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Understanding how biogeochemical cycles relate to the structure of ecological communities is a cen-
tral research question in ecology. Here we approach this problem by focusing on body size, which is an
easily measured species trait that has a pervasive influence on multiple aspects of community structure
and ecosystem functioning. We test the predictions of a model derived from metabolic theory using
data on ecosystem metabolism and community size structure. These data were collected as part of
an aquatic mesocosm experiment that was designed to simulate future environmental warming.
Our analyses demonstrate significant linkages between community size structure and ecosystem func-
tioning, and the effects of warming on these links. Specifically, we show that carbon fluxes were
significantly influenced by seasonal variation in temperature, and yielded activation energies remark-
ably similar to those predicted based on the temperature dependencies of individual-level
photosynthesis and respiration. We also show that community size structure significantly influenced
fluxes of ecosystem respiration and gross primary production, particularly at the annual time-scale.
Assessing size structure and the factors that control it, both empirically and theoretically, therefore
promises to aid in understanding links between individual organisms and biogeochemical cycles,
and in predicting the responses of key ecosystem functions to future environmental change.
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1. INTRODUCTION
Since its inception by Arthur Tansley in 1935, the con-
cept of the ecosystem has been applied in many ways
[1–6]. Still, the fundamental tenet that organisms and
their physical, biological and chemical environment
are intimately linked has remained the cornerstone of
ecology for almost a century. Ecosystems are frequently
studied from either the ‘community’ or ‘ecosystem’ per-
spectives. The community perspective (advanced by
Charles Elton [7] and Robert MacArthur [8–10])
emphasizes the importance of organisms, their popu-
lation-level interactions and their community-level
structure on ecosystem dynamics. By contrast, the eco-
system perspective (pioneered by Raymond Lindeman
[6] and Eugene Odum [2]) emphasizes the overarching
constraints imposed by the physical laws of thermo-
dynamics and chemical stoichiometry on ecosystem
processes, including primary production, carbon
sequestration and nutrient cycling.
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In reality, community structure and ecosystem func-
tioning are inextricably linked, but our understanding
of these linkages and how they arise is, in general, quite
limited. For example, while it seems obvious that the
abundances of heterotrophic populations in a food web
should increase with autotrophic net primary prod-
uction, predicting the partitioning of energy and matter
within- and among-species populations or body-size
classes remains challenging. This is because food-web
structure is a consequence of a complex network of
biotic interactions among individuals comprising the
community [11], as well as abiotic constraints on these
interactions [12].

Understanding how community structure and eco-
system functioning are related has taken on increased
urgency in the light of forecasted global warming
[13–15] and the unprecedented rates of biodiversity
loss related to the human domination of the Earth’s bio-
sphere [8–10,16]. Relationships between aspects of
community structure (e.g. biodiversity) and ecosystem
functioning (e.g. CO2 sequestration, decomposition,
primary production and nutrient cycling) have been
identified in particular systems [17–19], but these
relationships have often lacked generality owing to the
idiosyncratic responses of biota [19,20] which, in
part, reflect trait differences among species [11,21].
This journal is q 2012 The Royal Society
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Here we approach this problem by focusing on how
environmental warming affects three key ecosystem pro-
cesses—ecosystem respiration, gross primary production
and carbon sequestration—through its effects on the
size- and temperature-dependencies of respiration and
photosynthesis at the individual level, and body-size
structure at the community level [12,22,23]. We do so
by testing the predictions of a model derived from meta-
bolic theory [24–27]. Metabolic theory is particularly
useful for understanding how physiology, community
structure and abiotic variables combine to influence
ecosystem metabolism, because it relates complex
ecosystem-level phenomena to the effects of body mass
and temperature on individual-level metabolic rate
[16,24,25]. We evaluate the predictions of the model
by combining, for the first time, previously published
data on plankton community size structure [17–19,28]
and ecosystem metabolism [29] that were collected as
part of an aquatic mesocosm experiment, designed to
assess the effects of a 48C rise in ambient temperature.
Previous work from this experiment has demonstra-
ted that warming resulted in a reduction in carbon
sequestration capacity [29] and a shift in community
size structure [28]. Here we combine these datasets
in an attempt to synthesize the ‘community’ and
‘ecosystem’ perspectives.
2. OVERVIEW OF THE EXPERIMENTAL DATA
The experiment comprised 20 outdoor freshwater
mesocosms (approx. 1 m3, 0.5 m water depth),
which were seeded with organisms from surrounding
natural aquatic environments in December 2005 and
were then left to natural colonization until April
2007, when sampling began [28,29]. Ten of the 20
mesocosms were subjected to experimental warming
starting in September 2006. These mesocosms were
warmed by 3–58C (mean 48C) above ambient temp-
erature to simulate the level of warming expected for
temperate latitudes by the end of the century under
the IPCC A1B scenario.

To evaluate the predictions of our models, we used
daily measurements of ecosystem respiration and gross
primary production from Yvon-Durocher et al. [29]
and estimates of community size structure from
Yvon-Durocher et al. [28]. Ecosystem-level metabolic
fluxes over a 24 h diel cycle (gross primary production
(P) and ecosystem respiration (R)) were estimated for
each replicate of each treatment on alternate months
over the course of 1 year (April 2007–April 2008).
These fluxes were estimated by assuming that changes
in dissolved oxygen concentration over a diel cycle in
aquatic ecosystems largely reflect the balance between
the photosynthetic and respiratory metabolism [30].
Dissolved oxygen concentrations were measured
using YSI 600XLM multiparameter Sondes equipped
with 6562 rapid pulse dissolved oxygen sensors.
Sensors were deployed for 24 h in a heated- and
unheated-treatment pair of mesocosms on each of
the seven sampling occasions over the year. Measure-
ments of dissolved oxygen, temperature and pH were
taken every 15 min for 24 h at mid depth (0.25 m) in
the water column of each mesocosm. Changes in
dissolved oxygen concentration during the daytime,
Phil. Trans. R. Soc. B (2012)
DOdt, and night-time, DOnt, were then calculated by
subtracting the O2 concentration at the end of each
15-minute time interval from the concentration at
the beginning of the interval. Finally, total ecosystem
fluxes over a 24 h period were calculated as follows:
P ¼

P
DOdt þ Rdt, where Rdt and

P
DOdt are, respect-

ively, the total respiratory flux and the net ecosystem
productivity during the daytime; and R ¼ Rdt þ Rnt,
where Rnt is total respiratory flux during the night-
time (¼

P
DOnt). The parameter Rdt was estimated by

extrapolating the mean rate of night-time respiration
across the hours of daylight.

Annual estimates of ecosystem respiration, tkRlt, and
gross primary production, tkPlt, were estimating by lin-
early interpolating between sampling occasions to
generate 365 estimates of flux over a time period of
length t ¼ 365 days, taking averages of these estimates,
kRlt and kPlt, and then multiplying these daily averages
by t. In this study, data from one warmed pond (no. 17)
and one ambient pond (no. 3) were excluded because
they were deemed to be outliers based on preliminary
analyses of flux–community relationships.

Size structure of the plankton community in each
mesocosm was measured once at the beginning (April)
and the end (October) of the growing season. Data
from the two samples were pooled for each mesocosm
for all of the analyses presented here. Estimating size
structure entailed first collecting a 2 l sample from the
water column. Organisms in this sample were then sub-
divided into two size categories using a 80 mm sieve. All
organisms greater than 80 mm (typically zooplankton)
were preserved in 4 per cent formalin, and then counted
and measured using a Nikon SMZ1500 dissection
microscope. For organisms less than 80 mm (typically
phytoplankton), a 100 ml subsample of the 2 l volume
was preserved in 1 per cent Lugol’s iodine; 400 individ-
uals were then counted and measured using an inverted
microscope (Leica DMIRE2) after settling for a period
of 24 h in a 10 ml Utermöhl sedimentation chamber.
The size of each organism, in units of carbon mass,
was estimated based on its biovolume, which was
calculated using length and width measurements after
assigning the organism to an appropriate geometric
shape. Measurements of length and width were obtained
using the Openlab interactive image analysis system
after digitally capturing the microscope images using a
Hamamatsu C4742-95 camera. Biovolumes were
converted to carbon units using a multiplication factor
of 0.109 mg C mm23 (¼ 1.09 mg wet mass mm23 �
0.25 mg dry mass mg21 wet mass � 0.4 mg C mg21 dry
mass). A more detailed description of the techniques
used to estimate community size structure and ecosys-
tem metabolism can be found in Yvon-Durocher et al.
[28,29], respectively.
3. RECONCILING ECOSYSTEM METABOLISM
WITH COMMUNITY SIZE STRUCTURE
THROUGH TIME
The overall rates of respiratory and photosynthetic
metabolism in an ecosystem are governed by the sizes,
abundances and metabolic rates of the organisms com-
prising that ecosystem [24,25,31]. This notion implies
fundamental linkages between community size structure
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and biogeochemical fluxes at the ecosystem level. We
now present and test a number of predictions that arise
from a model [24] derived from metabolic theory [26],
which yields predictions on these linkages and their
relationship to temperature change.

(a) Quantifying the short-term size and

temperature dependence of ecosystem

metabolism

Metabolic theory provides quantitative predictions for
the size- and temperature-dependence of individual
metabolic rates (photosynthetic or respiratory flux),
and the relationship of these rates to ecosystem-level
flux (P or R) [24–26]. The combined effects of individ-
ual mass, mi, and temperature, T (in degrees Kelvin),
on metabolic rate are predicted using the equation

bi ¼ boma
i e�E=kT ; ð3:1Þ

where bo is an individual-level normalization for metabolic
rate, which differs between photosynthesis and respir-
ation. The mass dependence of metabolic rate, ma

i ;
reflects mass-dependent changes in the densities of meta-
bolic organelles (i.e. chloroplasts, respiratory complexes)
[24] and is characterized by an exponent a that takes a
canonical value close to three-fourths for metazoans
[32], but may be closer to unity for unicellular prokaryo-
tes and eukaryotes [33]. The temperature dependence,
characterized by the Boltzmann factor, e2E/kT, reflects
the exponential effects of temperature, T, on the kinetics
of biochemical reactions in metabolic organelles, where
k is the Boltzmann constant (8.62 � 1025 eV K21) and
E is an activation energy (1 eV¼ 96.49 kJ mol21) used
to characterize the temperature sensitivity.

Metabolic theory predicts, and empirical data show,
that the overall temperature sensitivities of respiration
and photosynthesis differ [24,29,34–36]. The acti-
vation energy of respiration, ER, tends to fall within a
relatively narrow range (0.6–0.7 eV) [37] that reflects
the average activation energies of metabolic reactions
in the respiratory complex [38]. The temperature
sensitivity of aquatic photosynthesis can be approxi-
mated using an ‘effective’ activation energy, EP �
0.32 eV, that is about half that of respiration [24].
At the individual level, these differential activation
energies imply that respiratory fluxes should increase
at a faster rate with temperature (approx. 16-fold
from 0–308C) than photosynthetic fluxes (approx.
fourfold from 0 to 308C). These different temperature
dependencies have been shown to have important
implications for the effects of warming on carbon
sequestration in ecosystems [29].

Owing to mass and energy balance, the rate of eco-
system respiration per unit volume, RB(T ), by a
biomass pool, B, is equal to the sum of the individual
respiratory fluxes, rB

i ; characterized by equation (3.1),
for all J individuals contained in a volume V,

RBðT Þ ¼
1

V

� �XJ

i¼1

rB
i ¼

J

V

� �
rB
o kma

Ble�ER=kT

¼ rB
o MBkma�1

B le�ER=kT ; ð3:2Þ

where rB
o is the individual-level normalization for res-

piration, which is generally lower for autotrophs than
Phil. Trans. R. Soc. B (2012)
heterotrophs [38]. In this expression, MB is total bio-
mass per unit volume, kma

Bl is an average for body
size (¼ð1=JÞ

PJ
i¼1 ma

i ) that accounts for size-
dependent changes in metabolic rate, characterized by
a, and kma�1

B l is an average for ma�1
i ; which is weighted

by biomass rather than individual abundance, such that
MBkma�1

B l ¼ ðJ=V Þkma
Bl is mass-corrected biomass in

equation (3.2). Mass correction of biomass, by
kma�1

B l; is necessary to account for changes in the
density of metabolic organelles with body mass [39].
Mass-corrected biomass is predicted to be proportional
to the total number of metabolic organelles in the bio-
mass pool, which is determined in part by the total
biomass, and in part by the relative numbers of small
versus large organisms. Thus, mass-corrected biomass
can be viewed as a measure of the total ‘metabolic
capacity’ of the biomass pool in the ecosystem.

Separately performing the summation in equation
(3.2) for autotrophs and heterotrophs yields expressions
that relate daily respiratory fluxes of the two biomass
pools, RA(T ) and RH(T ), to individual-level normaliza-
tions for respiration, rA

o and rH
o , standing stocks of

community biomass, MA and MH, biomass-weighted
averages for individual body mass, kma�1

A l and kma�1
H l;

and the mass-dependencies of individual respiration,
characterized by a:

RAðT Þ ¼ rA
o MAkma�1

A le�ER=kT ð3:3aÞ

and

RHðT Þ ¼ rH
o MHkma�1

H le�ER=kT : ð3:3bÞ

Ecosystem respiration, R(T ), is equal to the sum of
these fluxes

RðTÞ ¼ RAðTÞ þ RHðT Þ
¼ RðTCÞeER(1=kTC�1=kT); ð3:4aÞ

where

RðTCÞ¼ðrA
o MAkma�1

A lþ rH
o MHkma�1

H lÞ e�ER=kTC

¼ roðfMAkma�1
A lþ ð2� fÞMHkma�1

H lÞe�ER=kTC

9=
;;

ð3:4bÞ

ro is the average of the two respiratory normalizations
rA
o and rH

o :The final expression of equation (3.4b)
includes a dimensionless parameter f ¼ 2rA

o =ðrA
o þ rH

o Þ;
which facilitates direct comparisons of mass-corrected
expressions for autotroph biomass, MAkma�1

A l; and
total biomass, fMAkma�1

A lþ (2� f)MHkma�1
H l, using

common units. In equation (3.4a), the temperature
data are centred using a fixed, arbitrary value, TC

(¼288 K ¼ 158C) so that R(TC) is equal to the ecosys-
tem respiration rate at 158C [27]. As demonstrated by
equation (3.4b), the model predicts that R(TC) is gov-
erned by the mass-corrected biomass terms for
autotrophs, MAkma�1

A l; and heterotrophs, MHkma�1
H l;

and the normalization constants for the two groups, rA
o

and rH
o ; which together govern the total ‘respiratory

capacity’ of the ecosystem.
Similarly, the rate of gross primary production (i.e.

the gross fixation of CO2 by photosynthesis in the eco-
system) is obtained by summing the individual-level
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Figure 1. The short-term temperature dependencies of (a) daily
gross primary production and (b) daily ecosystem respiration for
heated (filled circles) and ambient treatments (open circles) over
the annual temperature cycle. Each data point corresponds to a

measurement in a single mesocosm ononeof the seven sampling
occasions. The solid lines correspond to the predictions of
the constrained model, which was fitted to data using equations
(3.3)–(3.6) and yielded the parameter estimates listed in table 1.
Fluxes were standardized using these estimates in combination

with community size-structure data for each pond. The dashed
lines are unconstrained OLS regression models fitted to bivari-
ate relationships (parameter estimates and statistics listed in the
figure panels). Both regression models yielded 95% CIs for

the slopes that overlapped with those of the constrained model
(p . 0.05).

Table 1. Results of constrained model fitting, which entailed estimating the parameters below simultaneously by fitting

equations (3.3)–(3.6) to the following datasets: daily respiration, daily gross primary production, temperature and community
size structure (see §5). The constrained models were estimated using Bayesian model fitting.

parameter units estimate 95% credible interval

EP eV 0.381 0.291–0.488
ER eV 0.588 0.507–0.680
a n.a. 0.426 0.385–0.464
lnð p0e�EP=kTCÞ g12a d21 212.795 213.895 to 211.799

lnðrA
0 e�ER=kTCÞ g12a d21 213.202 214.296 to 212.156

lnðrH
0 e�ER=kTCÞ g12a d21 27.199 28.798 to 26.413
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photosynthetic rates, pi � poma
i e�EP=kT ; for all the

autotrophs in the ecosystem (following equations
(3.1) and (3.2)),

PðTÞ ¼ 1

V

� �XJ

i¼1

pi ¼ PðTCÞeEPð1=kTC�1=kT Þ; ð3:5Þ

where

PðTCÞ ¼ poMAkma�1
A l e�EP=kTC ð3:6Þ

is the rate of gross primary production at 158C, and po

is an individual-level normalization for photosynthesis.
Thus, P(TC) quantifies the ecosystem’s ‘photosyn-
thetic capacity’ that in turn is predicted to be directly
proportional to the mass-corrected biomass of the
autotroph community, MAkma�1

A l:
Equations (3.3)–(3.6) yield three predictions. The

first prediction is that, after controlling for mass-
corrected biomass, short-term gross primary production
(i.e. gross photosynthetic flux, equation 3.5) and ecosys-
tem respiration (equation 3.4a) should exhibit different
temperature dependencies governed by the activation
energies of photosynthesis (approx. 0.32 eV) and respir-
ation (approx. 0.65 eV), respectively. To test this
prediction, we fit a constrained model using a Bayesian
modelling framework to simultaneously estimate the
temperature dependencies of photosynthesis, Ep, and
respiration, ER, as well as the scaling exponent, a,
required to calculate mass-corrected biomass for each
mesocosm (see §5). Consistent with this prediction, the
observed temperature dependence of short-term gross
primary production (figure 1 and table 1) was weaker
than that of ecosystem respiration (figure 1 and table
1), as documented previously in Yvon-Durocher et al.
[29] for these mesocosms. These findings are consistent
with field studies conducted in terrestrial [24,27,36],
marine [34,35] and freshwater ecosystems [27,40,41].

The second prediction is that, after controlling for
temperature, T, gross primary production, P, and
ecosystem respiration, R, should increase proportionally
with the mass-corrected biomass for autotrophs and
the entire community, respectively. To test thisprediction,
we calculated temperature-normalized rates of daily
ecosystem respiration and gross-primary production
RðT Þe�ERð1=kTC�1=kTÞ and PðT Þe�EPð1=kTC�1=kTÞ, and
mass-corrected biomass using parameter estimates for
the constrained model (table 1). Analyses revealed that
temperature-corrected rates of ecosystem metabolism
increased with mass-corrected biomass for both
gross primary production and ecosystem respiration
Phil. Trans. R. Soc. B (2012)
(figure 2). However, the unconstrained OLS regression
slopes of these log–log relationships were significantly
less than the predicted value of unity (p , 0.05), indicat-
ing deviations from the assumptions of the model.
Neither the slopes, nor the intercepts, of the linear
models differed between the ambient and warmed treat-
ments for gross primary production (ANCOVA, p .

0.08). By contrast, for ecosystem respiration, the slope
and intercepts did differ (ANCOVA, p , 0.05) and the
data from the ambient treatments were consistent with
model predictions (figure 2).
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Figure 2. Relationship between (a) temperature-corrected daily gross primary production and mass-corrected autotroph commu-
nity biomass, and (b) temperature-corrected daily ecosystem respiration and total mass-corrected biomass. Fluxes were temperature
normalized using the empirically derived values of Ep ¼ 0.39 eV in (a) and ER ¼ 0.60 eV in (b) (table 1). The heated and ambient
treatments are denoted by filled circles and ambient treatments by open circles. Analysis reveals that mass-corrected community

biomass and ecosystem flux are positively correlated, after correcting daily fluxes for the influence of temperature. The solid lines
in these panels correspond to predictions of the constrained model, which was fitted (see table 1 for parameter estimates) based
on equations (3.3)–(3.6), whereas the dashed lines are unconstrained OLS regression models fitted to the bivariate relationships
(parameter estimates and statistics listed in the figure panels). Regression models for gross primary production, and ecosystem res-
piration in the warmed treatments yield slopes that differ significantly from the model predictions (p , 0.01), while the model for

ecosystem respiration in the ambient treatments yielded a slope that was consistent with the theory.
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The third prediction is that the mass-dependence
of metabolic rate, characterized by a, should be less
than unity, implying that the total rate of ecosystem
metabolism (i.e. P and R) increases sub-linearly with
total standing biomass, reflecting nonlinear declines
in organelle densities and mass-specific metabolic
rate with increasing body size [24]. The allometric
exponent that provided the best fit to the data was
a ¼ 0.426 (table 1), which is less than unity, but also
significantly lower than the ‘canonical’ value of a ¼

0.75 that is typically observed for metazoans [42].
(b) Reconciling the long-term temperature

dependence of ecosystem metabolism with

community size structure

We now consider how community size structure can
modulate the temperature dependence of ecosystem
respiration and gross primary production over annual
time-scales. For ecosystems that are at steady state
on an annual basis and that receive few allochthonous
subsidies, annual ecosystem respiration, tkR(T )lt, is
Phil. Trans. R. Soc. B (2012)
constrained to be approximately equal to annual
gross primary production, tkP(T )lt, such that

tkRðTÞlt � tkPðT Þlt ¼
ð
t

PðT ðtÞÞdt

¼ tpoMAkma�1
A lkeEPð1=kTC�1=kT Þlt ð3:7Þ

where keEPð1=kTC�1=kTÞlt ¼ ð1=tÞ
Ð
t
eEPð1=kTC�1=kT ðtÞÞdt is

the integral of the Boltzmann factor with respect to
temperature variation through time, T(t), over the
time interval 0 to t [27].

Equation (3.7) yields three predictions. The first pre-
diction, which arises from a steady-state assumption
[24], is that ecosystem respiration and gross primary
production should show a one-to-one relationship.
The mesocosm data provide some support for this pre-
diction. In both the warmed and ambient mesocosms,
annual ecosystem respiration was positively correlated
with annual gross primary production (figure 3). Fur-
thermore, the average ratio of annual ecosystem
respiration to gross primary production was indistin-
guishable from unity in the warmed mesocosms



Table 2. Results of the linear mixed effects model analysis—models were fitted using the lme function in the nlme package

for R. The random effects structure is given for the model. A first-order autoregressive function (corAR1) was used to model
the temporal autocorrelation in the data that arose from making repeated measurements on replicates. The results of the
model selection procedure on the fixed effect terms are also given and the most parsimonious models are highlighted in
bold. Analysis revealed that the metabolic balance (R/P) varied significantly between treatments and months, though the
interaction between treatment and month was not significant.

model d.f. AIC logLik L-ratio p

random effects structure
random ¼ � 1jmesocosm,

corrected structure ¼ corAR1 (monthjmesocosm)

fixed effects structure
1. ln(R/P) �1 þmonth � treat 17 228.5 31.3
2. ln(R/P) ∼1 1 month 1 treat 11 238.8 30.4 1.7 0.95
3. ln(R/P) �1 þ treat 5 29.3 9.7 41.5 <0.0001
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Figure 4. Long-term temperature dependencies of (a) gross
primary production, (b) ecosystem respiration, and (c) the
ratio of annual ecosystem respiration to gross primary prod-

uction, all of which were estimated using Boltzmann-
averaged temperature kinetics (see §5). Analysis revealed
that the long-term temperature dependence of ecosystem res-
piration was significantly stronger than that of gross primary
production (x2

1 ¼ 4:12; p ¼ 0.023), resulting in a tempera-

ture-dependent metabolic balance (i.e. R/P), which differed
from the prediction of our model assuming a long-term
steady state between these variables.
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(x ¼ 0:97; 95% CI ¼ 0.88–1.06; table 2), implying that
these ecosystems were approximately at steady state.
In the ambient systems, by contrast, this ratio was
significantly less than unity (x ¼ 0:84; 95% CI ¼
0.76–0.87; table 2), meaning the ambient mesocosms
served as carbon sinks on an annual basis.

The second prediction is that both long-term ecosys-
tem respiration and gross primary production should be
governed by the temperature dependence of photosyn-
thesis provided that the steady-state assumption is
upheld. Given that this assumption was only upheld
for the warmed mesocosms (figure 3 and table 2), and
that the warming treatment was the primary determin-
ant of temperature-dependent variation in annual
flux among mesocosms (figure 4a,b), it was not surpris-
ing that the temperature dependence of annual
ecosystem respiration was significantly stronger than
Phil. Trans. R. Soc. B (2012)
that of gross primary production (likelihood ratio test
on nested models x2

1 ¼ 4:12; p ¼ 0.023). Consequently,
the metabolic balance of these ecosystems was
temperature-dependent, such that the carbon sequestra-
tion capacity declined at higher temperatures (figure 4c).
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Figure 5. Relationships of mass-corrected community biomass to (a) temperature-corrected annual gross primary production,

and (b) annual ecosystem respiration. Both fluxes are significantly correlated with biomass, although the slopes of the OLS-
fitted regression models (dashed lines) are significantly less than the value of unity (p , 0.05) predicted by the constrained
model (solid line; table 1), indicating qualitative, but not quantitative, support for the model predictions.
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The third prediction is that gross primary production
and ecosystem respiration should increase proportionally
with the expressions used to quantify mass-corrected bio-
mass of autotrophs and the entire ecosystem, respectively.
This prediction was qualitatively, but not quantitatively,
supported by our experimental data (figure 5). Both
gross primary production and ecosystem respiration
were significantly correlated with mass-corrected bio-
mass after correcting for temperature. However, in
contrast to expectations based on equation (3.7), both
variables exhibited sub-linear scaling, rather than pro-
portional scaling with the mass-corrected biomass terms.
4. DISCUSSION
Understanding and quantifying the mechanisms that
link the structure of biotic communities to the flux,
storage and turnover of energy and elements in ecosys-
tems is among the greatest challenges in ecology
[18,20,31,43]. Here we have addressed this issue by
analysing experimental mesocosm data using a
mechanistic model of the carbon cycle that yields
quantitative predictions by scaling metabolism from
individuals to ecosystems [24,27]. Our analysis
revealed that seasonal variations in photosynthesis
Phil. Trans. R. Soc. B (2012)
and respiration were strongly influenced by tempera-
ture, and reflected the average activation energies of
these metabolic fluxes at the sub-cellular level, consist-
ent with the primary role of temperature as a driver of
physiological rate processes [25,38]. However, neither
of these temperature dependencies were affected by
the warming treatment (figure 1). On the other hand,
warming significantly shifted the balance between eco-
system respiration and gross primary production on an
annual basis. In the warmed mesocosms, ecosystem
respiration and gross primary production reached
approximate steady state, while the ambient systems
were net carbon sinks on an annual basis (figure 3).
These findings highlight that the different temperature
dependencies of photosynthesis and respiration at the
individual level can have important implications for
ecosystem-level carbon sequestration.

Annually integrated rates of both gross primary prod-
uction and ecosystem respiration were significantly
correlated with community size structure both within
and among the ambient and warmed temperature treat-
ments (figure 5). This is because, ultimately, long-term
fluxes are driven by the abundance, biomass and body
size distribution of the organisms that comprise the eco-
system. These findings are particularly significant given
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that all of the mesocosms were seeded with identical
communities of organisms and experienced similar colo-
nization histories by biota for more than 1 year prior to
commencement of the experiment. Our analyses there-
fore illustrate that even relatively small differences in
community size structure (mass corrected biomass
spans ,1 order of magnitude in figure 5) can have sig-
nificant, measurable effects on annual biogeochemical
cycling rates. Owing to our experimental design, it was
not possible to ascertain the extent to which seasonal
variation in ecosystem fluxes was influenced by commu-
nity size structure. However, given the short generation
times of most organisms comprising the biota of these
mesocosms (e.g. hours to weeks), size structure may
be of importance at shorter time-scales as well. Overall,
these findings highlight the potential of using the mass
and temperature dependence of individual metabolism
to predict feedbacks between anthropogenic change,
community structure and ecosystem functioning (see
also Rall et al. [44] and Perkins et al. [45] for other
examples of this approach).

While many of the model predictions were generally
supported by the experimental data, the model did
not of course capture all of the variability observed,
and not all fitted parameter estimates matched our
expectations. With respect to temperature, seasonal vari-
ation in gross primary production and ecosystem
respiration normalized for mass-corrected biomass, clo-
sely matched a priori predictions based on the activation
energies of photosynthetic and respiratory reactions
[24]. On the contrary, while temperature normalized
rates of ecosystem metabolism were correlated with esti-
mates of mass-corrected biomass they also generally
exhibited sub-linear scaling with these quantities,
providing only qualitative support for our model’s
predictions. Similarly, with respect to size, there were
clear deviations from the model’s predictions, and the
estimated size dependence of individual metabolism
(a ¼ 0.426, table 1) was markedly lower than values
typically observed for metazoans [46] and unicellular
organisms [33].

These deviations may, at least in part, reflect an
incomplete empirical characterization of the mesocosm
communities temporally, spatially and taxonomically.
Analysis of the plankton community spanned the nano-
plankton to macro-zooplankton; pico-plankton, bacteria
(less than 2 mm) and macroalgae were not analysed, but
often account for major portions of the total standing
biomass and metabolic fluxes in aquatic ecosystems, par-
ticularly in shallow lakes [47–49]. Additionally, the
temporal resolution of our characterization of commu-
nity structure was far coarser than the generation times
of most organisms comprising these communities.
Assaying all the organisms that contribute significantly
to biogeochemical cycles over the spatial extent of an
ecosystem remains a significant challenge for empiricists
and experimentalists interested in comprehensively
understanding the links between community structure
and ecosystem functioning.

As the limitations of the present study demonstrate,
a great deal of empirical and theoretical work is still
required to develop a complete, general theory that
links the structure, dynamics and functioning of
ecosystems. Nevertheless, recent work [12,24,25,27,
Phil. Trans. R. Soc. B (2012)
31,39], including the theory and analyses presented
here, have begun to make inroads into this fundamen-
tal question in ecology. Progress in this area promises
to enable more accurate forecasting of the impact of
anthropogenic processes on the ecosystem services
controlled by biota [15]. In our increasingly modified
world, overcoming this challenge is of paramount
importance to securing to our long-term future, and
that of the planet’s biodiversity.
5. STATISTICAL METHODS
The combined effects of community size structure and
temperature on the seasonal variation in gross primary
production and ecosystem respiration were assessed
using a Bayesian modelling approach. For this study,
the key advantage of the Bayesian methodology was
that it allowed us to simultaneously estimate all of
the parameters in equations (3.3) and (3.6) (estimates
listed in table 1), and quantities derived from these
parameters (e.g. mass-corrected biomass). It also
allowed us to explicitly take into account statistical
uncertainties in the parameter estimates, correlations
among parameters and the nested nature of the data,
which reflected more frequent sampling of some
variables (i.e. temperature, P, R) than others (i.e.
size-structure) for individual mesocosms.

Bayesian model fitting was undertaken by conduct-
ing a minimum of 100 000 MCMC iterations using
JAGS v. 3.1.0 (Just Another Gibbs Sampler), in R stat-
istical software using the R package ‘rjags’. Bayesian
models were specified using the BUGS language
[50]. Output from the MCMC runs was subsequently
analysed using the R package ‘R2jags’ to verify conver-
gence. Convergence was also assessed by visually
inspecting posterior distributions of parameters to
ensure the existence of well-defined modes. Given
that parameters were assigned vague priors, the
modes of posterior distributions correspond closely
to the maximum-likelihood estimates (see BUGS
code in the electronic supplementary material) [51].

The effects of warming on the ratio of ecosystem res-
piration to gross primary production were assessed
using linear mixed effects models [52]. In the model,
sampling date and experimental treatment were treated
as fixed effects, while the intercepts were treated as
random variables that could potentially vary among
mesocosms. This random effect structure allowed us
to account for the nested structure of the data—i.e.
mesocosm-level relationships nested within the overall
experimental-level relationship. We also included a
first-order auto-regressive function to model the tem-
poral correlation structure of the data (see table 1 for
model specification) [52]. Significance of the fixed
effects was assessed by adopting a top-down model
selection procedure, which entailed fitting the most
complex model to the data and then sequentially delet-
ing non-significant terms until the most parsimonious
model was found [53]. Model selection was carried
out by comparing nested models (fitted with maximum
likelihood) using the likelihood ratio test (see table 2 for
the results of the model selection procedure).

The long-term temperature dependencies of eco-
system respiration and gross primary production
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(figure 4) were determined using maximum likelihood
by calculating Boltzmann-averaged temperature
kinetics, keEð1=kTC�1=kT Þlt ¼ ð1=tÞ

Ð
eEð1=kTC�1=kTðtÞÞdt

[27]. Using Boltzmann-averaging to characterize kin-
etics is preferable to estimating kinetics using
arithmetic mean annual temperature because this
entails an approximation that becomes less accurate
as seasonal variation in temperature increases [42].
This method used the annually integrated Boltzmann
factor with the observed annual distribution of temp-
erature to generate predicted values of annual flux,
Pr, for each mesocosm [27]. Given the predicted
values, Pr, and the observed annual fluxes, Or, for all
n replicates, r, we then calculated the log-likelihood,
L, as L ¼

Pn
r¼1 f ðln Or � ln PrÞ; where f(lnOr2 lnPr)

is the log of the probability density for a deviation of
magnitude lnOr2 lnPr from a normal distribution of
mean ¼ 0. We then repeated this procedure using
different values of E until the parameter estimate
that maximized L was found. The difference between
the long-term temperature dependencies of ecosystem
respiration and gross primary production was asses-
sed using a similar likelihood-based approach to
that described above. This time, however, the data
for the relationship between ecosystem respira-
tion, gross primary production and temperature was
fitted to a model with differential temperature depen-
dencies for respiration and primary production, and
a model with a single temperature dependence.
These nested models were compared using the likeli-
hood ratio test to determine whether the more
complex model—with different slopes—yielded a
significantly better fit.

The relationships between ecosystem metabolism
and mass-corrected community biomass in both the
short- (figure 2) and the long-term (figure 5) analyses
were assessed using analysis of covariance to deter-
mine whether the slopes or intercepts of the models
differed between treatments and from model predic-
tions. Estimates of mass-corrected biomass for
autotrophs, MAkma�1

A l, and the entire community,
fMAkma�1

A lþ ð2� fÞMHkma�1
H l used in these analyses

were derived directly from the Bayesian analysis
described above.
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