reichstein et al. 
2003; Allen et al. 2005; Atkin et al. 2007; Reich 2010.

temperature Precipitationa carbon dioxide

Terrestrial C3 photosynthesisb

  Rate +c (E ≈ 0.3 eV) + +
  Temperature sensitivity (ε) − + +
Plant respirationd

  Rate + (E ≈ 0.3 eV) 0/+ 0/+
  Temperature sensitivity (ε) − 0/+ 0/+
Heterotrophic respiration

  Rate + (E ≈ 0.65 eV) + 0

  Temperature sensitivity (ε) 0/− + 0

a  Response asymptotes at high precipitation levels.
b  Approximation for terrestrial Rubisco-limited C3 photosynthesis over the temperature range 0–30 °C.
c  Response becomes negative at higher temperatures.
d  Assumes acclimation to photosynthate supply.
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Likewise, the temperature response of  ecosystem 
respiration will be modified by numerous feedbacks 
including changes in resource supply (e.g., photosynt‑
hate), biotic acclimation, changes in the microbial 
community, and environmental constraints (Table 
23.2; Figs 23.4 and 23.6) (Davidson and Janssens 
2006; Davidson et al. 2006; Allison et al. 2010; Reich 
2010). This is particularly true of  plants, which accli‑
mate to warming by downregulating respiration so as 
to maintain homeostasis (Atkin and Tjoelker 2003; 
King et al. 2006; Atkin et al. 2007). Given that 
warming will typically cause feedbacks and acclima‑
tion (Fig. 23.4), the long‑term responses of  respiration 
and production to warming are unlikely to match the 
temperature sensitivity expected from metabolic 
theory.

23.4.1.2  Response of  the carbon balance

In the absence of  feedbacks and acclimation, respira‑
tion generally responds more strongly to temperature 
than does production (Figure 10.3). This is worrisome 
because, when sustained over time, this difference 
would cause larger increases in CO2 release through 
respiration than in CO2 uptake through primary pro‑
duction, which would imply a positive feedback to 
climate change. Indeed, there are situations in which 
this appears to occur (e.g., Piao et al. 2008; Yvon‑
Durocher et al. 2010). However, the net carbon balance 
of  terrestrial ecosystems does not respond consistently 
to warming (Fig. 23.5) (Wu et al. 2011). Rather, on 
average, production and respiration have responded 
with similar temperature sensitivity in warming exper‑
iments (Wu et al. 2011).

Insights into the long‑term responses to warming 
may be gained by considering how the carbon balance 
changes across climatic gradients. In terrestrial eco‑
systems, biomass does not vary systematically with 
temperature across global climatic gradients (Allen  
et al. 2005; Anderson‑Teixeira et al. 2011; Stegen et 
al. 2011); however, carbon storage in detritus and soil 
generally decreases with increasing temperature 
(Jobbágy and Jackson, 2000a; Allen et al. 2005), indi‑
cating that steady‑state carbon storage may decline 
with increases in temperature. In epipelagic oceans, 
the ratio of  production to respiration decreases with 
increasing temperature globally, implying that 
increases in temperature will reduce the ability of  
oceans to sequester carbon (López‑Urrutia et al. 2006). 
While such evidence lends support to the idea that 

water availability, and the temperature range over 
which it is characterized (Campbell and Norman 
1998). Therefore, changes in temperature, precipita‑
tion regimes, atmospheric CO2 concentrations, and 
species composition will cause the effective tempera‑
ture dependence of  photosynthesis to deviate from 
metabolic theory’s “canonical” temperature depend‑
ence of  terrestrial production (E = 0.3 eV; Table 23.2) 
(Allen et al. 2005; Anderson‑Teixeira and Vitousek, 
Chapter 9).

Figure 23.5  Typical responses (as characterized by 
meta‑analysis) of  the metabolic fluxes in terrestrial 
ecosystems to increases in temperature. Carbon fluxes into 
the ecosystem are represented by green arrows, and those 
out by red arrows. Warming‑induced changes are 
symbolized as follows: up or down arrow indicates increase 
or decrease, respectively; Ø indicates no change, ? indicates 
unknown. Blue arrows indicate a change that tends to cool 
the climate by removing CO2 from the atmosphere; orange 
arrows indicate a change that tends to warm the climate by 
adding CO2 to the atmosphere. NEP, net ecosystem 
production (GPP minus Reco); GPP, gross primary 
production; NPP, net primary production; ANPP, above‑
ground NPP; BNPP, below‑ground NPP; Cag, carbon storage 
in above‑ground biomass; Croot, carbon storage in root 
biomass; Csoil, carbon storage in soil organic matter; Rag, 
above‑ground plant respiration; Rroot, root respiration; Rhet, 
heterotrophic respiration (below‑ground); Rsoil, total soil 
(below‑ground) respiration (Rhet + Rroot); Reco, ecosystem 
respiration. Based on Wu et al. (2011).
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23.4.2  Precipitation changes

Precipitation is another important driver of  ecosystem 
processes – one that affects both production and respi‑
ration strongly but in somewhat different ways 
(Anderson‑Teixeira and Vitousek, Chapter 9). Both 

warming may eventually shift the metabolic balances 
of  many ecosystems in favor of  respiration, we have 
much to learn about how the myriad of  interacting 
temperature‑dependent processes in ecosystems will 
combine to affect their metabolic balances in future 
climates (Luo 2007).

Figure 23.6  In terrestrial ecosystems, the apparent sensitivity of  plant and microbe respiration to temperature is modified 
by a wide range of  processes acting over a range of  timescales (represented logarithmically by numbers on the arrow). From 
Reich (2010).
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net uptake of  carbon by the ecosystem (Fig. 23.7) (Wu 
et al. 2011). Global patterns in net ecosystem produc‑
tivity, biomass, and soil carbon suggest that this 
response will persist over the long term (Jobbágy and 
Jackson 2000b; Anderson‑Teixeira et al. 2011).

The timing of  precipitation is also important to an 
ecosystem’s carbon balance. Whereas small pulses of  
precipitation trigger pulses of  CO2 releases through soil 
respiration, more sustained and deeper increases in soil 
moisture increase carbon uptake by ecosystems by 
stimulating plant growth (Huxman et al. 2004b; 
Jenerette et al. 2008; Chen et al. 2009). These tran‑
sient effects can significantly affect an ecosystem’s 
long‑term metabolic balance; for example, in a 
Chihuahuan desert grassland, plots receiving single 
large precipitation additions had greater productivity 
than those receiving the same amount in multiple 
smaller additions (Thomey et al. 2011). We can there‑
fore expect that changes in the timing – and not just 
the amount – of  precipitation will be very important in 
shaping future ecosystems.

23.4.3  carbon dioxide fertilization

Increases in ambient CO2 concentrations fundamen‑
tally alter metabolism on both the individual and eco‑
system level (Table 23.2). Free‑air CO2 enrichment 
(FACE) experiments show that photosynthesis, net 
primary production, yield of  crop ecosystems, and eco‑
system respiration all increase – at least temporarily – 
under elevated CO2 (DeLucia et al. 1999; King et al. 
2004; Ainsworth and Long 2005). Increases in pro‑
ductivity are at least partially offset, however, by the 
acclimation of  photosynthetic capacity, the upregula‑
tion of  leaf  respiration, and nutrient limitation (Oren 
et al. 2001; Leakey et al. 2009). Increased productivity 
in turn stimulates soil respiration (King et al. 2004; 
Drake et al. 2011) such that CO2 fertilization only 
sometimes supports sustained increases in carbon 
uptake (Oren et al. 2001; Menge and Field 2007; 
Langley et al. 2009; McCarthy et al. 2010). The ques‑
tion of  whether increased atmospheric CO2 will ulti‑
mately increase total carbon storage in ecosystems 
remains an important question in global change 
research.

Beyond its net effects on the carbon balance, higher 
atmospheric CO2 alters concentrations of  metabolic 
structures and nutrients, changes the temperature 
dependence of  photosynthesis, and affects nutrient 

production and respiration increase with precipitation, 
at least up to some level of  rainfall. These responses 
have been confirmed by experimental addition of  pre‑
cipitation to terrestrial ecosystems (Fig. 23.7) (Wu  
et al. 2011). On balance, increases in precipitation 
have a stronger effect on production than on respira‑
tion – even at high levels of  precipitation (Austin 2002; 
Chen et al. 2009; Anderson‑Teixeira et al. 2011). 
Therefore, increased precipitation generally results in 

Figure 23.7  Typical responses (as characterized by 
meta‑analysis) of  the metabolic fluxes in terrestrial 
ecosystems to increases in precipitation. Carbon fluxes into 
the ecosystem are represented by green arrows, and those 
out by red arrows. Warming‑induced changes are 
symbolized as follows: up or down arrow indicates increase 
or decrease, respectively; Ø indicates no change, ? indicates 
unknown. Blue arrows indicate a change that tends to cool 
the climate by removing CO2 from the atmosphere; orange 
arrows indicate a change that tends to warm the climate by 
adding CO2 to the atmosphere. NEP, net ecosystem 
production (GPP minus Reco); GPP, gross primary 
production; NPP, net primary production; ANPP, above‑
ground NPP; BNPP, below‑ground NPP; Cag, carbon storage 
in above‑ground biomass; Croot, carbon storage in root 
biomass; Csoil, carbon storage in soil organic matter; Rag, 
above‑ground plant respiration; Rroot, root respiration; Rhet, 
heterotrophic respiration (below‑ground); Rsoil, total soil 
(below‑ground) respiration (Rhet + Rroot); Reco, ecosystem 
respiration. Based on Wu et al. (2011).
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Sarmento et al. 2010; Woodward et al. 2010c; 
Blankinship et al. 2011; Yvon‑Durocher et al. 2011b). 
For example, herbivore–plant interactions respond to 
climate manipulations in both terrestrial (e.g., DeLucia 
et al. 2008) and aquatic systems (e.g., O’Connor 2009; 
O’Connor and Bruno, Chapter 15). In some cases, eco‑
systems may suddenly shift into an alternate state. 
Gradual climate changes may have minimal perceiva‑
ble effects on ecosystems but reduce resilience so that 
a small perturbation can trigger a sudden and drastic 
shift to an alternate state (Scheffer et al. 2001). Thus, 
there is a great deal of  complexity to the effects of  
climate change on the organization of  ecosystems. 
Biotic interactions and feedbacks will mediate direct 
responses to abiotic factors (Fig. 23.4), likely triggering 
nonlinear and sometimes abrupt responses of  ecosys‑
tems to climate change (Walther 2010).

23.5  concluSIonS

Climate changes are already impacting ecological 
systems at all levels of  organization – from the concen‑
trations of  metabolic structures in cells and the tem‑
perature sensitivity of  biochemical reactions to 
community structure and ecosystem dynamics. Such 
perturbations will only increase into the foreseeable 
future. By providing mechanistic linkages across all of  
these levels of  organization, metabolic ecology has 
great potential to contribute to our understanding of  
how ecological systems respond to novel environmen‑
tal conditions. Research on the effects of  climate 
change remains a frontier for metabolic ecology – one 
that holds both great challenge and opportunity but 
also considerable uncertainty as we confront a future 
of  human‑caused environmental change.

cycling (Table 23.2). Increased CO2 alters the concen‑
trations of  terminal metabolic units in plants (sensu 
West et al. 1997, 1999a, 1999b), decreasing Rubisco 
and chlorophyll concentrations (Ainsworth and Long 
2005) and increasing numbers of  mitochondria 
(Griffin et al. 2001). Moreover, increased CO2 increases 
the temperature dependence of  photosynthesis (Long 
et al. 2004), alters nutrient cycling and stoichiometry 
(Leakey et al. 2009; Drake et al. 2011), mitigates mois‑
ture stress (Leakey et al. 2009), and alters trophic 
interactions (DeLucia et al. 2008). Thus, while some 
physiological rates may acclimate close to their origi‑
nal level, increasing CO2 concentrations will have 
important implications for ecosystems – many of  
which we do not yet understand.

23.4.4  Interactive and indirect effects

Of  course, ecosystems will not react to each element of  
global change in isolation; rather, they will be faced 
with simultaneous changes in multiple variables. The 
overall response cannot necessarily be predicted based 
on individual responses because effects are interactive. 
In a California grassland, for example, productivity 
responses to multiple interacting global change ele‑
ments differed greatly from simple combinations of  
single‑factor responses (Shaw et al. 2002). Considering 
this complexity, much remains to be learned about 
how the metabolic balance of  ecosystems will respond 
to the full suite of  global change elements.

Further complexity is added when we consider that 
changes in energy and carbon cycling will profoundly 
affect the organization of  ecosystems. Climate change 
will alter body size distribution, biotic interactions, and 
trophic structure (Petchey et al. 1999; Schmitz et al. 
2003; Voigt et al. 2003; O’Connor et al. 2009; 
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