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Temperature sensitivity of community respiration rates in streams
is associated with watershed geomorphic features
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Abstract. Aquatic ecosystems play an important role in the global carbon (C) cycle and
represent substantial source of greenhouse gases to the atmosphere. However, little attention
has been paid to quantifying how aquatic community respiration (CR), a major source of
CO2, will respond to warming temperatures expected under climate change, and whether
landscape features affect temperature modulation of CR. We quantified how temperature
sensitivity of CR varied among streams in southwestern Alaska, a region with one of the
fastest warming trends globally. We incubated sediments from streams spanning a geomorphic
gradient and estimated the degree to which CR responded to increased water temperature as
described by Arrhenius kinetics. As expected, CR increased with temperature across all
streams, and the average temperature sensitivity was similar to theoretical predictions for
heterotrophic metabolism. However, temperature sensitivity was significantly higher in
streams with higher quantity but lower quality organic C substrates, conditions that were
strongly associated with watershed geomorphic characteristics. These results suggest that basic
geomorphic features of landscapes will control the rates at which C is lost or sequestered from
watersheds under new climate regimes.

Key words: Alaska; ecosystem metabolism; global change; metabolic theory of ecology; organic carbon;
respiration; stream.

INTRODUCTION

It is increasingly recognized that aquatic ecosystems

play an important role in the carbon (C) cycle of their

watersheds (Richey et al. 2002, Aufdenkampe et al.

2011) with potential global consequences (Cole et al.

2007, Battin et al. 2008, Raymond et al. 2013). Streams

and rivers represent a substantial source of greenhouse

gases to the atmosphere (Butman and Raymond 2011),

in part through the mineralization of organic matter to

CO2 by the respiration of aquatic consumers (Mayorga

et al. 2005). However, only recently has attention been

given to understanding how community respiration

(CR) rates in aquatic systems respond to increasing

temperatures associated with climate change (Sobek et

al. 2005, Perkins et al. 2012, Yvon-Durocher et al. 2012)

as most work comes from terrestrial ecosystems. Recent

studies suggest that the temperature sensitivity of CR

(i.e., the degree to which CR increases with increasing

temperature) may in fact be higher and more variable

for aquatic than for terrestrial CR (Yvon-Durocher et

al. 2012). However, the key drivers of variation in

temperature sensitivity of CR in aquatic ecosystems

remain unclear, limiting our ability to understand how

watersheds will function as either sources or sinks of C

in response to ongoing climate change.

Temperature is a principal control of CR, yet there is

substantial debate about whether there is a universal

value for temperature sensitivity of CR among ecosys-

tems (Conant et al. 2011). Some have suggested that

temperature sensitivity is inherently invariant among

ecosystems, and that variation in other controls of

respiration rate (e.g., availability of organic C, nutrients)

mask a universal temperature dependence across organ-

isms and ecosystems (Gillooly et al. 2001, Perkins et al.

2012). In particular, the metabolic theory of ecology

(MTE; Brown et al. 2004) proposes that metabolism

scales consistently with temperature among organisms

and ecosystems due to the consistent biochemistry of

metabolism among microbes and plants that form the

basis for ecosystem metabolism. Therefore, temperature

sensitivity is often expressed as an enzyme activation

energy (E), and predictions of this universal scaling rate

typically fall around 0.63 eV (which corresponds to a

Q10 ¼ 2.4 [where Q10 is the factor by which respiration

increases across a 108C temperature range]; Gillooly et

al. 2001). While there is evidence that the MTE is

supported at the global scale (Yvon-Durocher et al.

2012), several studies have shown substantial site-scale

variation (Acuña et al. 2008, Craine et al. 2010) that is

potentially meaningful for watershed-scale carbon se-

questration estimates (Richey et al. 2002).

Studies in terrestrial and marine ecosystems suggest

that deviation from the intrinsic temperature sensitivity

reflects spatial variability in resource availability and

quality (Davidson and Janssens 2006, López-Urrutia
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and Morán 2007). Because microbial respiration, which

dominates CR in aquatic ecosystems (del Giorgio et al.

1997), is a series of enzymatic reactions, enzyme kinetics

have been applied to understand the basis for this

relationship, otherwise known as the ‘‘C-quality-tem-

perature hypothesis’’ (first proposed by Bosatta and

Ågren [1999] and Craine et al. [2010]). This hypothesis

states that because the activation energy is greater for

more complex C substrates, rates of respiration based on

recalcitrant C substrates, such as the organic C loaded to

streams from peatlands and soils, will increase more

with temperature (i.e., will have a higher temperature

sensitivity) than will respiration based on labile C

sources (e.g., Ylla et al. 2012). This relationship has

important implications for how CR will scale with

climate-driven changes in the hydrological and thermal

characteristics of ecosystems.

The temperature dependence of CR has important

implications for mineralization of C pools in river

basins, which vary widely in both quantity and quality

across the diverse landscapes that rivers drain (Wey-

henmeyer et al. 2012). Rivers are heavily influenced by

the size, slope, and topography of their watersheds that

hierarchically control channel form (Montgomery

1999), light (Finlay et al. 2011), temperature (Caissie

2006), nutrients (Helton et al. 2010), and the quantity

and quality of organic C input (Battin et al. 2008)

important to CR and other ecosystem processes. Broad

scale watershed characteristics also regulate the poten-

tial for storage and retention of C in the river channel

and, thus, the opportunity for microbes to access and

metabolize C substrates (Battin et al. 2008). Yet there

has been little research linking geomorphic features of

watersheds to thermal dependence of CR.

We hypothesized that watershed geomorphology is

predictably associated with the temperature sensitivity

of CR in streams draining them by influencing the

availability and quality of nutrients and organic matter.

We assessed whether stream chemistry was related to

watershed geomorphic features in streams of the Wood

River basin in southwest Alaska and investigated

whether the temperature sensitivity of CR among

streams was consistent with the predictions of the

MTE (Brown et al. 2004). We then examined the

variation in the temperature sensitivity of CR among

streams, and assessed whether this variation was

associated with the chemical and geomorphic features

of their watersheds.

METHODS

This study was conducted in 11 streams of the Wood

River basin (598200 N, 1588400 W) in the Bristol Bay

region of southwest Alaska during July and August 2011

(see Lisi et al. 2013 for further characterization of

streams in this basin). The majority of the Wood River

basin is within the Wood-Tikchik State Park and is

comprised of five large, interconnected lakes fed by

numerous small streams that drain southward through

the Wood River into Bristol Bay. This region is one of

the fastest warming on Earth (Maurer et al. 2007), and

is characterized by extensive peatlands with the potential

to release substantial amounts of C to the atmosphere

with ongoing climate warming. The Wood River basin

has considerable variation in geomorphic conditions

among sub-watersheds that produces a distinct gradient

in watershed slope and average elevation among streams

(Lisi et al. 2013).

To characterize variation in thermal conditions

among streams, water temperatures were monitored at

90-minute intervals throughout the summer from June

to September 2011 at the mouth of each stream using I-

button temperature recorders (Maxim Integrated Prod-

ucts, Sunnyvale, California, USA). Water samples for

total nitrogen (TN), total phosphorus (TP), dissolved

organic C (DOC), total dissolved nitrogen (TDN), and

C:N ratio were taken from streams at the same time as

sediments were collected for incubations to estimate CR.

TN was determined using perchloric acid digestion

followed by analysis with automated colorimetry. TP

concentration was determined colorimetrically after

persulfate digestion and reaction with molybdate and

stannous chloride (American Public Health Association,

American Water Works Association, and Water Envi-

ronment Federation 2014). Samples for DOC and TDN

analysis were acidified to pH 2 with hydrochloric acid

and frozen until analysis on a TOC/TN Analyzer

(Shimadzu, Kyoto, Japan). Estimates of stream periph-

yton biomass and benthic organic matter (as ash-free

dry mass, AFDM) were determined by scrubbing six

rocks per stream (the primary substrate in these

streams). We quantified chlorophyll a content per unit

rock surface area via flourometry after extraction in

methanol as described in Holtgrieve et al. (2010) and

AFDM by loss on ignition at 5008C for 30 minutes. In

addition, to evaluate whether biomass of heterotrophic

organisms was related to temperature sensitivity of CR,

we used an estimate of heterotrophic biomass derived

from our benthic AFDM and chlorophyll a data. To do

so, we subtracted algal-derived biomass (using a 100:1

ratio of total algal biomass to chlorophyll a) from total

AFDM. Benthic chlorophyll a and AFDM were highly

correlated (r ¼ 0.93); therefore, both terms were not

included in models together. To evaluate if there were

differences among models when using one or the other,

we tested all models twice: once with AFDM and once

with chlorophyll a (see Statistics and model fitting for

model description).

Stream benthic substrates, which in this system consist

of post-glacial gravel, were collected from 11 streams

arrayed along a distinct geomorphic gradient to quantify

the temperature sensitivity of oxygen consumption rates

(CR). We collected 360 rocks of the median particle size

(D50; Wolman 1954) from each stream (Pess 2009).

Thirty rocks were placed into individual 13-L dark high-

density polyethylene buckets (‘‘chambers’’; US Plastic

Corporation, Lima, Ohio, USA), which were subse-
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quently filled with stream water and covered with

airtight lids after eliminating any headspace. Two

replicate chambers were incubated in a water bath at

each of five temperatures distributed approximately

evenly from ;48C to 228C, representing the range of

stream summer temperatures observed among streams

in this system (Lisi et al. 2013). Chambers were allowed

to equilibrate to the incubation temperature for 1–2

hours, an initial oxygen concentration and water

temperature were taken using a YSI 6000MS V2 sonde

(YSI, Yellow Springs, Ohio, USA), and chambers were

then sealed. The chambers were gently agitated period-

ically throughout the incubation period and a final

oxygen concentration was taken after four hours. After

the incubation, the surface area of all stream particles in

each chamber was estimated. CR was calculated as (final

[O2] � initial [O2])/incubation period (in hours) and

reported as mg O2 consumed per hour per unit surface

area of sediments (mg O2�L�1�h�1�cm�2).

Statistics and model fitting

We used two principal components analyses (PCAs)

to summarize variation among streams in their physical,

chemical, and geomorphic conditions. The first PCA

summarized variation in stream chemical and physical

conditions among streams (variables included TN, TP,

TDN, chlorophyll a, DOC, C:N, and seasonal temper-

ature average and range). The second PCA was taken

from Lisi et al. (2013) and included watershed geomor-

phic data on a larger set of streams from the Wood

River basin to quantify variation among watershed

geomorphic characteristics for streams in this study;

variables included watershed slope, elevation, stream

particle size, watershed area, and lake area (Appendix A:

Fig. A1). We regressed the resulting composite axes

(principal components 1 and 2) from the stream

chemistry PCA against the watershed geomorphology

principal components (Table A1) to evaluate how

variation in stream chemistry co-varied with watershed

geomorphic characteristics. We also used the axes of

these PCAs to evaluate how variation among tempera-

ture sensitivity values was explained by composite

variation in stream chemistry or watershed geomor-

phology (Appendix E: Table E1).

We quantified the temperature sensitivity of CR using

the Arrhenius equation as described in Brown et al.

(2004) and shown below (Eq. 1). Eq. 1 expresses the

natural log of measured rates of CR as a function of a

standardized temperature predictor, which set the

intercept of the model equal to the rate of respiration

at a specific constant temperature (Tc ¼ 208C):

ln CRðTÞ ¼ � E
1

kT
� 1

kTc

� �
þ ln CRðTcÞ: ð1Þ

In this equation, k represents the Boltzmann constant

(8.62 3 10�5 eV/K; 1 eV ¼ 96.5 KJ/mol) and T is the

temperature in degrees Kelvin. The intercept

(ln CR(Tc)) allows for the comparison of the magnitude

of respiration rates at a standard temperature across

streams and is hypothesized to scale with factors that

control total biomass (Allen et al. 2005). Temperature

sensitivity is given by the slope of this relationship and

represented by the activation energy (E). E is a measure

of the minimum amount of chemical energy necessary

for a chemical reaction to occur and is measured in eV.

We estimated E and ln CR(Tc) with Eq. 1 using linear

mixed modeling in the lme4 package in R (Bates et al.

2013, R Core Team 2013). All models considered

included temperature as a fixed effect and a random

effect of stream and water bath on the intercept. We

then considered more complex alternative models

including temperature and several stream-specific envi-

ronmental parameters as fixed effects (see Appendix E:

Table E1; DOC concentration, C:N, TN, TP, chloro-

phyll a, AFDM, heterotrophic biomass, average tem-

perature, seasonal and daily temperature range, and

principal component axes) to evaluate how these

influenced the temperature sensitivity of CR. We tested

both interactive and additive fixed effects. A significant

interaction of an environmental predictor with temper-

ature indicates that it altered the slope of the relation-

ship between respiration rate and temperature across all

streams (i.e., the temperature sensitivity, E). However, if

only the additive main effect was included in a model,

that variable only influenced the intercept of the

relationship (ln CR(Tc)). Models to compare fixed

effects were fit by maximum likelihood and compared

with Akaike’s information criterion corrected for small

sample sizes (AICc). The significance of individual

parameters was assessed using likelihood ratio tests.

The random effects structure for the model was selected

by using the restricted maximum likelihood approach

(REML; Zuur et al. 2009) and evaluated with AICc

(Burnham and Anderson 2002). The final parameter

estimates for the best models were computed using

REML (Zuur et al. 2009).

Finally, we estimated a river-basin-scale temperature

sensitivity value that accounted for potential variation in

temperature sensitivity among streams. To do so, we

used the watershed slope–E relationship generated from

our data set of streams (R2¼ 0.32, Fig. 2B) to estimate

an E value for 40 additional streams in the Wood River

where we had values for watershed slope, which

accounted for ;50% of the total watershed area of the

Wood River. We used watershed slope to calculate E

rather than stream chemistry because slope data are

readily available from GIS and slope captured ;56% of

stream chemistry variation in this study (i.e., PC1chem).

In addition, we accounted for each stream’s contribution

to a basin-scale temperature sensitivity by, first,

weighting each stream’s estimated E value by its

proportional contribution to the total water discharge

of the 51 streams in our expanded data set (flow-

weighted; Lisi et al. 2013), and, second, by the

proportional DOC load (concentration 3 discharge)

from the 15 streams for which we had DOC concentra-
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tion data (DOC-weighted). We used a Monte Carlo

approach to generate a mean and standard deviation for

each stream’s E value by taking 10 000 random draws

from the prediction interval of the original regression

between watershed slope and E value. For streams for

which we had no discharge data, we estimated a

discharge value using watershed area based on a

regression between watershed area and discharge for

12 streams where we had seasonal discharge measure-

ments (R2 ¼ 0.97). We then accounted for error in the

flow-weighted E estimate by multiplying 10 000 individ-

ual random draws from the error around each stream’s

original E value (as above) by random draws from

within the prediction interval of the watershed area-

discharge relationship. The DOC-weighted value was

generated similarly to the flow-weighted estimate, but we

assumed that the measurement error in the DOC value

was trivial (,10%) therefore, only accounted for error in

the original E value.

RESULTS

Streams in the Wood River Basin varied substantially

in physical and chemical conditions. The first axis of the

stream chemistry PCA (PC1chem) primarily captured

differences among streams in DOC and N concentra-

tions (61% of variation) whereas the second axis of this

analysis (PC2chem) captured differences in benthic

chlorophyll a concentrations (20% of variation; Appen-

dix A: Fig. A2; Appendix B: Table B1; Appendix D:

Table D1). Moreover, stream chemistry varied predict-

ably with watershed features. Specifically, PC1geo

(associated with watershed elevation, slope, and stream

particle size) explained 50% of the variation in stream

chemistry (i.e., PC1chem). For example, watershed slope

alone explained 68% of the variation in DOC concen-

tration among streams. The addition of PC2geo (associ-

ated with lake and watershed area) improved model

performance to explain 77% of the observed variation in

stream chemistry (PC1chem; Fig. 1).

As expected, CR increased with temperature across all

streams in this study (R2 ¼ 0.40, Fig. 2A, Appendix E:

Table E1; Appendix C: Fig. C1). When considering a

model with only temperature as a fixed uniform effect,

we estimated an average temperature sensitivity value

(E) across all streams of 0.70 eV (SE¼ 0.06; Q10,5–158C¼
2.7), which is within the range predicted by the MTE

(0.40–0.74 eV; Gillooly et al. 2001), but higher than the

assumed universal value (Gillooly et al. 2001). When we

assessed whether differences in stream physical and

chemical conditions influenced the temperature sensitiv-

ity of CR and we found that the two best models

included DOC and C:N ratio as covariates. These

models were indistinguishable based on their AICc

values (DAICc ; 2), therefore, we considered them to

have equal explanatory power. Second, we found that

both DOC concentration and C:N were strongly and

positively associated with E among streams, suggesting

that both stream DOC concentration and C:N ratio

influence the temperature sensitivity of CR. We illustrate

these relationships in Fig. 2C and D by plotting the

estimated E value for each stream against the best

environmental predictors. Chlorophyll a concentration

was also included in one of the best models, but its

interaction with temperature, and thus influence on

temperature sensitivity, was not significant (Table E1).

When models were run with AFDM instead of

chlorophyll a, we found the same result and our estimate

of heterotrophic biomass was not included in any top

models (Table E1). Estimated stream intercept values

were significantly positively related to TN concentra-

tion, but were not related to other stream or watershed

characteristics (data not shown). Last, central to our

core hypothesis, including DOC concentration and C:N

improved the model fit over a model with temperature

alone, and increased the estimated value of E (E¼ 0.75

eV; Q10,5–158C ¼ 2.9, Table E1).

Models with geomorphic variables as covariates were

comparable to the best models based on their AICc

values (DAICc , 7.0). In addition, stream-specific

temperature sensitivity was positively correlated with

PC1geo (R2 ¼ 0.35), such that watershed slope was

negatively related to E and explained the most variation

of any watershed geomorphic variable we considered

(R2 ¼ 0.32, Fig. 2B).

Last, we found that the basin-scale unweighted

average E among the 51 streams was 0.82 eV (SE ¼
0.04; Q10,5–158C¼ 3.3; Table E1), the discharge-weighted

average was 0.82 eV (SE ¼ 0.06) and the DOC load

weighted average among the 15 streams was 0.84 eV (SE

FIG. 1. Relationship of stream chemistry with watershed
geomorphic characteristics (R2 ¼ 0.77). PC axes refer to
principal components analysis (PCA) axes from geomorphic
(geo) and chemical (chem) PCAs shown in Lisi et al. (2013) and
Appendix A: Fig. A1, respectively.
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¼ 0.08; Q10,5–158C¼ 3.4). Thus, all approaches for scaling

up to the river basin generated higher estimates of E

than the average of our 11 focal streams, largely a result
of the dominance of streams draining flat watersheds

throughout the basin.

DISCUSSION

We found substantial variation in the sensitivity of

CR to increasing temperature among streams in the
Wood River basin (Fig. 2, Appendix C: Fig. C1). CR

was positively related to temperature but the steepness

of this relationship varied predictably with stream

chemistry and watershed physical features. (Fig. 2,

Appendix E: Table E1). Further, we found that the

average temperature sensitivity of aquatic CR increased
as stream DOC concentration and C:N increased (Fig.

2C and D). Thus, the thermal scaling of CR varied

predictably across the river basin in response to DOC
concentration and quality (as C:N ratio) in streams,

which are, in turn, regulated by watershed geomorphic
features (Fig. 1).

It has been suggested that there is a universal

temperature dependence of community respiration

(Gillooly et al. 2001, Yvon-Durocher et al. 2012),

FIG. 2. (A) Community respiration rate as a function of incubation temperature across all streams and experimental replicates
in the study. The heavy black line is the fitted regression line from the mixed-effects model relating respiration rate to temperature
(R2¼ 0.40) across all observations (n¼ 91). Dashed lines represent fitted lines from models fit to data from 11 individual streams in
the study. Tc is a specific constant temperature (Tc¼208C), k represents the Boltzmann constant (8.62310�5 eV/K; 1 eV¼96.5 KJ/
mol), and T is the temperature in degrees Kelvin. Relationship of temperature sensitivity (E) estimated for individual streams (n¼
11) is also shown vs. (B) watershed slope (R2 ¼ 0.32), (C) dissolved organic carbon (DOC; R2¼ 0.46), and (D) C:N ratio (R2¼
0.58).
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reflecting the consistency in the basic biochemistry of

metabolism among organisms (Allen et al. 2005). The

average temperature sensitivity among all streams in this

study, E¼ 0.70 eV (SE¼ 0.06; Q10 of ;2.7), was within

the range of values that have been observed in both

terrestrial and aquatic ecosystems (0.24–1.08; Acuña et

al. 2008, Perkins et al. 2012, Yvon-Durocher et al. 2012)

and similar to that predicted by the MTE (E ; 0.63;

Gillooly et al. 2001).

Despite the consistency of this average result with

predictions of the MTE (Gillooly et al. 2001, Brown et

al. 2004) and with findings from other studies at the

global scale (Yvon-Durocher et al. 2012), we observed a

large degree of variation in E among individual streams

(Fig. 2A, Table C1). Slight differences in the value of

this slope can translate to substantial differences in

respiration rate (Gilooly et al. 2001). For example, the E

values that we estimated for individual tributaries

spanned the entire range included in a recent global

meta-analysis of temperature sensitivity in rivers and

streams (0.57–1.08; Yvon-Durocher et al. 2012). In fact,

the only other study to evaluate the variation in

temperature sensitivity among individual tributaries at

the river basin scale, also found a similar magnitude of

variation (0.24–0.86; Acuña et al. 2008). Taken togeth-

er, these data suggest that using a universal value to

describe the temperature sensitivity of C processing

across a river basin does not accurately reflect the

variation in C metabolism that occurs as rivers drain

heterogeneous landscapes with spatial variation in

geomorphic and chemical conditions.

We found that including concentration of DOC and C

quality (as C:N ratio) in our model modified estimates of

E (Table E1). It is well established that the DOC content

and quality, and nutrient availability in aquatic ecosys-

tems are important modifiers of CR (del Giorgio et al.

1997, Fontaine et al. 2007). Our results suggest that

these factors also modify the temperature sensitivity of

CR, which agrees with studies of soils and marine

systems showing that the temperature sensitivity of CR

can be regulated by environmental factors such as

substrate supply, substrate quality, and nutrient con-

centrations (Davidson and Janssens 2006, López-Urru-

tia and Morán 2007, Billings and Ballantyne 2013). A

recent global meta-analysis found that most ecosystem

types had similar temperature sensitivity values at the

seasonal scale, but terrestrial and aquatic systems

diverged at longer time scales (Yvon-Durocher et al.

2012). This might reflect that the variety of C substrates

is greater in aquatic systems, which are more dependent

on allochthonous C subsidies than terrestrial systems

(Cole and Caraco 2001). Interestingly, the MTE also

predicts that heterotrophic metabolism is more temper-

ature sensitive than primary production (Gillooly et al.

2001, Allen et al. 2005), which has also been supported

by aquatic mesocosm experiments (Yvon-Durocher et

al. 2010). Other studies have also shown that E of

heterotrophic respiration of photosynthetically-derived,

labile C often reflects the lower temperature sensitivity

of photosynthesis (;0.32 eV; Allen et al. 2005) Thus,

our higher estimates of E also suggest that heterotrophs

in these systems depend more on recalcitrant, terrestrial

C sources rather than algal-derived C. This is further

supported by the positive relationship we observed

between E and the C:N ratio among streams in this

study (Fig. 2D).

It was somewhat surprising that benthic chlorophyll a

and AFDM were not significant predictors of temper-

ature sensitivity in our streams as other studies have

shown (Acuña et al. 2008, Demars et al. 2011). We

hypothesize that we saw a stronger relationship between

DOC/C:N and temperature sensitivity because these

variables were more integrative measures of the avail-

able organic substrates in our streams. Further, we saw

no relationship of temperature sensitivity with hetero-

trophic biomass in our study. While it is possible that

biomass of benthic organisms could influence tempera-

ture sensitivity if thick biofilms become limited by the

diffusion rates of key substrates (Larned et al. 2004);

this result was not supported by our data, possibly

because the amount of biomass that accumulated in our

study streams was insufficient to cause diffusion

limitation. In any case, our results show much stronger

effects of substrate quality on temperature scaling of

CR. The dependence on substrate supply and quality

that we found within a river basin has important

implications for the fate of watershed C given the large

pools of C of varying quality that await decomposition

on boreal landscapes and suggests that landscape-scale

variation in C quantity and quality will affect the

response of CR in streams to warming.

Our results suggest that the geomorphology of river

networks is important in modifying the response of

stream CR to temperature. Watersheds control several

physical and chemical factors that influence the magni-

tude of C metabolism by bacterial communities (Battin

et al. 2008) and, thus, ultimately regulate ecosystem

metabolism and how it scales with temperature. While

this study was performed in only a single season, we

found strong support that geomorphic features influence

temperature sensitivity indirectly through regulating

stream C and N concentrations and their ratio among

streams (Figs. 1 and 2). Watershed geomorphic charac-

teristics explained a substantial proportion (;77%) of

variation in stream chemistry, and the majority of that

variation was a function of watershed slope (;56%).

Watershed slope was negatively related to temperature

sensitivity (Fig. 2B) such that CR in streams in steep

watersheds was less sensitive to temperature than in

streams with flat watersheds. This result likely derives

from the effect of watershed slope on accumulation of C

on the landscape; steep watersheds do not tend to

accumulate C in soils and wetlands whereas streams in

flat watersheds accumulate C as peat in the watershed or

within the stream itself in transient storage zones (Battin

et al. 2008). Thus, streams draining different types of
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watersheds are characterized by fundamentally different

organic substrates available to aquatic consumers that
regulate CR. Our results show that the connectivity of

streams to their watersheds will influence ecosystem-
scale responses to temperature and has the potential to
alter rates of CO2 export from watersheds.

While we only tested the influence of increasing
average temperatures, recent studies have suggested

that metabolism can also be sensitive to changes in
thermal regimes (Vasseur et al. 2014). We tested this

by including daily and seasonal stream temperature
ranges as potential fixed effects in our model, and

neither were included in any top models. Capturing
more realistic scenarios of changing thermal regimes

would require a more complicated experimental design
than we used in this study. Nevertheless, our results

demonstrate that watershed physical and chemical
conditions modulate the sensitivity of CR to changing

temperature; the nuances of which have yet to be
worked out.

In summary, we show that the responses of C
processing in river networks to warming are heteroge-
neous and will be expressed differently among tributar-

ies of river basins, thereby having the potential to affect
how watersheds sequester and release CO2 in response to

changing climate. While the influence of variation in
temperature sensitivity of CR on CO2 release at the

watershed scale will also depend on the magnitude of
CR of individual streams, our results suggest that the

variation in temperature sensitivity can be constrained
by accounting for geomorphic features of watersheds.
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SUPPLEMENTAL MATERIAL

Appendix A

Principal components analysis (PCA) of stream chemical and physical characteristics of stream sites included in this study
(Ecological Archives E095-236-A1).

Appendix B

Results from stream chemistry PCA (Ecological Archives E095-236-A2).

Appendix C

Individual stream community respiration responses to temperature (Ecological Archives E095-236-A3).

Appendix D

Range of values of chemical, physical, and geomorphic parameters of streams sampled for this study (Ecological Archives
E095-236-A4).

Appendix E

Table of all models considered and their relative support via the Akaike information criterion adjusted for small sample sizes
(AICc) (Ecological Archives E095-236-A5).

Appendix F

Table of all estimated enzyme activation energy (E) values and their associated error for 39 additional streams in the Wood
River (Ecological Archives E095-236-A6).
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