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Seasonal changes in light availability modify the temperature
dependence of ecosystem metabolism in an arctic stream
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Abstract. Light and temperature are key ecosystem drivers, but their synchronous annual
cycles typically confound partitioning of their relative inﬂuence. Arctic spring-streams,
subject to extreme annual ﬂuctuations in light but stable water temperatures, provide a rare
contrast that allows the parsing of their independent effects. Over 30 months, we assessed the
effects of light and temperature on ecosystem metabolism and nutrient uptake in Ivishak
Spring, Alaska, USA. (latitude 698 N, water temperature range ;48–78C) using open-channel
methods and short-term NH4þ-N, NO3-N, and P additions, respectively. We predicted that
rates of ecosystem respiration (ER) would mirror seasonal patterns of gross primary
production (GPP), rather than temperature, due to relatively constant rates of metabolic
demand year-round, resulting in carbon limitation during winter (October–March) when
photosynthesis effectively ceases. Because patterns of nutrient uptake and GPP are often
coupled due to assimilatory demand, we also predicted that extreme annual cycles of light
would result in equally extreme cycles of nutrient uptake, with demand being relaxed during
winter.
In accordance with our prediction, we found that ER scaled linearly with GPP. Peak
summer rates of GPP (.4.0 g Cm2d1) and ER (.5.0 g Cm2d1) were surprisingly high,
being comparable to those of productive streams at temperate latitudes. Winter rates (GPP
;0.0, ER ,1.0 g Cm2d1) were low, however, and Arrhenius plots showed clear deviations
from theoretical temperature dependence of GPP and ER during winter when other factors
assumed primacy. For GPP, this factor was undoubtedly light availability, but for ER,
carbon limitation is implicated due to low GPP. Signiﬁcant nutrient uptake occurred only for
NH4þ-N, indicating N limitation, and rates of uptake were also synchronous with cycles of
light availability. Consequently, light, rather than temperature, was the major driver of
annual patterns of ER and nutrient cycles in this arctic ecosystem. Synchronous light and
temperature cycles are pervasive among ecosystems. The winter onset and severity of energy
limitation we document highlights the importance of this synchrony and how the
confounding of light and temperature obscures details of mechanisms by which these
fundamental drivers affect ecosystem processes.
Key words: Alaska; ammonium; ecosystem metabolism; ecosystem respiration; gross primary
production; light; nitrogen; nutrient uptake; phosphorus; seasonality; spring-streams; temperature.

INTRODUCTION
Light availability and temperature are key drivers of
most ecosystem processes (e.g., Roberts et al. 2007,
Heffernan and Cohen 2010, Trimmer et al. 2012).
Although their independent effects have been assessed
experimentally at small scales (Ylla et al. 2007, Dossena
et al. 2012, Matheson et al. 2012), understanding at the
large spatial scales traditionally used to deﬁne ecosystems
(e.g., catchment scale) is hindered by the fact that
temporal cycles of light and temperature are almost
invariably synchronized (Fig. 1a). Temperate ecosystems,
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for example, experience short days (low light availability)
and cold temperatures during winter and long days (high
light availability) and warm temperatures during summer. At lower latitudes, the seasonal ﬂuctuation in both
day length and temperature is reduced, while at higher
latitudes these ﬂuctuations become more extreme.
Nevertheless, the synchrony between ﬂuctuations in light
availability and temperature remains.
The recognition of the confounding effect of light
availability and temperature on ecosystem processes is
important because the synchrony of their annual cycles
has implications for understanding factors ranging from
the evolution of consumer life history strategies,
particularly the life histories of ectotherms, to those
driving temporal patterns of ecosystem processes such as
nutrient cycling and productivity. Consider that primary
productivity is maximized during periods of high light
availability, which coincidently are also periods when
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FIG. 1. Conceptual model summarizing anticipated annual patterns of ecosystem metabolism in arctic spring-stream
ecosystems. L is light, T is temperature, GPP is gross primary production, ER is ecosystem respiration. (a) Coupled pattern of light
availability and temperature that normally occurs in high-latitude ecosystems. (b) Decoupling of light and temperature that occurs
in arctic springs. (c) Decoupled pattern of annual GPP (controlled by light availability) and ER (controlled by temperature)
anticipated if organic carbon stores are not limiting due to donor-control. (d) Quasi-coupled pattern of annual GPP (controlled by
light availability) and ER (controlled by both organic carbon supply and temperature) anticipated if organic carbon stores are
limiting due to a dominance of autochthony.

the metabolic demands of ectotherms are greatest due to
high temperatures, and minimized during dark, cold
periods when demands by ectotherms are minimized.
The seasonal synchrony of light and temperature cycles,
and the complementary energetic response by consumer
communities and ecosystems, are both profound and
pervasive but have received little explicit attention,
presumably due to a dearth of ecosystems providing
effective counterpoints. One such counterpoint, however, can be found in the form of arctic spring-stream
ecosystems.
Perennially ﬂowing, spring-fed streams with relatively
constant temperatures (38 to 108C) are uncommon but
widespread on the arctic North Slope of Alaska
(Yoshikawa et al. 2007). Here they provide the only
open-water habitat during winter, when air temperatures
may be ,408C for extended periods, and other
headwater streams freeze solid (Parker and Huryn
2011). Because of the combination of relatively constant
water temperature and extreme seasonal ﬂuctuations in
day length (Fig. 1b), arctic spring-fed streams represent
a previously unexplored opportunity for advancing
understanding of the relationship between light and
ecosystem processes. The annual pattern of primary
productivity in these open-canopy ecosystems, for
example, is anticipated to show dramatic ﬂuctuations
due to extreme seasonality in light availability (continuous daylight during the summer solstice but only a few
hours of twilight during the winter solstice [Pielou

1994]), while near-constant water temperatures result in
stable rates of metabolism by organisms such as
ectothermic vertebrates and invertebrates, and microbes
(Fig. 1c), possibly leading to organic carbon limitation
during winter when primary production is effectively
halted (Fig. 1d). Under this scenario, the canonical
relationship between ecosystem respiration and temperature (e.g., Enquist et al. 2003) is expected to break
down, because seasonal patterns of ecosystem respiration are driven by annual cycles of light rather than
temperature, similar to ﬁndings of recent studies of
marine microbial communities showing that resource
limitation (e.g., C, N, P) is an important process
explaining anomalies in temperature–metabolism relationships (López-Urrutia and Morán 2007, Degerman et
al. 2013).
Here we assess the effects of cycles of light availability
under conditions of relatively constant temperature on
annual patterns of primary production, ecosystem
respiration, and nutrient uptake in an arctic spring-fed
stream (Ivishak Spring, Alaska [Parker and Huryn
2006]). We assessed the potential effect of carbon
limitation on ecosystem respiration–temperature relationships by testing the prediction that rates of
ecosystem respiration would mirror seasonal patterns
of primary production, rather than temperature, due to
relatively constant and high rates of metabolic demand
that result in carbon limitation during the long, dark,
arctic winter (i.e., October–March) when photosynthe-
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sis is greatly reduced (Fig. 1d). Accordingly, we
anticipated that rates of primary production and
ecosystem respiration should be signiﬁcantly related, a
pattern unusual for stream ecosystems, which, in many
cases, show little or no correlation between these
processes (Young et al. 2008, Townsend et al. 2011)
due to extreme donor control of their ecosystem
metabolism (i.e., majority of ecosystem respiration
sustained by imported organic matter). Because patterns of nutrient uptake and primary production by
stream ecosystems are often closely coupled due to
assimilatory demand (Hall and Tank 2003, Fellows et
al. 2006, Heffernan and Cohen 2010), we also predicted
that extreme annual cycles of light availability and
related metabolic processes would result in equally
extreme annual cycles of nutrient availability, with rates
of uptake being relaxed during the long period of winter
darkness. The data used to test these predictions were
collected over a 30-month period of intensive sampling.
This relatively long period of study was chosen to
account for the notoriously high level of temporal and
spatial variability associated with stream ecosystem
structure and function, which can mask the often subtle
relationships between metabolism and nutrient dynamics (Roberts and Mulholland 2007, von Shiller et al.
2008).
SITE DESCRIPTION
Ivishak Spring is a tributary of the Ivishak River, a
braided river that ﬂows through the Arctic National
Wildlife Refuge (Appendix: Fig. A1) on the North Slope
of the Brooks Range of Alaska, USA (Parker and
Huryn 2006). The mean annual precipitation of this
region is 250þ mm/yr and the mean annual air
temperature is 128C (Huryn and Hobbie 2012). The
warmest month is July (mean monthly air temperature
of 128–138C) and the coldest is February (mean monthly
air temperature of 308C [Huryn and Hobbie 2012]).
The Ivishak Spring stream is formed by the coalescence
of a series of seeps arising in a wet-sedge/Sphagnum
meadow, whereupon it ﬂows downslope for ;100 m and
receives further discharge from a major spring (‘‘Ivishak
Hot Spring,’’ 69801 0 24.100 N, 147843 0 21.100 W) associated
with an outcrop of the groundwater-rich Lisburne
Limestone (Huryn and Hobbie 2012). The stream then
ﬂows for an additional ;300 m (69801 0 31.60 00 N,
147843 0 12.7600 W) before joining a tributary draining
an adjacent catchment (‘‘Ivishak Mountain Stream’’
[Parker and Huryn 2006, 2011]). The habitat structure of
the spring-stream (hereafter ‘‘Ivishak Spring’’) consists
of relatively long, uniform rifﬂes paved with gravel and
cobble-size particles covered with the bryophyte Cratoneuron ﬁlicinum (Parker and Huryn 2006). Pools are
infrequent. Stream discharge shows relatively little
variability (annual mean ¼ 136 L/s), resulting in high
substratum stability (Parker and Huryn 2006). Water
temperature ranges from a constant 7.38C at the main
spring source to a mean annual temperature of 5.88C
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with an annual ﬂuctuation of ;38–48C about 240 m
below the source (Benstead and Huryn 2011). Nutrient
concentrations during summer are similar to other
headwater streams of the eastern North Slope for which
information is available (i.e., soluble reactive phosphorus [SRP] ¼ 0.10 lmol/L, NH4þ-N ¼ 0.05 lmol/L, NO3N ¼ 5.3 lmol/L [Huryn et al. 2005, Parker and Huryn
2011]). Riparian vegetation consists of willow thickets
(primarily Salix alaxensis) 2 m in height and a small
grove of balsam poplars (Populus balsamifera) ;3–4 m
in height along one bank of Ivishak Spring near its
conﬂuence with Ivishak Mountain Stream (see Plate 1).
METHODS
Ecosystem metabolism
General approach.—The two components of ecosystem metabolism (EM), gross primary production (GPP),
and ecosystem respiration (ER), were estimated for a
200-m study reach on 26 dates between March 2007 and
August 2009 using the two-station open-channel method
(Owens 1969). This method is based upon a massbalance approach requiring estimates of dissolved
oxygen concentration (DO, measured as milligrams of
O2 per liter) at upstream and downstream locations of a
stream study reach for which metabolism is to be
estimated (Marzolf et al. 1994, Young and Huryn 1998,
1999). This method assumes that gains and apparent
losses of DO along the reach are due to gross primary
production, ecosystem respiration, re-aeration, and
dilution of DO due to groundwater inﬁltration (Owens
1969, Marzolf et al. 1994, Hall and Tank 2005). We
accounted for changes in DO due to re-aeration
following Marzolf et al. (1994) using the correction
provided by Young and Huryn (1998), and the effects of
groundwater dilution following Hall and Tank (2005;
details provided in the Appendix). Once the effects of reaeration and groundwater dilution on diel patterns of
DO are accounted for, ER can be estimated during
nighttime when changes in DO due to GPP are not
occurring. Nighttime ER can then be extrapolated to
daytime periods, allowing GPP to be estimated by
difference. This approach is problematic during the
arctic summer (June–August) when continuous daylight
occurs, although the light intensity near stream substrata reaches low levels during the early morning hours. To
estimate ER under such conditions (July and August
sampling only; no data from June due to permit
restrictions), we followed the approach of Bowden et
al. (2014), which is based on a regression of EM vs.
photosynthetically active radiation (PAR) measured at
short intervals (3-minute intervals in this study) over the
entire diel light cycle, which allows ER in the absence of
light to be estimated by extrapolation (e.g., ER ; EM at
PAR ¼ 0 lmolm2s1). Values for ER and GPP given
in units of DO were converted to units of carbon (C)
using a photosynthetic quotient of 1.2 and a respiratory
quotient of 0.85 (Bott 2006).
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Organic matter
Bryophytes and other forms of benthic organic matter
were sampled during most visits. Five samples were
taken at ;40-m intervals using a Surber sampler (0.09
m2, 243-lm mesh). Periphyton was sampled using a
plastic 35-mm slide mount to partition an area of the top
surface of each of ﬁve rocks (8.05 cm2) lacking
bryophytes (Slavik et al. 2004). Dissolved organic
carbon (DOC) was sampled on each visit from January
2008 to May 2009 (13 semimonthly sampling dates) at
the same locations where ambient nutrient samples were
taken (n ¼ 15 samples plus two samples from the spring
source, see Nutrients: Ambient nutrient concentrations).
See Appendix for details of organic matter sample
processing.
Nutrients
Ambient nutrient concentrations.—Water samples for
analysis of SRP, NH4þ-N, and NO3-N concentrations
were taken from the stream’s thalweg at 10–20 m
intervals along the study reach (n ¼ 15) and from the
spring source (n ¼ 2) during each visit. Samples (;40
mL) were collected using a 50-mL polyethylene syringe,
ﬁltered through ashed GF/F glass ﬁber ﬁlters, and
stored in new 50-mL polyethylene centrifuge tubes
(Fisher Scientiﬁc, Pittsburgh, Pennsylvania, USA).
Separate samples were taken for each nutrient and were
immediately frozen (winter) or stored on ice and then
frozen within 2–3 days (summer) before transport to the
laboratory for analysis. Ammonium concentrations
were measured using the orthophthalaldehyde ﬂuorometric method (Holmes et al. 1999), as modiﬁed by
Taylor et al. (2007). Nitrate concentrations were
measured using ion chromatography (Dionex ICS 2000
Ion Chromatograph, Dionex Corporation, Sunnyvale,
California, USA [APHA 1998]) and SRP concentrations
were measured using the ascorbic acid method (Murphy
and Riley 1962).
Nutrient uptake.—We used standard nutrient-release
techniques (Mulholland 2004, Webster and Valett 2006)
to measure uptake rates of NH4þ-N during every visit
(26 dates between March 2007 and August 2009) and
uptake rates of either SRP or NO3-N on a subset of
visits. In summary, dissolved nutrient concentrations
were elevated above ambient by pumping a stock
nutrient solution (NH4Cl, NaNO3, or Na2HPO4 ) into
the stream at a constant rate using a metering pump
until a target plateau concentration throughout the
study reach was achieved (a minimum of three hours
based on rhodamine releases; see Appendix). Once
target concentrations were achieved, stream water was
sampled for nutrient analysis at 10-m intervals (0–100
m) or 20-m intervals (100–200 m) along the study reach
(n ¼ 15 samples). The sampling method was identical to
that used to collect ambient nutrient samples (see the
previous paragraph). Releases of different nutrients were
conducted on different days (e.g., nitrate or phosphate
released on day 1, ammonium released on day 2).
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An important drawback to methods based on nutrient
additions is that they overestimate uptake rates that
occur at ambient (lower) concentrations (Mulholland et
al. 2002, Payn et al. 2005). We used the approach of
Payn et al. (2005) to estimate uptake rates at ambient
conditions. This approach is based on the regression of
uptake rates against different nutrient plateau concentrations, which allows the estimate of ambient uptake
rates via extrapolation. To obtain data required for this
approach we released nutrients at three different rates
(lowest to highest) to achieve three independent plateau
concentrations. Resulting data were combined with
other ancillary data (e.g., stream depth, water velocity,
ambient nutrient concentrations) to estimate metrics
describing nutrient uptake dynamics in streams: uptake
length ¼ Sw (in meters), uptake velocity ¼ Vf (mm/min),
and areal uptake rate ¼ U (mgm2h1) following
Webster and Valett (2006).
RESULTS
Ecosystem metabolism
Ecosystem metabolism was measured on 22 dates (24hour periods) between 20 March 2007 and 2 August
2009. Attempts on four additional dates (1 August 2007,
8 October 2007, 18 December 2007, 25 May 2009) were
stymied by instrument failure. The approach of Bowden
et al. (2014) was used to estimate ER on ﬁve dates (4
July 2007, 3 July 2008, 2 August 2008, 2 July 2009, 2
August 2009) due to continuous daylight, which
precluded measurements of EM in darkness. It must
be noted, however, that there are marked diel changes in
light intensity during the arctic summer, with daily PAR
levels measured during our study declining to ;19.6–
24.1 lmolm2s1 for short periods during early July
and ;0.3 lmolm2s1 during early August. Rates of
EM estimated at the lowest PAR levels during these
periods were only 10% to 33% lower than extrapolated
rates of ER, indicating that our estimates based on the
approach of Bowden et al. (2014) were reasonable. A
summary of ancillary data required for estimating
metabolism is provided in the Appendix: Table A1.
Raw data describing diel patterns of DO, PAR, and
other variables are available from the Carleton University web site.3
Ecosystem GPP ranged from 0 g Cm2d1 on 18
December 2008 to 4.4 g Cm2d1 on 2 July 2008 (1.5 6
0.3 g Cm2d1; mean 6 SE), while ER (corrected for
groundwater input) ranged from 0.4 g Cm2d1 on 11
November 2007 to 8.7 g Cm2d1 on 2 July 2007 (3.8 6
0.5 g Cm2d1; mean 6 SE; Fig. 2). Maximum
estimates of GPP should be conservative due to the
formation of O2 bubbles during periods of high
photosynthetic activity (April–July; A. D. Huryn, J. P.
Benstead, and S. M. Parker, personal observation).
Estimates of annual ecosystem GPP were ;566 g C/m2
3

http://data.eol.ucar.edu/codiac/dss/id¼106.336
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2008–2 August 2009. GPP : ER ratios of ;0.5 indicate a
co-dominance of autochthonous and allochthonous
support of ER. Despite clear annual cycles of GPP
and ER, patterns of NEP showed no apparent
seasonality (Fig. 2).
Light and temperature as drivers of ecosystem metabolism
Mean daily water temperature (Appendix: Fig. A3)
ranged from 4.68C (28 February 2008) to 7.38C (2
August 2009) among dates when GPP and ER were
estimated (range ¼ 2.88C). Water temperature and PAR
were correlated (r ¼ 0.74, P , 0.0001, df ¼ 21). Mean
daily PAR (Appendix: Fig. A3) ranged from 0.2
lmolm2s1 (18 December 2008) to 488.5 lmolm2s1
(2 July 2008). GPP was positively related to both PAR
(R 2 ¼ 0.85, P , 0.0001, df ¼ 21, linear model; Appendix:
Fig. A4) and water temperature (R 2 ¼ 0.65, P , 0.0001),
as was ER (PAR, R 2 ¼ 0.29, P , 0.01; water
temperature, R 2 ¼ 0.47, P , 0.001; Appendix: Fig.
A4). NEP was not signiﬁcantly related to either PAR
(R 2 ¼ 0.00, P ¼ 0.87) or water temperature (R 2 ¼ 0.12, P
¼ 0.12; Appendix: Fig. A4). Plots of GPP vs. PAR over
3-min intervals were sub-linear and indicated incipient
light saturation of photosynthesis at ;600700
lmolm2s1 (data not shown). Photoinhibition of
GPP was not detected.
Dissolved organic carbon
FIG. 2. Seasonal patterns of GPP (circles) and ER
(triangles, top panel) and NEP (bottom panel) for Ivishak
Spring, Alaska, USA. GPP, ER, and NEP (see Fig. 1) were
estimated semimonthly from March 2007 to August 2009.

during 1 August 2007–1 August 2008 and ;387 g C/m2
during 1 August 2008–2 August 2009. Annual ER was
;1060 g C/m2 from 1 August 2007–1 August 2008 and
;748 g C/m2 from 1 August 2008–2 August 2009.
GPP followed strong annual cycles with peak rates
occurring during May or July (R 2 ¼ 0.69, P , 0.0001, df
¼ 21, quadratic model, all years combined, no data from
June in any year; Appendix: Fig. A2). ER showed a
similar pattern (R 2 ¼ 0.44, P , 0.005, df ¼ 21, quadratic
model, all years combined; Appendix: Fig. A2). ER was
signiﬁcantly related to GPP (R 2 ¼ 0.53, P , 0.0002, df ¼
21, linear model, all years combined). The average rate
of ER predicted when GPP was zero (i.e., basal ER) was
1.3 6 0.8 g Cm2d1 (y-intercept and 95% CI; Fig. 3).
Daily net ecosystem production (NEP) ranged from
3.4 g Cm2d1 on 2 September 2007 to 0.7 g
Cm2d1 on 2 July 2008 (Fig. 2, annual mean 6 SE
¼ 1.2 6 0.2 g Cm2d1). NEP was negative on 18 of
22 dates. Dates when NEP was positive occurred during
spring (20 March 2007, 17 April 2009) and July (2 July
2008, 1 July 2009). Annual NEP was 494 g C/m2
(GPP : ER ¼ 0.53) during 1 August 2007–1 August 2008
and 361 g C/m2 (GPP : ER ¼ 0.52) during 1 August

Dissolved organic carbon concentrations ranged from
0.5 6 0.0 mg C/L (20 April 2009) to 1.4 6 0.2 mg C/L
(22 April 2008, Appendix: Fig. A5). The mean
semimonthly DOC concentration was 1.0 6 0.1 mg C/
L (n ¼ 17). Although a number of signiﬁcant differences
in DOC concentration were detected among months, no
seasonal patterns were evident. Nor were any signiﬁcant

FIG. 3. ER vs. GPP (g Cm2d1) for Ivishak Spring,
Alaska, USA. GPP and ER were estimated semimonthly from
March 2007 to August 2009 (see Fig. 1). The mean ER
predicted when GPP ¼ 0 (basal ER) is 1.3 6 0.8 g Cm2d1
(intercept and 95% CI).
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FIG. 4. Seasonal patterns of NH4þ-N (triangles), NO3-N (open circles), and soluble reactive phosphorus (SRP; solid circles)
concentrations (lg/L) measured semimonthly in Ivishak Spring, Alaska, USA (March 2007–August 2009).

trends in longitudinal DOC concentration detected.
Rates of ER were positively related to DOC concentrations (R 2 ¼ 0.36, P ¼ 0.01, power relationship). This
relationship, however, was strongly affected by a single,
high-leverage point (20 April 2009, ER ¼ 0.68 g
Cm2d1, DOC ¼ 0.47 mg C/L). When this point was
removed from the analysis, the resulting R2 was reduced
to 0.12 and the relationship was no longer signiﬁcant (P
¼ 0.21).
Benthic organic matter
Autotrophs.—Mean biomass of bryophytes and associated epiphytes (measured as ash-free dry mass) was
77.7 6 10.4 g AFDM/m2 (semimonthly mean 6 SE;
Appendix: Fig. A5). Semimonthly estimates of bryophyte biomass ranged from 21.5 g AFDM/m2 (17
October 2008) to 262.7 g AFDM/m2 (26 March 2008).
Although differences (ANOVA, log transformation,
Tukey’s LSD, P , 0.05) in bryophyte biomass were
detected among the 24 sample dates, these were
restricted to biomass measured on 17 October 2008
(21.5 g AFDM/m2) being signiﬁcantly lower than that
measured on 4 September 2007 (106.2 g AFDM/m2) and
26 March 2008 (262.7 g AFDM/m2).
The mass of bioﬁlms on benthic substrata without
bryophyte cover ranged from 0.5 6 0.1 g AFDM/m2 (5
July 2007) to 2.2 6 0.3 g AFDM/m2 (24 April 2008).
The semimonthly mean bioﬁlm mass was 1.2 6 0.1 g
AFDM/m2 (n ¼ 21 months). Mean benthic chlorophyll a
biomass on substrata lacking bryophytes ranged from
5.0 6 2.3 mg/m2 (26 January 2008) to 209.3 6 50.0 mg/
m2 (24 April 2008). The semimonthly mean chlorophyll
a biomass was 24.2 6 9.6 mg/m2 (n ¼ 21 months).
Although signiﬁcant differences in bioﬁlm and chloro-

phyll a biomass among months were detected, no
seasonal patterns were apparent.
Detritus.—Storage of ﬁne particulate organic matter
(FPOM) was 7.4 6 1.3 g AFDM/m2 (semimonthly
mean 6 SE). Semimonthly estimates ranged from 1.4 g
AFDM/m2 (26 March 2008) to 23.3 g AFDM/m2 (17
October 2008; Appendix: Fig. A5). Differences (ANOVA, log transformation, Tukey’s LSD, P , 0.05) in
FPOM storage were detected among the 23 sample
dates (no data for November 2008), but were relatively
trivial and restricted to storage measured on 22 April
2008 and 20 April 2009 (both 2.1 g AFDM/m2) being
signiﬁcantly lower than FPOM measured on 4 July 2007
(11.6 g AFDM/m2), 29 February 2008 (22.5 g AFDM/
m2), and 17 October 2008 (23.3 g AFDM/m2). The only
other relatively abundant forms of detritus were leaves
(primarily S. alaxensis and P. balsamifera) and wood.
Leaf detritus occurred in measurable quantities from 14
November 2007 to 28 March 2008 (mean monthly mass
¼ 0.2 6 0.1 g AFDM/m2, n ¼ 4 months) and 28 May to
4 August 2009 (mean monthly mass ¼ 1.2 6 0.7 g
AFDM/m2, n ¼ 3 months; Appendix: Fig. A5). Woody
debris occurred sporadically and was found in measurable quantities on 13 of 24 sample dates (mean monthly
mass ¼ 2.9 6 1.6 g AFDM/m2).
Nutrient concentrations and uptake
Ambient nutrient concentrations.—Ambient concentrations of SRP ranged from below detection (,0.1 lg/
L; 2 August 2007, 28 May 2008, 19 November 2008, 22
January 2009) to 8.4 6 0.9 lg/L (18 February 2009). The
mean monthly concentration was 2.8 6 0.6 lg/L (n ¼
21). No signiﬁcant longitudinal or seasonal patterns of
concentration were detected (Fig. 4). Ambient concentrations of NO3-N ranged from 51.8 6 2.8 lg/L (18
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FIG. 5. (a) Seasonal patterns of spiraling length (Sw [m]),
(b) uptake velocity (Vf, [mm/min]), and (c) areal uptake (U
[mgm2h1]), all indicated by solid circles, estimated semimonthly for ambient concentrations of NH4þ-N in Ivishak
Spring, Alaska (March 2007–August 2009). PAR is indicated
by open circles.

February 2009) to 133.1 6 4.2 lg/L (1 March 2008). The
mean monthly concentration was 77.0 6 4.2 lg/L (n ¼
21). Signiﬁcant decreasing gradients (upstream to
downstream) of concentration were detected on 4 of
21 dates (5 July 2007, 26 March 2007, 3 August 2008, 16
October 2008). No signiﬁcant seasonal pattern in NO3N concentration was apparent (Fig. 4). Ambient
concentrations of NH4þ-N ranged from 0.2 6 0.0 lg/L
(19 April 2009) to 2.9 6 0.1 lg/L (28 May 2008). The
mean monthly concentration was 1.5 6 0.1 lg/L (n ¼
24). Signiﬁcant gradients in concentration were detected
on 13 of 24 dates. Increasing concentration gradients
(upstream to downstream) were detected on eight dates,
while decreasing gradients were detected on ﬁve dates.
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There was a signiﬁcant trend for decreasing downstream
gradients in NH4þ-N concentration during January
through May and increasing gradients during the
remainder of the year. Otherwise no signiﬁcant seasonal
patterns in ambient NH4þ-N concentration were apparent (Fig. 4). The mean molar ratio of dissolved
inorganic nitrogen (DIN ¼ NH4þ-N þ NO3-N) to
SRP was ;74:1.
Nutrient uptake.—Twenty-seven releases of Na2HPO4
over nine dates (three releases of three concentrations
per date) occurred from March 2007 to February 2008
and May 2009–July 2009. The average increase in SRP
concentration was 33, 83, and 123 ambient. No
signiﬁcant uptake was detected. Twenty-one releases of
NaNO3 over seven dates (three releases of three
concentrations per date) occurred from March 2008 to
October 2008. The average increase in NO3-N concentration was 1.23, 1.93, and 2.23 ambient. Five of the 21
releases (March 2008, two releases; April 2008, 1 release;
October 2008, two releases) showed a signiﬁcant
downstream decrease in concentration along the study
reach, indicating uptake. The spiral length (Sw) for these
releases ranged from 139 to 763 m. Data were
insufﬁcient to estimate uptake at ambient NO3-N
concentrations using the Payn et al. (2005) method.
Sixty-nine releases of NH4Cl over 23 dates (three
concentrations per date) occurred from March 2007 to
August 2009. The average increase in NH4þ-N concentration was 33, 83, and 153 ambient. A signiﬁcant
downstream decrease in NH4þ-N, indicating uptake, was
detected for releases at all three concentrations on 18 of
23 dates (54 releases) and for releases at only two
concentrations on the ﬁve remaining dates. Of the latter,
it was the releases at the highest concentrations that
showed no signiﬁcant uptake. Spiral lengths (Sw) for all
releases showing signiﬁcant uptake ranged from 35 to 495
m. Sw at ambient NH4þ-N concentrations for the 18 dates
when all three releases revealed signiﬁcant uptake ranged
from 13 m (24 March 2008) to 238 m (8 October 2007;
Fig. 5). Mean monthly Sw at ambient NH4þ-N concentrations was 81 6 14 m (n ¼ 18). Uptake velocity (Vf )
estimated among different dates ranged from 10.8 mm/
min (17 April 2009) to 146.4 mm/min (24 March 2008;
Fig. 5). Mean monthly uptake velocity estimated for
ambient concentrations was 55.2 6 9.0 mm/min (n ¼ 18).
Areal rates of uptake (U) ranged from 0.04 mg NH4þNm2h1 (27 April 2009) to 4.9 mg NH4þ-Nm2h1
(25 May 2009; Fig. 5). The mean monthly areal uptake
rate was 1.8 6 0.3 mg NH4þ-Nm2h1 (n ¼ 18).
Areal rates of NH4þ-N uptake were related to GPP (P
, 0.005, R 2 ¼ 0.48, n ¼ 15) and ER (P , 0.001, R 2 ¼
0.60, n ¼ 15; Fig. 6) and temporal changes in NH4þ-N
uptake, GPP, and ER showed high synchrony. In
comparison, neither Sw at ambient NH4þ-N concentrations or Vf was signiﬁcantly related to GPP or ER.
Despite the lack of signiﬁcance, however, some synchrony is apparent when temporal patterns of Vf and
GPP and ER are compared (Figs. 2 and 5).
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FIG. 6. Areal uptake, U (mgm2h1) at ambient concentrations of NH4þ-N vs. GPP (g Cm2d1) and ER (g Cm2d1; see
Fig. 1) in Ivishak Spring, Alaska (March 2007–August 2009).

DISCUSSION
How metabolically active is Ivishak Spring?
Two key factors controlling GPP are light availability
and autotroph biomass (Bernot et al. 2010). At Ivishak
Spring, the lack of canopy shading, continuous light,
and high bryophyte biomass (;78 g AFDM/m2)
conspire to support high rates of GPP during summer.
Although well above the Arctic Circle (698 N), peak
rates of daily GPP measured here (.4.0 g Cm2d1)
compare favorably with some of the highest rates
reported for relatively undisturbed, open-canopy headwater streams at lower latitudes (;3.2–7.4 g Cm2d1
[Minshall 1978, Cushing and Wolf 1984, Mulholland et
al. 2001, Hall et al. 2003, Fisher 2006, Rasmussen et al.
2011, Davis et al. 2012]). Peak daily ER estimated for
Ivishak Spring (.5.0 g Cm2d1) was also within the
high range of estimates for relatively undisturbed, opencanopy streams (;3.8–7.2 g Cm2d1 [Hall et al. 2003,
Bernot et al. 2010]). Rates of ER have been shown to be
positively related to factors such as the amount of stored
benthic organic matter (Bernot et al. 2010) and
hyporheic volume and metabolic activity (Jones et al.
1995, Fellows et al. 2001). The amount of stored organic
matter in the form of detritus was extremely low in
Ivishak Spring compared with other systems (Webster
and Meyer 1997), however, and the relatively high
summer rates of ER are attributed to respiration by
autotrophs themselves and/or heterotrophic microbes
on the stream bed and in the hyporheic zone.
Although Ivishak Spring supported daily rates of
GPP that were comparable with some of the highest
reported for streams, annual GPP was more moderate
due to low rates during the ‘‘dark months’’ of October–
March, when light availability was severely limited.
Comparisons with other highly productive, open-canopy
streams for which annual GPP estimates are available

(e.g., 944–2700 g Cm2yr1 [Minshall 1978, Cushing
and Wolf 1984, Jones et al. 1997]), for example, indicate
that values for these systems are substantially greater
than those for Ivishak Spring (387–566 g Cm2yr1).
Unlike annual GPP, however, estimates of annual ER
for Ivishak Spring (748–1060 g Cm2yr1) approached
the low range reported for these same systems (1201–
2288 g Cm2yr1 [Minshall 1978, Cushing and Wolf
1984, Jones et al. 1997]).
Annual GPP : ER ratios for Ivishak Spring were ;0.5
throughout our 2.5-yr study, indicating a co-dominance
of autochthonous and allochthonous support of annual
ecosystem organic carbon demand (Fellows et al. 2006).
Daily ecosystem GPP : ER ratios at peak metabolic
activity, however, approached ;1.0, indicating that the
severity of carbon limitation was greatest during the
dark months (October–March). We estimated that
ecosystem ER was 1.3 6 0.8 g Cm2d1 (mean and
95% CI) when PAR was 0.0 lmolm2s1, which, when
extrapolated over an annual period, indicates a range of
annual NEP from 361 to 494 g C/m2.
Two possible sources of organic carbon are available
to balance the apparent C deﬁcit for Ivishak Spring. The
ﬁrst is imported particulate organic carbon. The stored
biomass of particulate organic carbon in the form of leaf
litter, wood, and FPOM, however, was relatively low
(;10 g AFDM/m2). Although rates of input were not
measured, it is unlikely that turnover rates would be
high enough to satisfy rates of ecosystem respiration.
The second, more likely source of imported organic
matter supporting ER is DOC. The mean annual
concentration of DOC in Ivishak Spring was 1.0 6 0.1
mg C/L (mean 6 SE). If this static value is converted to
a supply rate (i.e., milligrams of carbon per liter
weighted for channel dimensions and discharge to
estimate milligrams of carbon per square meter per
day), a rate of 14.6 g Cm2d1 is obtained, only ;9% of
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which would be required to support apparent demands
of heterotrophic ER at PAR ¼ 0.0 lmolm2s1.
Although no spatial (i.e., along the study reach) or
seasonal patterns of DOC concentration were evident,
there was a weak, positive relationship between DOC
and ER (see Results: Dissolved organic carbon), suggesting that ER may be controlled to some degree by DOC
availability. Potential sources of highly labile DOC are
present in the form of large populations of terrestrial,
semi-aquatic, and aquatic bryophytes. Although low
decomposition rates for bryophytes have been routinely
reported, DOC leachates from bryophytes of Alaskan
boreal forests have been shown to be surprisingly labile,
with losses of DOC as high as 90% reported for
Sphagnum leachate incubated with natural microbial
communities (Wickland et al. 2007). Although speculative, the support of relatively low rates of year-round
heterotrophic respiration in Ivishak Spring by highquality DOC imported from upslope sources seems
plausible, as is the possibility that seasonal differences in
lability of the DOC pool (e.g., Holmes et al. 2008)
contributed to the seasonal cycle of ER.
Nutrient uptake and ecosystem metabolism
Lack of detectable uptake of SRP, combined with
relatively high uptake rates of NH4þ-N, indicates that
the metabolism of Ivishak Spring is limited by nitrogen,
which was unexpected due to the demonstration of
phosphorus limitation of ecosystem processes in other
streams within the region (e.g., Peterson et al. 1985).
Given the apparent level of nitrogen limitation, it was
also surprising that uptake of NO3-N was so low (i.e.,
usually not detectable). The high rates of NH4þ-N
uptake relative to NO3-N presumably reﬂect demands
by bryophytes, the dominant form of biomass in Ivishak
Spring. Although there is no available information
regarding the nutrient requirements of Cratoneuron
ﬁlicinum, the bryophyte species that carpets the stream
bottom there, studies of bryophytes elsewhere have
shown a marked preference for ammonium assimilation
compared to nitrate (Richey et al. 1985, Jauhiainen et al.
1998, Turetsky 2003). For example, Richey et al. (1985)
used a microcosm approach to assess N uptake by
bryophytes in Hubbard Brook, New Hampshire, USA,
and showed that bryophytes removed 59% of dissolved
NH4þ-N but only 4% of dissolved NO3-N during
controlled incubations. The fate of the NH4þ-N that was
lost from the water column during our solute releases is
unknown, but an earlier study at Ivishak Spring using
releases of 15NH4þ-N indicated that most uptake was
assimilatory, with only ;20% being lost via nitriﬁcation
during the summer months (B. J. Peterson, J. P.
Benstead, D. M. Sanzone, and A. D. Huryn, unpublished
data).
The high rates of GPP measured at Ivishak Spring
during periods of high light availability were reﬂected by
similarly high rates of ammonium uptake, both as
uptake velocity (Vf ) and areal uptake (U). Uptake
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velocities measured for NH4þ-N ranged from 11 to 146
mm/min (annual mean ¼ 55 mm/min) and are comparable with some of the highest estimates recorded (i.e.,
Webster et al. 2003: Table 3, Simon et al. 2005: Table 4).
Of the 20 streams for which ammonium Vf were
reported by these authors, only Pole Cat Creek, a
physically stable, Wyoming spring-stream, showed a
range of maximum Vf values (48–126 mm/min) comparable to Ivishak Spring (Hall et al. 2003). The highest
rates of areal uptake of NH4þ-N by relatively undisturbed stream communities have been documented for
systems with dense beds of vascular macrophytes where
rates as high as 20þ mg NH4þ-Nm2h1 have been
reported (Rasmussen et al. 2011, Riis et al. 2012).
Streams with dense carpets of bryophytes can also show
relatively high rates of ammonium uptake (e.g., 8–12 mg
NH4þ-Nm2h1 [Kopáček and Blažka 1994]). Although well below these estimates, maximum areal rates
of NH4þ-N uptake for Ivishak Spring are relatively high
(4.9 mg NH4þ-Nm2h1) when compared with streams
studied by Webster et al. (2003) and Simon et al. (2005);
only 2 of 20 streams for which ammonium uptake rates
were reported by these authors showed higher maximum
uptake rates. Given the relatively high autotrophic
biomass of Ivishak Spring, high rates of GPP, and the
apparent efﬁcacy of stream bryophytes in removing
ammonium from the water column (Richey et al. 1985),
the high rates of Vf and U we have documented seem
reasonable.
The strong synchrony between metrics describing
ammonium uptake (U) and both GPP and ER indicate
that annual patterns of light availability play a
signiﬁcant role in determining annual patterns of
nutrient uptake at Ivishak Spring. The important effects
of GPP and ER on temporal patterns of nutrient supply
within stream ecosystems have been demonstrated only
relatively recently (Hall and Tank 2003, Roberts and
Mulholland 2007, Valett et al. 2008, Johnson and Tank
2009, Heffernan and Cohen 2010, Finlay et al. 2011). Of
these, Roberts and Mulholland (2007) is probably most
relevant here. These authors showed that seasonal
variations in light availability caused by a deciduous
tree canopy drove seasonal cycles of GPP in a springstream (Walker Branch, Tennessee) that, in turn,
resulted in measurable changes in DIN uptake (DIN U
highest during April when the forest canopy was open
and lowest during July when canopy was closed). In a
sense, the extreme seasonal light regime of Ivishak
Spring paralleled the forest canopy effect used by
Roberts and Mulholland (2007) to assess the relationship between stream ecosystem metabolism and DIN
uptake. Both studies used intensive, relatively long-term
sampling designs to show repeated annual patterns that
provide robust evidence for the importance of in-stream
biological processes as factors controlling the nutrient
dynamics of stream ecosystems. The study at Ivishak
Spring, however, is perhaps the ﬁrst ecosystem-level
demonstration of the effect of light availability on
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annual patterns of nutrient uptake by stream communities without the strongly confounding effects of
seasonal temperature variation.
Is light rather than temperature the primary driver
of ER at Ivishak Spring?
Our ﬁndings suggest that ER is limited primarily by
the supply of organic carbon during winter when rates of
GPP were at their lowest levels (Fig. 1d). Two lines of
evidence support this conclusion: (1) a strong relationship between GPP and ER showing that these processes
were closely coupled (Fig. 3), and (2) an Arrhenius
relationship (White et al. 2012) between temperature
and ER that, rather than being linear, follows a step
function that is synchronous with seasonal patterns of
light availability (see Discussion: Is there evidence for
organic carbon limitation of ecosystem respiration?; Fig.
7).
Although examples are relatively uncommon, close
coupling of GPP and ER, as observed for Ivishak
Spring, has been documented for other stream ecosystems. Townsend et al. (2011), for example, demonstrated
close coupling (R 2 ¼ 0.79–0.99) of GPP and ER for
several tributaries of a tropical Australian river. On the
basis of a P/R ratio 1, these authors suggested that the
coupling of GPP and ER resulted from a ‘‘priming
effect’’ where the release of labile organic compounds
from active primary producers results in a parallel
increase in the activity of heterotrophic microbes (e.g.,
Guenet et al. 2010). Other examples include a phytoplankton-dominated river system in Australia (Oliver
and Merrick 2006) and lake-outlet streams in Switzerland (Uehlinger 1993) and Nevada (Davis et al. 2012). In
these cases GPP and ER were apparently coupled
because autotrophic biomass made up a large proportion of the total organic matter pool, and thus the
respiration of the autotrophs themselves dominated ER.
At Ivishak Spring we attribute the close coupling of
GPP and ER to an ecosystem metabolism dominated by
autotrophs (87% of mean total particulate organic
matter mass), primarily bryophytes, and to the potential
control of ER by carbon limitation during winter when
photosynthesis is minimal.
Is there evidence for organic carbon limitation
of ecosystem respiration?

FIG. 7. Arrhenius plots of (a) ln GPP (original values in
units of g Cm2d1) and (b) ln ER (original units, g
Cm2d1) measured semimonthly in Ivishak Spring, Alaska
(March 2007–August 2009). PAR (original units, lmolm2s1)
is plotted to provide information about the temperature–light
relationship. Open circles are PAR, large solid circles are ER or
GPP, lines are plots of least-square ﬁt equations with slopes
constrained to the activation energies predicted for (a) GPP
(i.e., activation energy of RuBisCO carboxylation ; 0.3 eV)
and (b) ER (i.e., ;0.65eV).

The rapid decline of ER from summer to winter
combined with minor changes in water temperature
(Fig. 7) suggests that seasonal carbon limitation of
ecosystem processes at Ivishak Spring is possible.
Assessing this using the data at hand, however, is
complicated because water temperature and light
availability are confounded (even though the range of
water temperature during the duration of our 30-month
study was only 2.88C). As a consequence, the control of
seasonal patterns of ER due to temperature (via direct
thermal-kinetic effects) or light availability (via indirect
factors such as nutrient limitation or a ‘‘priming effect’’;

Guenet et al. 2010), rather than carbon limitation per se
cannot be directly assessed. When patterns of semimonthly rates of GPP and ER are visualized using an
Arrhenius plot (Fig. 7), however, some insight into
potential controlling factors is gained. Arrhenius plots
of both GPP and ER are similar, showing relatively
constant rates as water temperatures decrease from
;78C to 58C, followed by a sudden decline to very low
rates below ;58C (Fig. 7). Our ability to estimate
apparent metabolic activation energies from the slope of
our Arrhenius plots of GPP and ER was problematical
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PLATE 1. Photo of the study reach of Ivishak Spring stream (69.0238148 N, 147.7213358 W, Alaska, USA) taken on 25 January
2008. The air temperature at the time this photo was taken was 40.08C; the water temperature was ;58C.

due to the extremely small range of kT 1 (41.4–41.8
kT 1) encountered at the ﬁeld site (where k is the
Boltzman constant, and T is temperature in degrees
kelvin). Nevertheless, the plots of GPP and ER within a
range of ;78C to 58C are consistent with plots of leastsquare equations with slopes constrained by the
activation energies predicted for photosynthesis (i.e.,
;0.3 eV) and respiration (;0.6–0.7 eV [Allen et al.
2005]). At temperatures below ;58C, however, the
observed temperature dependence of both GPP and
ER breaks down, which indicates that factors other than
temperature are primary drivers of these processes (Fig.
7). In the case of GPP, this factor is undoubtedly light
availability. From October through March, when stream
temperatures are often ,58C, photosynthesis is controlled primarily by light limitation, and so the
photosynthesis–temperature relationship during this
period is inconsequential. The similar nonlinearity in
the relationship between ER and kT 1 (Fig. 7),
however, is assumed to be due to carbon limitation
caused by the exhaustion of photosynthate required to
drive respiration, which similarly renders the ER–
temperature relationship during this period inconsequential. As was observed for GPP and ER, an
Arrhenius plot of ammonium U also showed apparent
temperature dependence only during high light avail-

ability (i.e., water temperatures greater than ;58C; data
not shown). During winter, uptake rates become
independent of temperature while declining precipitously. The fact that ER and ammonium U were estimated
using completely independent approaches, combined
with the close synchrony of their annual cycles with
those of light and their essentially identical Arrhenius
relationships, provides strong support for temporal
patterns of both ER and NH4þ-N uptake in Ivishak
Spring being controlled primarily by ﬂuctuations in light
availability.
A similar ER–temperature anomaly has been reported
for other stream ecosystems by Valett et al. (2008).
These authors assessed ER–temperature relationships
for open-canopy and closed-canopy (forested) streams.
For open-canopied streams, they showed the expected
positive relationships between ER and temperature
(Enquist et al. 2003), but forested streams showed a
surprising negative relationship. Valett et al. (2008)
interpreted these ﬁndings in the context of ‘‘endogenous’’ (e.g., light, heat, internal nutrient cycling) vs.
‘‘exogenous’’ (e.g., imported organic matter) control of
ecosystem metabolism. In open-canopied streams, ER
was hypothesized to be controlled primarily by internal
nutrient cycling and diel cycles of light and heat input,
and thus conformed to relationships predicted by
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metabolic theory (i.e., positive relationship between ER
and temperature [Enquist et al. 2003]). In the case of the
forest streams, the ER–temperature relationship was
controlled primarily by a pulsed, seasonal input of
allochthonous organic matter (terrestrial leaf litter)
resulting in high levels of ER during autumn and winter
when annual temperatures were at their lowest, and thus
conformed poorly to predictions based on metabolic
theory (i.e., negative relationship between ER and
temperature). Although the anomalous ER–temperature
relationships revealed by Valett et al. (2008) and the
present study appear to be due to markedly different
processes (i.e., periodic allochthonous carbon surplus vs.
autochthonous carbon deﬁcit), such differences are more
apparent than real; the ER–temperature anomaly in
both cases was caused by a predictable, temporally
pulsed change in the availability of a limiting resource
(i.e., terrestrial leaf litter vs. light).
In summary, we found light availability, not temperature, to be the major driver of annual cycles of GPP,
ER, ammonium uptake, and carbon limitation in the
highly productive Ivishak Spring ecosystem. The unusual annual light and temperature regimes of this arctic
spring allowed us to test predictions about the effect of
seasonal light availability on ecosystem processes (Fig.
1), with only minimally confounding effects of temperature. Our results provide compelling evidence of carbon
limitation of ER during winter due to the cessation or
near-cessation of photosynthesis (Fig. 1d). The strongest
evidence, however, is the absence of temperature
dependence of the relatively low rates of ER detected
during the dark months (October–March; Fig. 7). Our
results and those of Valett et al. (2008) show the
importance of assessing the nonlinear effects of punctuated shifts in resource abundance/limitation when
deriving ecosystem-level metabolism–temperature relationships. Our results are also relevant to predicting
future scenarios for arctic watersheds affected by global
climate change. General circulation models predict
signiﬁcant winter warming for the Arctic during this
century (IPCC 2013). As this warming proceeds, the
number of headwater streams with perennial ﬂow and
annual patterns of ecosystem metabolism driven by
periods of seasonal darkness will likely increase (e.g.,
Huryn et al. 2005). Finally, our results are relevant to
recent attempts to estimate stream ecosystem metabolism using modeling approaches that are based on
expectations that water temperature is an accurate
predictor of ER and that resource limitation is absent
(e.g., Riley and Dodds 2013). Clearly, inaccurate
estimates of ER would result if such approaches were
applied either to the Ivishak Spring ecosystem (i.e., too
high) or the forested stream ecosystems studies by Valett
et al. (2008, i.e., too low) in the winter months. The
combination of extreme seasonal ﬂuctuations in light
availability and relatively constant and moderate
temperatures is an anomaly provided by perennially
ﬂowing arctic springs. Such ecosystems are uncommon
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and relatively small. Consequently, it is difﬁcult to
defend them as models for studying general ecosystem
processes. What extreme ecosystems such as these offer,
however, is the opportunity to exploit ‘‘natural manipulations’’ of ecosystem drivers that are otherwise
extremely difﬁcult or impossible to alter experimentally
at the large spatial scales traditionally used to delimit
ecosystems. In the case of Ivishak Spring, we were able
to assess the ecosystem effects of annual light regime
without signiﬁcant confounding effects of temperature
over a 30-month period. Perhaps as importantly, the
Ivishak Spring system allowed us to identify how
pervasive the annual synchrony between light and
temperature is in most ecosystems, and how the
confounding of these factors may obscure details of
the mechanisms by which these fundamental drivers
affect ecosystem processes.
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SUPPLEMENTAL MATERIAL
Appendix
Supporting material including a detailed description of methods; one table summarizing relevant variables used to calculate
metabolism and nutrient uptake; and ﬁve ﬁgures showing location of Ivishak Spring; ER and GPP vs. day of the year; summary of
daily PAR, air temperature, and water temperature; GPP, ER, NEP vs. water temperature; and seasonal patterns of organic matter
biomass and DOC concentration (Ecological Archives E095-245-A1).

