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Unexpected changes in community size structure
in a natural warming experiment

Eoin J. O'Gorman'™7, Lei Zhao"?3', Doris E. Pichler®, Georgina Adams', Nikolai Friberg>,
Bjorn C. Rall®’, Alex Seeney?, Huayong Zhang?, Daniel C. Reuman®%* and Guy Woodward™

Natural ecosystems typically consist of many small and few
large organisms™. The scaling of this negative relationship
between body mass and abundance has important implica-
tions for resource partitioning and energy usage®”’. Global
warming over the next century is predicted to favour smaller
organisms®"?, producing steeper mass-abundance scaling™
and a less efficient transfer of biomass through the food web®.
Here, we show that the opposite effect occurs in a natural
warming experiment involving 13 whole-stream ecosystems
within the same catchment, which span a temperature gradient
of 5-25°C. We introduce a mechanistic model that shows
how the temperature dependence of basal resource carrying
capacity can account for these previously unexpected results. If
nutrient supply increases with temperature to offset the rising
metabolic demand of primary producers, there will be sufficient
resources to sustain larger consumers at higher trophic levels.
These new data and the model that explains them highlight
important exceptions to some commonly assumed ‘rules’ about
responses to warming in natural ecosystems.

Body mass (M) is a key determinant of many ecological phe-
nomena®"* (for example, growth, metabolism, feeding) and its
relationship with abundance (N) at either the individual or species
level is well described by a simple power law, N o« M? (hereafter
‘MN -scaling’). The exponent b and its controlling factors have gen-
erated considerable interest in community ecology for decades*,
with widespread recognition that b is related to energy flow through
food webs®”. Many studies have found that MN-scaling is con-
served in the face of biodiversity loss or species turnover, and
so may be a relatively stable property of ecosystems'”. Thus, a
change in MN -scaling may highlight a fundamental disruption to
the processes that govern energy flow through an ecosystem by
environmental or anthropogenic stressors. For example, steepen-
ing of size-spectra (that is, a more negative exponent b) following
fisheries exploitation is indicative of widespread losses at higher
trophic levels>"”.

Key processes that could lead to altered MN-scaling include
species extinctions or invasions, altered bottom-up or top-down
control, changes in growth rate or reproductive output, and evo-
lutionary adaptation to new environments. Population dynamical
models predict that large organisms from higher trophic levels will
go extinct first in warmer environments'®'” because there is less

energy available to them", with empirical support from microcosm
experiments'"". The theoretical basis for warming-induced changes
in size structure at lower trophic levels is less well-developed'®", but
there is widespread evidence for an increased prevalence of smaller
organisms with warming®"'’, albeit with variability depending on
the size-range and ecosystem considered'®". Fewer large and more
small organisms should result in steeper MN -scaling, as demon-
strated in experimental ponds where warming favoured smaller
phytoplankton and led to steeper size-spectra®.

We tested the generality of this predicted temperature effect
on MN-scaling across 13 Icelandic streams that span a natural
temperature gradient of 5-25°C (Fig. 1a), but are otherwise very
similar in their physical and chemical properties®>!. Natural
experiments and space-for-time substitutions have some limitations
(for example, non-random allocation of temperature ‘treatments,
no observation of the warming process but rather its end point;
see Supplementary Methods for discussion of these limitations);
however, the streams occur in the same catchment and thus are
free of the usual confounding effects of biogeographical differences
or other environmental gradients””. The constituent species are
a subset of those commonly found in continental Europe and
North America®, with compositional differences between the
streams reflecting the local filtering of cold-stenotherms, warm-
stenotherms, and eurytherms from the regional species pool. The
streams are thus an invaluable natural experiment for improving our
ecosystem-level understanding of warming impacts*?*.

Individual organisms were measured and counted from every
stream (n = 13,185 individuals) to estimate the mean body mass
and total abundance of each species (see Methods). There was
an interactive effect of body mass and stream temperature on
abundance—that is, temperature altered MN-scaling (Table 1).
Contrary to traditional theoretical predictions, the exponent b
became less negative as temperature increased (Fig. 1b,c and
Supplementary Fig. 1). This shallowing of MN -scaling was driven
by differences across streams in two major trophic groups: primary
producers and invertebrate consumers. Among the former, the
abundance (Fig. 1d) and biomass (Supplementary Fig. 2g) of
diatoms decreased with temperature, contrary to the species shift
hypothesis that warming should increase the abundance of small
species’. Manipulative experiments suggest that this may be due
to greater top-down control by grazers”. The mean body mass
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Figure 1| Map of the geothermal streams and effects of temperature on mass-abundance (MN) scaling. a, Mean daytime temperature in August 2008
for 13 geothermally heated streams in Hengill, Iceland. b, Predicted and observed effects of increasing temperature on MN-scaling: more small organisms,
fewer large organisms, and/or decreasing body size are predicted in warmer environments, leading to a steeper MN slope, but the opposite occurs in the
Hengill streams. The dashed blue line is the MN relationship in the coldest stream, to act as a reference point for the warmest stream. ¢, The slope of the
MN relationship, b, becomes shallower with increasing stream temperature. The solid and dashed lines are the results of the best-fitting models from
analyses including and excluding fish, respectively (Table 1). The circles and crosses are the MN slopes for each stream from analyses including and
excluding fish, respectively. d, In(abundance) of diatoms decreases with temperature (y = —0.740x+19.46, F11 =20.18, P < 0.001, 2 =0.62).

e, In(body mass) of invertebrates increases with temperature (y =0.757x — 2.032 11, =30.25, P < 0.001, 2 =0.71).

of invertebrates increased with temperature (Fig. le), in diametric
opposition to the community body size shift hypothesis®. This was
largely driven by compositional changes, with bigger species (such
as the snail, Radix balthica) occurring only in warmer streams and
dominating those communities* .

The temperature effect on MN -scaling still held after quantifying
only the mean body mass and total abundance of the major trophic
groups (Supplementary Table 1 and Supplementary Fig. 3), includ-
ing additional data for cryptic biota that are typically overlooked and
rarely quantified in freshwater studies (Supplementary Table 2 and
Supplementary Fig. 4), and excluding data for the apex fish preda-
tor, brown trout (Salmo trutta), which occurs only in the warmer
streams (Table 1 and Supplementary Tables 1 and 2; Fig. 1c). Our
findings were also robust to various methodological approaches,
including different methods of averaging (Supplementary Table 3
and Supplementary Fig. 5), regression model selection (Supplemen-
tary Table 4 and Supplementary Fig. 6), and binning by individual
size data (Supplementary Table 5 and Supplementary Fig. 7). We
focused on diatoms as the key primary producers in the system, but
analysis of total chlorophyll (including diatoms, cyanobacteria, and

green algae) did not alter our conclusions about the effect of temper-
ature on the biomass of primary producers (Supplementary Fig. 8).

To explain these apparent contradictions with established theory,
we hypothesized that the equilibrium biomass of basal resources in
the absence of consumption (the carrying capacity, K) could play
a critical role. For algae, K is determined by the balance between
nutrient supply and demand"***. Our study streams are co-limited
by nitrogen and phosphorus, with nitrogen being the key limiting
nutrient” (that is, the demand for nutrients will predominantly
be met by the nitrogen and phosphorus cycles and input of these
elements from groundwater or terrestrial sources). For autotrophs,
the metabolic demand for nutrients is equal to the rate of pho-
tosynthesis'. To assess the upper and lower bounds of what is
feasible in our system, we tested two extreme scenarios® for the
temperature dependence of K: if nutrient supply is constant, K
should decrease with increasing temperature to exactly balance the
increasing photosynthetic rate with an activation energy, Ey, of
—0.70 to —0.96, representing the inverse of the 95% confidence
intervals (CI) of published temperature dependencies for photo-
synthesis in aquatic microalgae (see Supplementary Methods and
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Table 1| Statistical output from linear mixed effects
(LME) models.

Value SE DF tvalue P value
(a) LME including fish
(Intercept) 2.5115 0.3272 527 7676 <0.0001
Mass —0.7672 0.0253 527 —30.310 <0.0001
Temperature 0.3816  0.2381 527 1.603 0.1096
Mass x temperature  0.0591 0.0184 527 3.204 0.0014
(b) LME excluding fish
(Intercept) 24341 0.3333 521 7303 <0.0001
Mass —0.7735 0.0258 521 —29.983 <0.0001
Temperature 0.4030 0.2485 521 1.622 0.1055
Mass X temperature  0.0610  0.0192 521 3171 0.0016

In(species abundance) (m~2) was the dependent variable, In(mean species body mass) (mg)
and stream temperature (°C) were fixed effects, and species identity was a random effect.
Data were for 13 streams in August 2008 including diatoms, macroinvertebrates, and fish.
Summary tables for analyses including (a) and excluding (b) the apex fish predator are
presented, with model-predicted values, their standard errors (SE), degrees of freedom (DF),
t values, and P values.

Supplementary Table 6); and if nutrient supply increases with temp-
erature to a level that exactly matches the photosynthetic rate, K
should be independent of temperature (Ex =0).

Three lines of evidence suggest that the rate of nutrient
supply increases with temperature in our system: nitrogen
fixation increases dramatically with temperature”’; water-column
concentrations of nutrients are not depleted with temperature®*,
as would be expected due to the rising metabolic demand of primary
producers if nutrient supply were constant; and the body mass
of diatoms does not decrease with temperature® (Supplementary
Fig. 2d), as would be expected if competition for nutrients were
strong". Additionally, headwater streams are among the most
metabolically active freshwaters due to regular replenishment of
nutrients from surface to sub-surface exchanges®. Many headwater
streams also exhibit biogeochemical steady state along their
entire length, with nutrient inputs balancing outputs and nutrient
concentrations similar to those of soil and groundwater”. Thus,
we hypothesize that the temperature dependence of K cannot be
entirely driven by the photosynthetic rate in our system, and that
Ex determines MN -scaling.

We tested this hypothesis using a bioenergetic population
dynamical model, which contains free parameters for the growth
rate and K of primary producers, the metabolic and attack rates of
invertebrates and fish, and estimates of the measurement error for
the biomass of each trophic group (see Methods). We determined
the combination of parameters that best fitted our empirical data
using maximum likelihood. The optimum model explained 32%,
84%, and 97% of the variation across streams in the empirical
biomass of diatoms, invertebrates, and fish, respectively (Fig. 2a),
and had estimates for most parameters that overlapped with
published values from other freshwater ecosystems (Supplementary
Table 7). The value of Ey that best described our data was —0.30,
with 95% CI of —0.47 and 0.20. This range does not overlap with
the 95% CI of Ey predicted for a constant nutrient supply (—0.70 to
—0.96; Supplementary Table 6), so we reject the null hypothesis that
E is entirely driven by the photosynthetic rate.

We carried out a sensitivity analysis to determine the effect
of Ex on MN-scaling. Here, we fixed all the parameter values
from our best-fitting model except for Ey, which we varied from
—1to 0.5. The predicted steepening of MN -scaling with increasing
temperature occurred only for Ex < —0.33, with the observed
shallowing of MN-scaling found when Ey > —0.33 (Fig. 2b).
This suggests that Ex plays a critical role in determining the
effect of temperature on MN-scaling; that is, the rate at which

nutrient supply increases with temperature can offset the increasing
photosynthetic rate, supporting a higher than expected K of basal
resources and thus larger biomass of consumers.

The 5-25°C temperature gradient of our streams is well within
the thermal limits for survival of brown trout™, so it is surprising
that this fish species was only found in streams greater than 14°C
(Fig. 2a), with similar results documented in a fish tagging study
from the system lasting more than five months®'. Our model can also
help to understand these seemingly unexpected results. Resource
production is converted to consumer production more efficiently
as stream temperature increases’ (Supplementary Fig. 9). This may
be driven by increasing dominance of R. balthica, which is the
largest herbivore in the system® >, This highly efficient snail exerts
stronger grazing pressure with increasing temperature” and thus
may be a key conduit of energy flow to the fish. Mass-specific
metabolic requirements are lower for larger organisms', so their
population biomass should be higher, given the same amount of
resources. Thus, we also hypothesized that the previously unex-
pected increase in the body mass of invertebrates with temperature
(Fig. le) supported greater fish biomass in the warmer streams.
We fixed all parameters at values from our best-fitting model,
except for the temperature dependence of invertebrate body mass
(Eyp) and, for each value of E,y,, determined the minimum model-
predicted temperature at which fish were present in a stream. We
found that the positive relationship between invertebrate body mass
and temperature was critically important and that fish would not
be supported if the relationship were negative, as predicted by
temperature-size rules (Fig. 2c).

We have shown that the temperature dependencies of K and
consumer body mass can modulate how warming affects energy
flow through food webs in a previously unexpected manner.
Thus, if resource production is sufficient in warmer environments,
larger consumers may be sustained by a lower standing stock (or
abundance) of resources (Fig. 1c-e). While many of the studies
investigating effects of temperature on the size structure of aquatic
communities have focused on the lowest trophic level (for example,
microalgae)®, our research highlights the potential for warming
to alter the size distribution of unicells, ectothermic invertebrates,
and vertebrates across >12 orders of magnitude in body mass, and
hence the flow of energy through the entire ecosystem. Larger apex
predators have the potential to exert stronger top-down control,
with effects that can cascade down to the lower trophic levels®, but
manipulative experiments would be needed to fully disentangle the
direct effects of temperature from indirect effects due to stronger
feeding at the top of the food web.

It is important to consider the context of our findings before
attempting to generalize them to future impacts of climate change.
The streams are fairly species-poor, although the key taxa are
common throughout Europe and/or North America®, so the
results may be most relevant for Northern Hemisphere upland
and/or headwater ecosystems with similarly low biodiversity. Our
temperature gradient is substantial, with a range of 20 °C, which
is more than twice the projected warming for tundra regions
in the twenty-first century”. Nonetheless, the warmest stream is
within the upper thermal tolerance of most freshwater invertebrate
taxa®. As such, our results may be most relevant for ecosystems
where constituent organisms are well below their thermal limits
(for example, at cool, high latitudes, where other exceptions to
temperature-size rules have been identified'’, rather than in the
tropics or warm temperate regions). For example, the thermal
optimum for growth in brown trout is 11-19°C (depending on
resource quality™) and so there is scope for improved performance
over part of the temperature range studied here’. The low
productivity and nutrient-poor status of our streams”** may also
magnify the potential for increasing nutrient supply to offset
higher metabolic demands at warmer temperatures. Nevertheless,
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Figure 2 | A mechanistic model helps reveal the underlying processes of the stream ecosystems. a, The best-fitting model (lines) closely approximates
the empirical biomass of the three major trophic groups in the Hengill streams (circles). b, Influence of the activation energy of carrying capacity, Ex, on the
slope of the MN relationship, b. A negative rate of change of b with respect to temperature (°C") indicates a steepening of MN-scaling with warming as
predicted by metabolic theory; this occurs for most negative values of Ex (for example, bottom-right inset). A positive rate of change of b indicates a
shallowing of MN-scaling, as observed in the empirical data; this only occurs for Ex > —0.33 (for example, top-left inset). Circles indicate simulation results
and solid lines are the fitted linear regressions. ¢, Influence of the activation energy of invertebrate body mass, Epm», on the minimum temperature at which
fish are present in a stream, T,,,. The solid grey line indicates Eyp below which fish cannot invade the system (Ep = 0.744); the empirical value of Ep is
only marginally higher than this (Ep2 = 0.757). Values of Ep beyond the dashed grey line are too large to be representative of the data (Ey;; =1.925).

our results contribute to a more general understanding of how
warming could alter ecological communities because they suggest
that changes in biomass at different trophic levels will depend on
how the K of primary producers is affected by temperature, and this
is an insight that can be tested broadly.

Our study system offers a powerful space-for-time substitution
for warming impacts on natural communities, but also has limita-
tions. Results from headwater streams may not scale up to larger
ecosystems such as rivers, even though MN -scaling is consistently
present across a broad range of ecosystems and common underlying
mechanisms have been proposed“**’. Whilst we avoided biogeo-
graphical gradients that confound some studies, the close proximity
of our streams could make it easier for organisms to disperse from
the regional species pool to their optimum temperature than would
be possible under a warming climate. Adaptation to warmer tem-
peratures over many years of geothermal heating in the region may
also produce different organismal responses relative to rapid climate
change®. Nevertheless, a recent whole-stream warming experiment
from the system has revealed that changes in populations along
the stream temperature gradient are similar to actual warming of
a stream™.

Our results show that warming effects on MN -scaling can hinge
crucially on the temperature dependence of K, mediated through
nutrient dynamics, at least in ecosystems with high production
rates and strong trophic linkages. We need a broader understanding
of how K depends on temperature in a range of environments
(for example, standing and flowing freshwaters, and marine and
terrestrial ecosystems) to test the generality of our results further.
Our data indicate that temperature-size rules, widely appreciated for

4

their ubiquity*'°, do not apply universally in natural communities,
with important implications for the higher trophic levels. Our results
improve our understanding of the contingencies in temperature
effects on natural ecosystems, which should enhance our ability to
predict the ecological consequences of future climate change.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Study site. Fieldwork was performed in August 2008 in the Hengill geothermal
valley, Iceland (64° 03'N; 21° 18'W), which has been intensively studied over the
past decade®>**"*** 'We focused on 13 streams that occur within 1.5 km of each
other and spanned a temperature gradient of 5-25 °C, which were also the
minimum and maximum temperatures during the sampling period (see
Supplementary Table 8 and Supplementary Methods for more details). Note that
most of the streams freeze over for part of the winter (Supplementary Table 8),
including several streams where fish are found (for example, IS1, 3, and 12). There
are also some streams that do not freeze which do not contain fish (for example,
IS13), suggesting that trout populations are not solely determined by winter
freezing and are most likely sustained through interconnectivity with the main
river’'. Temperature differences between streams are due to groundwater that
absorbs heat from the underlying bedrock, rather than direct upwelling of
geothermal water and gases™. Thus, the streams have very similar water chemistry,
with no confounding effects of temperature on pH, derivatives of nitrogen and
phosphorus, and a wide range of other minerals and nutrients™*. The streams are
also very similar in their physical characteristics?** and occur in a pristine
mountain landscape, with no nutrient input or pollution from agriculture or
industry. There are no trees or shrubs in the region, thus minimal coarse
allochthonous input. The soil system exhibits a similar temperature gradient to the
streams due to geothermal heating™, thus nutrient inputs from the soil should not
be decoupled from temperature effects on nutrient dynamics in the streams. The
only other external influence on the streams may come from rare occurrences of
terrestrial predators, such as the golden plover and Arctic fox, and grazing by
sheep. The streams are thus an ideal natural experiment for studying the effects of
warmer temperatures on the structure of freshwater communities™ (but see
Supplementary Methods for the strengths and weaknesses of natural experiments).

Diatom abundance and body-mass estimation. Diatoms were collected from
three stone scrapes per stream (noting the area of each stone) and preserved in
Lugol’s solution. Diatom frustules were cleared of organic matter with nitric acid,
dried, and mounted on slides with naphrax. Abundances were estimated by
counting the number of individuals of each species along a 15 X 0.1 mm transect of
each slide, ensuring a transect contained at least 300 individuals. The number of
stone scrapes, sample dilution, and transect and stone areas were all used to
calculate the abundance of each species (m ™). Photographs of diatoms were taken
with a Nikon Digital Sight DS-5M camera mounted on a Nikon Eclipse 50i
microscope, or a high-resolution digital SLR camera mounted on an Olympus BH2
microscope, at 1,000 X magnification. Two linear dimensions were measured in
Image]* for at least ten individuals (where available) of every diatom species in
every stream: valve length and valve width in micrometres (n=9,011 individuals
from 69 different taxa). Every diatom species was assigned a shape corresponding
to established methodologies™** (Supplementary Table 9). Cell biovolume (um?)
was calculated according to associated biovolume formulae®. Cell carbon content
was estimated from published cell volume to cell carbon relationships*' and
converted to dry mass (mg) assuming an average carbon by dry weight content of
19% per cell®*.

Macroinvertebrate abundance and body-mass estimation. Macroinvertebrates
were collected by taking five Surber samples (25 X 20 cm quadrat; 200 um mesh)
per stream and preserving them in 70% ethanol. The abundance of every
invertebrate species was averaged across the five Surber samples and scaled by
quadrat area (m™~?). Photographs of every invertebrate individual identified were
taken with a Nikon Digital Sight DS-5M camera mounted on a Nikon Eclipse 50i or
a Nikon SMZ1500 microscope, at 400-1,000 X magnification for Chironomidae
and 100X magnification for all other groups. One linear dimension was measured
in ImageJ* for at least ten individuals (where available) of every invertebrate
species in every stream (n=4,121 individuals from 42 different taxa). Published
length-weight relationships were used to estimate dry body mass (mg) from the
linear measurements (Supplementary Table 10).

Fish abundance and body-mass estimation. Only one fish species is found in the
system: the brown trout, Salmo trutta. Population abundances (m ™) of this species
were characterized using three-run depletion electrofishing of a 50 m reach within
a stream, or the entire stream if less than 50 m in length®. Electrofishing of the
entire catchment was carried out over a two-day period. Body-mass measurements
of every fish (n =53 individuals) were made on a portable mass balance (Ohaus
Scout Pro Portable, 400 g capacity, 0.01 g accuracy). Dry mass (mg) of trout was
calculated according to a wet weight to dry weight relationship established from

39 individuals of . trutta (y =1.088x — 0.878, F, 5, = 1,201, p < 0.0001, r* =0.97).
This fish species is orders of magnitude bigger than any other species in the
streams, and is thus the apex predator whenever it occurs. See Supplementary
Methods for quantification of other trophic groups, including cryptic biota
(meiofauna, ciliates, and flagellates) and unicellular algae other than diatoms
(microscopic green algae and cyanobacteria).
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Empirical exploration of MN -scaling. Population abundance should follow a
power law with mean body mass® and an exponential relationship with
temperature'* as follows:

N = ayM"™ ™" (1)

Here, N is total species abundance (m™2), ay, is a constant, by, is the allometric
exponent, M is mean species body mass (mg), Ey is the activation energy (eV), and
T, is the standardized Arrhenius temperature:

T—T,
T = (2)
kTT,

where T is the absolute stream temperature (K), T, is an arbitrary reference
temperature (293.15 K), and k is the Boltzmann constant (8.618 X 107 eVK™").
‘We applied a natural logarithmic transformation to linearize the function in
equation (1) and added an interaction term to test our hypothesis that the
allometric slope will change with increasing temperature:

InN =Inay +byInM + E\T,,, + cy In MT,,, 3)

We analysed the data for all 13 streams with generalized least squares models
and linear mixed effects models, using the ‘gls’ and ‘Ime’ functions in the ‘nime’
package of R 3.2.0, with ‘ImeControl’ parameters specified to deal with
convergence issues (see R code in Supplementary Methods). Species identity was
included as a random factor, to account for differences in community
composition between streams”' . Specifically, we accounted for the possibility
that abundance could be different for each species (a random intercept) and that
the effect of body mass and/or temperature on abundance could also be different
for each species (random slopes). We compared models including the full
fixed-effect structure plus all possible combinations of the random structure
using both Akaike Information Criterion (AIC) and top-down hypothesis
testing with the likelihood ratio test*. The random structure with species
identity influencing ay, by, and Ey, but not cy, was identified as the best model
using both approaches (AAIC > 2.39; p=0.009 in a likelihood ratio test against
the next best model). We used this structure in subsequent analyses, set
‘method = ‘ML” in the ‘Ime’ function, and performed AIC comparison and
likelihood ratio tests on all possible combinations of the fixed-effect structure*.
The full model (equation (3)) was identified as the best model using both model
selection approaches (AAIC > 6.57; p < 0.001 for the interaction term in a
likelihood ratio test).

Brown trout occur as the apex predator in a subset of streams® and are orders
of magnitude larger than all other species. To rule out the possibility that changes
in MN -scaling were driven solely by this large predator, we repeated the analysis
with this species excluded. We carried out all the same model selection procedures
as above. The best-fitting model once again contained the random structure with
species identity influencing ay, by, and Ey, but not cy, (AAIC > 2.36; p=0.010 in
a likelihood ratio test against the next best model) and the full fixed-effect
structure (AAIC > 6.42; p=0.019 for the interaction term in a likelihood ratio
test). For both analyses, we set ‘method = ‘REML” before extracting model
summaries and partial residuals from the best-fitting model*. Note that the models
were always fitted to the raw data collected from the streams, with residuals
extracted only for a visual representation of the best-fitting models, excluding
the noise explained by the random effect of species identity (see R code in
Supplementary Methods).

Trophic group biomass and trophic transfer efficiency. To determine the
proximate drivers of the observed changes across the temperature gradient in
MN -scaling, associations with temperature of the total abundance (m™?),
abundance-weighted mean body mass (mg), and total biomass (mg m~2) of
diatoms, invertebrates, and fish were explored with linear regression analysis. We
also calculated a predicted metric of trophic transfer efficiency, TE, to determine
whether the observed changes in MN -scaling with temperature altered the energy
flow through the system:

InTE = (b, — b,) In MR (4)

where b, is the MN slope from a given stream, b, is the MN slope of —0.75
predicted for ecosystems in which the biota share a common energy source®*, and
MR is the consumer-resource body-mass ratio**. MR was estimated using mean
species body-mass values and consumer-resource feeding links previously
established for the Hengill system™. The temperature dependencies of MR and TE
were explored with linear regression analysis. Note that all linear regressions in the
study were performed according to the equation:

InRV =Inagy + Epy T (5)
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where RV is the response variable of interest (either MR, TE, chlorophyll, or the
total abundance, abundance-weighted mean body mass, or total biomass of each
trophic group) and all other terms are the same as in equation (3).

Bioenergetic model. We constructed a bioenergetic population dynamical model
to describe the dynamical change of the three main trophic groups in Hengill:
diatoms (group 1), invertebrates (group 2), and fish (group 3). These trophic
groups form a food chain, and the changes in their biomasses through time were
modelled as follows:

- =B (1 B ) BB 6)
A — ) =
a 1 K Y2b15;
dB,
da = ez)’zBle —x,B, _}’33233 (7)
- B,B; —x,B ®
a 3)3D, D3 3D3

Here, B;, B,, and B, denote the biomass of diatoms, invertebrates, and fish,
respectively (mgm™); r is the maximum mass-specific growth rate of diatoms
(d7'); K is the carrying capacity (mgm™?); x; is the mass-specific metabolic rate of
trophic group i (d7"); y; represents the attack rate of trophic group i (m* mg~' d™');
e, =0.45 is the assimilation efficiency when invertebrates consume diatoms"’; and
e; =0.85 is the assimilation efficiency when fish consume invertebrates". In simple
terms, this model estimates changes in the biomass of: diatoms, as their growth
(determined by r and K) minus their consumption by invertebrates (determined
by y,); invertebrates, as the assimilated proportion of the diatom biomass that they
consume (determined by e, and y,), minus their metabolic demand (determined
by x,), minus their consumption by fish (determined by y;); and fish, as the
assimilated proportion of the invertebrate biomass that they consume (determined
by e; and y;), minus their metabolic demand (determined by x;).

Based on the metabolic theory of ecology'***, the parameters r, K, x, and y are
related to body mass and temperature as follows:

_ by EyTare +__
r=aM e ", i=1 9)

K=ayM/<e*" i=1, (10)
x=a, M e i=20r3 1)
yi=a, M M e, i=20r3,j=i—1 (12)

Here, a,, ax, a,;, and a,; are the allometric constants, b,, by, b,;, and b,; are the
allometric exponents, and E,, Ex, E,;, and E,; are the activation energies describing
the Arrhenius increase in growth rate, carrying capacity, metabolic rate, and attack
rate of trophic group i with temperature, respectively (eV); c,; is the allometric
exponent for the resource one trophic level below trophic group i; and M; is the
mean body mass of trophic group i (mg). We used the abundance-weighted mean
trophic group body mass for diatoms (M, = 5.8340 X 107" mg) and fish

(M, =9.4854 X 10° mg) because they do not vary systematically with temperature
(Supplementary Fig. 2d,f). The body mass of invertebrates increases with
temperature, so we used the following equation to estimate the mean body mass of
invertebrates (mg) at each stream temperature:

InM, =Inay, —Ey, Torr (13)
where Ey, =0.757 and In ay, = —2.032 (Supplementary Fig. 2¢). Note that we
carried out a dimensionality reduction to avoid parameter redundancy in the
model (see Supplementary Methods and Supplementary Tables 11 and 12).

Likelihood function. We performed a stability analysis to determine the
conditions under which the equilibrium points of the model are stable (see
Supplementary Methods). This analysis indicated that for any set of model
parameters there was a unique stable equilibrium of the dynamical model for each
stream, which provided the model-predicted biomass values for the stream, for
those parameters. If z*™ is the model-predicted In-biomass of diatoms and Zf].i“c'm
are the three stone scrape measurements of the In-biomass of diatoms in stream i,
we assumed the residuals £ =z*°™ — Z3*°™ should follow a normal distribution
with mean 0 and standard deviation 8,.,m. These were always finite because
diatoms were present in all streams and because all potentially stable equilibria of
the dynamical model predicted diatom populations >0. The log likelihood for
diatoms for all 13 streams was then taken to be:
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=1 j=1

We followed an analogous procedure for invertebrates and fish, except we had
to accommodate the case in which model-predicted or observed densities were
zero. Since invertebrates were observed in all streams, we took the log likelihood
for invertebrates to be —00 if invertebrates were predicted by the model to be
absent from any stream, and otherwise:

2
invert __ anvm)

13 5
| | (s =2
mrre=3"% =IO b — ~ 7 7

252

=1 j=1 invert

(15)

invert

where 2" is the model-predicted In-biomass of invertebrates and Z;™*" are the
five Surber sample measurements of the In-biomass of invertebrates in stream i. For
fish, we took the log likelihood to be —o0 if fish were predicted by the model to be
absent from any of the streams in which they were actually observed, or predicted
by the model to be present in any of the streams in which they were not observed,
and otherwise:

| o 7’
InL" = Z (_5 In 2m) —In &gy, — (12872‘)

i€l fish

(16)

where I is the set of seven streams in which fish were observed, zf"'}‘ is the

model-predicted In-biomass of fish, and Z[*" are the values of fish In-biomass
estimated from three-run depletion electrofishing in stream i.

Finally, we can get the joint log likelihood for all three groups in the
13 streams:

InL=In L:I'f " 4 In L5 +1n L 17)

all
This likelihood function corresponds to a statistical model based on sampling log
populations from normal distributions centred at equilibrium log population
values from the dynamical model, except that when dynamical-model population
equilibria are zero, only a sample population estimate of zero is possible. The
procedure for dealing with numeric difficulties caused by parameters which yield a
value of —00 is described in Supplementary Methods.

Optimizations. After dimensionality reduction (see Supplementary Methods),
there were 13 parameters to be determined in our model, so we sampled 10,000
different starting parameter combinations from the 13-dimensional hypercube
in which each parameter ranged from —100 to 100 using a Sobol sequence

(with the ‘sobolset’ function in Matlab 7.12.0). We optimized likelihood for each
set and chose the combination of optimized parameters that gave the maximal
likelihood (with the ‘fininsearchcon’ function in Matlab). We then used these
values as the initial point of 2,000,000 iterations in our subsequent Markov Chain
Monte Carlo (MCMC) simulations, which were carried out using the Filzbach
package in Microsoft Visual C++ 2010. Filzbach provides a convergence statistic
for MCMC chains, with values close to 1 suggesting mean chain convergence
and values >1.2 indicating mean non-convergence. The value for our simulations
was 1.007. We chose the highest-likelihood parameters ever obtained in this
process as the optimized values for each of the 13 parameters in our model

(see Supplementary Table 7). This was entirely a maximum likelihood approach,
with MCMC used as an aid to optimization and as a tool for producing
confidence intervals (through profiling), rather than in a hybrid Bayesian
fashion. Confidence intervals are those returned by Filzbach. The reason for
using both ‘fminsearchcon’ and MCMC to help optimize was that they have
complementary strengths in rapid convergence to a local maximum and broad
exploration of the likelihood surface, respectively. Model validation is described in
the Supplementary Methods.

Data availability. The data that support the findings of this study are available
from the first author upon reasonable request.
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