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Abstract Arctic stream biofilm responses to ongo-
ing climate-related changes in physical and chemical
conditions have major implications for stream food
webs and biogeochemical cycles. Yet, such effects
have rarely been studied outside summer months or at
sub-catchment scales in the Arctic. We used deploy-
ments of nutrient diffusing substrates (NDS) to assess
the spatial (20 deployments) and seasonal patterns
(10 deployments) and physical and chemical drivers
of nutrient limitation within an Arctic stream catch-
ment. Results show that nutrient limitation of auto-
trophic processes was common during summer, but
that light inhibited biomass accrual under the ice in
winter. Alongside single N, P and C responses, co-
limitation dominated the overall pattern of limitation
over time and across the catchment. However, the
primary limiting nutrient to autotrophs changed from
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N to P in parts of the catchment with higher N con-
centrations. As Arctic studies are often conducted at
individual sites during summer, these may miss shifts
in the drivers of stream productivity that arise from
variable nutrient, temperature, and light regimes. Our
results caution against focusing on one single most
important limiting nutrient, as we found that this can
shift seasonally and over small spatial scales in this
Arctic catchment.
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Introduction

Increasing temperatures and altered precipitation
regimes are expected to have pronounced seasonal
influences on Arctic ecosystems. Indeed, climate
change-driven warming of the Arctic is predicted
to be strongest during shoulder seasons (spring and
autumn, Xu et al., 2013), accompanied by shift-
ing precipitation regimes that could drastically alter
hydrological patterns in the Arctic (ACIA, 2004).
Together, these trends are responsible for chang-
ing the spatial distribution and productivity of Arc-
tic vegetation (Mao et al., 2016), and reshaping the
hydrological export of nutrients from soils (Abbott
et al., 2015). Such changes are also likely to have con-
sequences for the productivity of Arctic streams and
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rivers, either directly through effects on habitat con-
dition (e.g., temperature; Hood et al., 2018) or indi-
rectly through effects on inputs of terrestrial resources
(e.g. Kendrick et al., 2018a; Myrstener et al., 2018).
Predicting the consequences of a warmer, wetter
Arctic for streams and rivers thus requires a better
understanding of how multiple physical and chemical
factors interact over space and time to regulate bio-
logical processes.

For Arctic streams and rivers, future shifts in pro-
ductivity will likely be determined by how biofilm
communities respond to changing environmental con-
ditions. Biofilms regulate a range of biogeochemical
processes in streams (Battin et al., 2016) and repre-
sent a critical base for aquatic food webs (Kendrick
et al., 2018b). Both autotrophic and heterotrophic
biofilm communities are sensitive to thermal regimes
(Welter et al., 2015), and autotrophs are additionally
influenced by incident light (e.g., Hill et al., 2009).
Furthermore, low supplies of essential resources (e.g.
nitrogen: N, phosphorus: P, and organic carbon: C)
may also limit the growth of autotrophic and/or heter-
otrophic biofilms, even during unfavorable light and/
or temperature conditions (Myrstener et al., 2018).
Because aquatic ecosystems in the Arctic are often
strongly oligotrophic (Kling et al., 1990), even small
changes in the supply of these resources from soils
could have important consequences for aquatic pro-
ductivity (Levine & Whalen, 2001; Myrstener et al.,
2021a).

A common shortcoming of many studies address-
ing nutrient limitation in Arctic aquatic ecosys-
tems has been a limited spatial and temporal scope
(e.g. Fridberg et al., 2009; Kendrick & Huryn 2015;
Myrstener et al., 2018). Most studies assess resource
limitation as snapshots in time, most often dur-
ing summer, when both light and temperature are
elevated. In addition, most studies in running waters
have focused on a single study system (e.g., Peterson
et al., 1985), or have contrasted systems of similar
drainage size (e.g., Myrstener et al., 2018). Together,
these approaches might fail to account for important
variation in limiting factors that are ultimately impor-
tant for regulating annual productivity of river net-
works. For example, inorganic N is often highest in
autumn and throughout the winter and decreases over
the summer (Holmes et al., 2000; Bergstrom et al.,
2013; Khosh et al., 2017). Phosphorous concentra-
tions are less studied, and less predictable, but in
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Sweden they followed an opposing trend, compared
to dissolved inorganic nitrogen (DIN), with highest
concentrations in summer. This suggests important
seasonal changes in the relative availability of N and
P that likely interact with thermal and light regimes
to regulate stream productivity throughout the year.
Similarly, variation in topography, soil structure,
hydrological routing, and vegetation cover in Arctic
catchments (e.g., Weih 1998; Humborg et al., 2004;
Bjork et al., 2007) may generate considerable vari-
ability in the factors regulating biofilm production
within the same drainage system. Overall, a deeper
understanding of what regulates biofilm productivity
in Arctic rivers requires that we account for this tem-
poral and spatial heterogeneity.

In this paper, we evaluate spatial and temporal
patterns of resource limitation to stream biofilms
in an Arctic landscape. We ask how physical (light,
temperature) and chemical (nutrients and organic
carbon) factors interact with the nutrient regime to
regulate biofilm growth across seasons and across
streams within one catchment. First, we test for the
persistence of N-limitation in the Abisko region
described by Bergstrom et al. (2013) and Myrstener
et al., (2018). In particular, we did this by expanding
the temporal window of assessment to include late
winter, and spring and fall “shoulder seasons” (Ken-
drick and Huryn 2015), which are periods of elevated
light and N early and late in the growing season. We
addressed this question through continuous deploy-
ments of nutrient diffusing substrates (NDS) at a sin-
gle stream in the Miellajokka catchment of northern
Sweden from winter (March) to autumn (Septem-
ber). We hypothesized that during winter, light and
temperature would be main limiting factors for both
heterotrophic and autotrophic activity while during
shoulder seasons, increases in inorganic N concentra-
tions might lead to P limitation. Finally, to ask how
the factors regulating autotrophic biofilm growth may
vary spatially, we conducted a study of nutrient limi-
tation at 20 locations distributed across the Miella-
jokka stream network during three weeks in summer.
For this, we selected stream reaches with different
size and sub-catchment characteristics (e.g. tundra
versus mountain birch forest) to encompass a broad
gradient of physical and chemical conditions. Here,
we hypothesized that the headwaters in the birch for-
est which have higher concentrations of inorganic N
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Fig.1 Map showing the location of the field sites within
Sweden and within the catchment of the Miellajokka River.
A is an underwater picture of NDS at the end of deployment
AugD2 (08/09/2021). Frame B and C zoom in on the birch for-

would display more P limitation compared to the tun-
dra streams (Myrstener et al., 2021a).

Materials and methods
Study sites

The study was conducted in the Miellajokka catch-
ment (Fig. 1; Tab. S1), close to Abisko (68°1923"N,
18°51'57"E) northern Sweden. The catchment is
52.5 km? and ranges from 1731 m.a.s.l., to the out-
let approx. 340 m.a.s.l with the tree line around
700 m.a.s.l (Rocher-Ros et al., 2019). Total annual
nitrogen deposition (wet+dry) is lower than 1 kg N
ha™! yr~! (Bergstrom et al., 2013). Mean annual tem-
perature is 0.7 °C and annual precipitation 310 mm

Elevation
1742.01
346.79

1,000 2,000 m

est+mixed sites and the tundra sites. Sites noted with a circle
were used in the spatial study and the star shows the site used
for the seasonal survey

at the closest weather station (Kohler et al., 2006;
1913-2000).

The vegetation in riparian zones of the tundra
streams is predominantly characterized by meadow
and heath with willow (Salix ssp.), whereas moun-
tain birch forest [Betula pubescens spp. czerepanovii
(N.I.Orlova) Hidmet-Ahti] dominates riparian zones
below the tree line, resulting in greater canopy cover
after leaf out. The tundra streams are sustained by
snowfields, two small lakes, and precipitation while
headwater streams in the birch forest are mostly
groundwater fed and have comparatively stable flow
throughout the season. The nitrate concentrations in
the headwaters of the birch forest are higher com-
pared to other lakes and streams in this area (Berg-
strom et al., 2013; Myrstener et al., 2018). The larger
birch forest streams (M2, M3 and M19) integrate
these different water sources.
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Seasonal survey of resource limitation

We conducted a seasonal survey to assess biofilm
resource limitation at one of the small birch for-
est streams, site M18 (Fig. 1, Fig. S7) aiming to test
for temporal differences in temperature, light, and
resources (C, N and P). In March, most streams are
fully ice covered and there is snow on the ground for
all of April. The spring flood usually occurs in late
May to June and the streams freeze-up again in Octo-
ber. We deployed 10 continuous nutrient-diffusing
substrata (NDS) from March to October with each
individual deployment being three weeks (Tab. S2).
The first two deployments were conducted during
ice cover in the stream, NDS were placed under ice.
Terrestrial snow cover was still present during the
3rd deployment, but the stream was open. NDS were
deployed in combination with HOBO pendant log-
gers (Onset Computer Corporation, Borne, USA) to
measure light (lux) and temperature. Preparation of
the NDS followed Tank, Reisinger and Rosi, (2017)
using 30 ml Poly-Cons® -cups (Madan Plastics Inc.,
Cranford, USA) filled with 2% agar solution and
capped with a lid with a 25 mm hole. We used frit-
ted ceramic discs (inorganic surface) to target auto-
trophs, and cellulose sponges (organic surface) to
target heterotrophic microorganisms (Johnson et al.,
2009). Agar solutions were prepared with 0.5 M
NaNOj; (N-Treatment), 0.5 M KH,PO, and from mid-
April (April deployment 2; AprilD2) 0.5 M K,HPO,
(P-treatment), a combination of both (NP-treatment)
and unamended agar, serving as controls (A-treat-
ment) for autotrophic NDS. For the heterotrophic
NDS, we also added a carbon treatment using 0.5 M
CH,;COONa (C-treatment) and C+ N+ P (CNP-treat-
ment). Each treatment was replicated five times. To
prevent possible formation of peroxides and resulting
inhibition effects (Tanaka et al., 2014) agar and P-salt
were boiled separately and combined after cooling.
The P-salt was exchanged after two deployment peri-
ods, from the mono-basic (KH,PO,) to the di-basic
form (K,HPO,) salt, to prevent lowering the pH,
which could affect biofilm composition (Lear et al.,
2009). The cups were placed randomly on L-bars
and attached with re-bars to the stream bottom, in
the flow direction of the stream. Upon retrieval, NDS
surfaces were placed in individual 50 ml Falcon tubes
(Sarstedt, Niimbrecht, Germany) filled with stream
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water. Samples and stream water were stored at 4 °C
until further analysis.

Incubations of NDS surfaces for gross primary
production (GPP) and community respiration (CR)
were analyzed within 24 h after collection, using the
modified dark bottle method (Johnson et al., 2009).
The falcon tubes were filled with oxygen saturated
stream water and closed under water to avoid bubbles
or headspace. Dissolved oxygen (DO) saturation was
measured pre and post- incubation using a handheld
DO meter (YSI Pro ODO, Yellow Springs, USA) to
measure oxygen production and consumption. Frit-
ted ceramic surfaces were incubated in both light and
dark (for GPP), while cellulose surfaces were only
incubated in dark (for CR). For GPP, NDS were first
incubated for 3 h in light (150 umol m~2 s~!, Sanyo
Versatile environmental chamber MLR-351, SANYO
Electric Co., Ltd., Osaka, Japan) at 20 °C. Following
the light incubation, we measured DO concentrations,
replaced the water in the tubes, and directly incubated
in the dark at 20 °C for 3 h. After that, final DO was
measured. During both incubations, three blanks,
treated the same way as the NDS samples, were used
to correct for any water column changes in DO. For
CR, only dark incubations were conducted. GPP (ug
0, cm™2 h™!) was calculated as the sum of the back-
ground corrected DO increase during light incubation
and the oxygen consumption during dark incubations.

ADO xV
tX AForC

GPP =

where ADO is the difference in DO concentration
before and after incubation, V the volume of the
falcon tubes, t the exact incubation time and A the
area of the surface (A = area fritted ceramic disc,
A, = area cellulose sponges). Similarly, CR (ug O,
cm~2 h™!) was calculated as the background corrected
consumption of DO in dark incubations.

Following incubations, the ceramic surfaces
were stored at 4 °C until extraction for chlorophyll-
a (Chl-a) analysis. The analysis was done following
Steinman et al., (2017), using 20 ml 90% acetone
dark extraction for 24 h extraction until analysis on
a JASCO UV spectrophotometer (model V-650,
JASCO Corporation, Tokyo, Japan). Chl-a was cor-
rected for the degradation product pheophytin (Stein-
man et al., 2017) and presented per surface area (ug
cm_z).
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Spatial survey of resource limitation

In contrast to the seasonal survey, which targeted
environmental changes over time, the spatial survey
addresses spatial variability among streams of vari-
able size and sub-catchment properties. The three-
week survey was initiated in July and was conducted
using the same NDS method as described above.
However, in this case only ceramic surfaces were
used with four treatments (A, N, P and NP) and
four replicates each. 20 sites were picked of which
9 were located in the tundra headwaters, 8 in birch
forest headwaters and 3 in the larger streams within
the birch forest (mixed, M2, M3 and M19, Tab. S1,
Fig. 1, Fig. S8). Sites were chosen to keep an in-
stream distance of at least 500 m in the tundra and
150 m in the birch forest. NDS for the spatial survey
were stored at — 80 °C until spectrophotometrical
analysis for Chl-a as described above.

Environmental variables

Filtered water samples (0.45 um Millex HA filter;
Millipore, Burlington, USA) were taken for dissolved
organic carbon (DOC, acidified with 250 pl 8 M
HCl) and dissolved nutrients (DIN: dissolved inor-
ganic nitrogen; SRP: soluble reactive phosphorous)
at the start and end of each deployment. Water sam-
ples for total phosphorous (TP) were left unfiltered.
Samples were stored in the fridge (DOC) and freezer
(DIN, SRP, TP) until analysis at the Biogeochemical
Analytical Facility (BAF), Umea University. NO;-N
(Method No. Q-126-12 Rev. 1), NH,-N (Method No.
Q-033-04 Rev. 8), SRP (Method No. Q-125-12 Rev
1) and TP (Method No. Q-115-10 Rev. 4) were ana-
lyzed using SEAL Analytical QuAAtro 39 (SEAL
Analytical, Mequon, WI, USA) and DOC was ana-
lyzed on a FormacsHT (Skalar, Inc., Buford USA)
total organic carbon analyzer. All data analyses use
the average of the two sampling points (start and
end). Dissolved inorganic nitrogen (DIN) represents
the sum of NO;-N and NH,-N.

Light and temperature data from the HOBO pen-
dant loggers were used to calculate mean tempera-
ture and mean total incident light per day, expressed
as daily photon flux (DPF, mol m~2 d~!) per deploy-
ment. DPF and temperature represent mean values
over a 19-day period per deployment. Daily photon
flux was calculated by converting light data from lux

to photosynthetically active radiation (PAR) using the
conversion factor 0.0185 (Thimijan & Heins, 1983).

Statistical analyses

We addressed nutrient limitation and co-limitation
according to Tank et al. (2017, Tab. S3). Here, single
N or P limitation represents a significant treatment
effect from either N or P alone with no additional
effect of adding them in combination. Co-limitation
is represented by multiple outcomes, including when
both individual N and P treatments are greater than
controls, when there is only an effect of adding NP
in combination, or when all three (N, P, and NP) are
significantly greater than controls. In addition to this,
we use the terms ‘primary’ and ‘secondary’ limita-
tion to represent the case when one nutrient (N or P)
has a significant effect when added alone, but there
is an additive effect of adding NP in combination. In
this case, the nutrient that induces a response by itself
is the primary limiting nutrient and the other is the
secondary limiting nutrient. Finally, to display the
extent of treatment effects, we report the log10 trans-
formed response ratios (RReqment) fOr Chl-a accrual,
GPP and CR. To do this, each treatment replicate was
divided by the mean of control Chl-a, GPP and CR,
resulting in five individual RR per treatment. If the
logrr was>0 there was a treatment effect, i.e. nutri-
ent limitation of the corresponding nutrient addition.
Logrr =0 indicates no effect of nutrient addition,
loggg <0 indicates nutrient inhibition and loggr =0.3
is a twofold increase.

Seasonal survey

To assess resource limitation from the seasonal sur-
vey we used a linear mixed-effects model (LMM)
from the “Ime4” R package (version 1.1-28) to deter-
mine how and if time and treatment significantly
influenced response variables (i.e. Chl-a, GPP and
CR). Here, treatment and date (i.e. deployment) were
used as fixed factors and date was further included as
a nested random factor. Bonferroni-corrected (o«=n/p
with n =10 deployments, P=0.05) one-way ANOVA
was used to assess the treatment effect. Post hoc Tuk-
eyHSD (Honestly Significant Difference) was finally
used to show significant treatments.

Temporal changes of the response variables
Chl-a, GPP and CR against water chemistry, light,
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temperature and depth were explored with partial
least squares regression (PLSR). For this analysis we
used the R package “pls” (version 2.7-3) and leave-
one-out cross-validation. PLSR summarizes linear,
multivariate correlations between independent and
response variables by producing latent variables
which maximize the explained variability in Y and
reduce the original multidimensionality (Carrascal
et al., 2009). We identified the most important predic-
tors based on VIP scores (variables important in pro-
jection) above 1 (Mehmood et al., 2012). Presented in
the PLSR figures are correlations between independ-
ent variables and the response variable (Chl-a RRyp
or CR RRyp) and the model scores of each NDS. All
analyses were performed using R Statistical Software
Version 4.1.0 (www.r-project.org).

Spatial survey

A Bonferroni-corrected (a=n/p with n=20 sites,
P=0.05) one-way ANOVA was used with data from
all 20 sites to test for significant differences in Chl-
a accumulation across treatments. Post-hoc Fisher’s-
LSD was used to explore specific differences between
treatments. In addition, the results of the spatial sur-
vey were assessed with partial least squares (PLS)
regression in the same way as for the seasonal survey
to analyze potential drivers of Chl-a RRyp, including
temperature, light and water chemistry. All analyses
were performed using R Statistical Software Version
4.1.0 (www.r-project.org).

Results
Seasonal survey
Seasonal water chemistry, temperature and light

In-stream temperatures and light intensity underwent
drastic changes during the study period (Table 1).
Stream temperature was low (0.3-2.2 °C) until June
and peaked at 8.9 °C in August. Light increased from
2.0 to 9.3 mol m~2 d~! between March and May as
the ice thawed (Table 1), and then decreased again to
2.9 mol m™2 d~! by the end of September.

Similarly, DIN concentrations were greater
than 200 pg 17! in early spring and decreased four-
fold during summer (52.7 pg 17! in early August,
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Fig. 2C), before increasing again in September
(83.5 ug 171). TP concentrations were> 5.0 ug 17! in
early spring, and decreased throughout the summer
to 2.0 pg 17! (Table 1). TP was well correlated with
SRP (R?=0.90, Fig. S1) but was on average twofold
greater. By contrast to the nutrients, DOC (Table 1)
was less variable and lowest in early spring (1.2 mg
17! during AprilD1), peaked during the spring snow
melt at 2.3 mg 1! and then remained around 1.6 mg
1! throughout the summer.

Seasonal autotrophic biofilm responses

Both Chl-a and GPP were lowest in March and
increased throughout the study, with a different mag-
nitude of slope for each treatment (Fig. S2+S3).
Chl-a accumulation ranged from 0.09 (P, March) to
7.52 ug cm™2 (NP, AugD2) while GPP ranged from
2.1 to 10.3 ug O, cm™> h™! (Fig. S2). Chl-a was not
nutrient limited during the first five deployments
(March-Junel, P>0.005), even though elevated N
treatment during May could indicate a treatment
effect (one-way ANOVA with Bonferroni correction,
a=0.005, Fig. 2A). From July to early September, we
found true NP co-limitation (no effect of N or P treat-
ment alone, Fig. 2A) and in the last deployment, the
system shifted to primary N- and secondary P-limi-
tation (one-way ANOVA with Bonferroni correction,
P=0.006). In contrast to Chl-a, N- and P-co-lim-
itation occurred already in June for GPP. Similar to
Chl-a, GPP show a shift to primary N- and secondary
P-limitation, in the last deployment.

Overall Chl-a and GPP were highly correlated
(R?>0.75-0.91, Fig. S4) and they show similar pat-
terns in controls and responses to nutrient additions in
the seasonal study. Therefore only Chl-a was used as
a response variable when assessing how autotrophic
nutrient limitation interacted with water chemistry,
light and temperature seasonally (with PLSR). We
chose to analyzed the response ratios from the NP
treatment (RRyp) because it was the most prevalent
state of nutrient limitation for this site which is also
reflected in that the model had a very high level of
explained variance (90.7% in two components, 83.5%
on the first component) (Carrascal et al., 2009). Tem-
perature increased treatment responses for summer
to autumn deployments (VIP 1.15, correlation scores
0.94, Fig. 2B) while high nutrient concentrations
decreased treatment responses in spring (VIP DIN:
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Table 1 Physical and chemical variables of M18. Dates are
expressed as mid-deployment time (date and deployment
name, see Tab. S2) and can hence not be seen as true date of
the corresponding variable. Values for water chemistry were
obtained by averaging the sample taken at the beginning and

end of each deployment. DIN represents the sum of nitrate and
ammonium. In March only one sample was taken at the end of
the deployment. During JuneD2 and July one extra set of water
samples was taken mid-deployment

Date Deployment DOC (mg 1I™1) DIN (ug 17" SRP (ug 171 TP (ug 171 DPF (mol  Temp (°C)
m—2 d—l)
18/03/2018 ~ March 1.3 197.3 42 5.6 0.2 0.3
07/04/2018  AprilD1 12 201.0 4.1 5.4 2.0 0.7
27/04/2018  AprilD2 1.7 217.0 2.6 43 9.3 1.7
17/05/2018 ~ May 2.1 175.9 1.0 3.1 9.5 2.0
10/06/2018  JuneD1 23 76.7 1.8 42 7.2 23
30/06/2018  JuneD2 22 62.2 1.5 32 6.0 42
20/07/2018  July 1.6 54.5 0.8 2.3 6.3 6.3
09/08/2018  AugD1 1.6 52.7 0.8 2.1 55 8.3
20/08/2018  AugD2 1.7 68.7 1.1 2.0 3.8 9.0
18/09/2018 Sept 1.7 83.5 1.0 2.5 2.9 8.2

1.29, TP: 1.21, correlation score DIN: — 0.88 and TP:
— 0.86, Fig. 2B). Low levels of light during the first
two deployments (>2.03 mol m™> d~') when tem-
perature was very low and nutrients high, had a nega-
tive effect on treatment response and were likely not a
direct effect and is therefore hard to interpret.

Seasonal heterotrophic biofilm response

Community respiration rates (CR) on organic surfaces
did not show the same clear seasonality as autotrophic
biofilm responses (Fig. S5), but had overall higher
treatment responses (Fig. 3A). Controls had a rela-
tively stable CR at around 3 pg O, cm=2 h~! through-
out the study period and the stream was primarily C
limited from April to June (5.5 ug O, cm~ h7!, Fig.
S5) and showed true co-limitation of CNP at an aver-
age respiration rate of 14.3 ug O, cm™2 h™! from July
until the end of September (one-way ANOVA with
Bonferroni correction, a=0.005, Fig. 3A).
Interactions between CR resource limitation
(RRnp) and seasonal environmental variables
(water chemistry, light, temperature and depth) were
assessed using PLSR. Resource limitation of CR was
mainly controlled by DIN, DOC and depth where
high DIN concentrations decreased resource limita-
tion (VIP 1.13, correlation score — 0.83, Fig. 3B)
and higher DOC (although always relatively low,
VIP 1.07, correlation score 0.63) and depth increased
resource limitation (VIP 1.29, correlation score 0.83).

Temperature further separated autumn deployments
from spring deployments but was not an important
variable for the model (VIP for component 1 and
2=0.77).

Spatial survey
Water chemistry, temperature and light

While the seasonal study integrated changes of chem-
istry and physical parameters over a season, the spa-
tial survey assessed differences across streams in this
network. Headwater tundra locations and the three
larger birch forest streams (M2, M3 and M 19, Fig. 4),
were warmer compared to birch forest streams (aver-
age 12.6 °C vs. 6.9 °C). Incoming light was high in
all sites across the catchment (> 7.2 pmol m~2 day~!)
and likely not a primary limiting factor for Chl-a. DIN
ranged 14-fold across locations, from 6.0 (M10A)
to 86.8 (M16A) ug 17!, and tended to be higher in
the birch forest streams (average DIN) compared
to mixed forest streams (average DIN), and tundra
streams (average=65.7 vs 31.0 ug 17}, respectively).
The median SRP was 0.8 ug 17! and it did not show
systematic differences across streams draining differ-
ent vegetation types. Site M6C was an outlier with
an SRP concentration of 13.2 pg 17! (Fig. 4). DOC
concentrations were similar across the catchment and
ranged from 1.1 mg 1! (M18B) to 2.4 (M16B) mg
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Fig.2 A, Averaged and log transformed response ratio for
Chl-a accumulation of inorganic surfaces for N (RRy, dark
blue), P (RRp, light brown) and NP (RRyp, dark brown) per
deployment. The dashed line represents the threshold of
log(1)=0, points above indicate limitation and below inhibi-
tion or other effects. Error bars denote standard error. The
x-axis denotes the dates (mid-deployment) as mentioned in
Table 1. B, Results from partial least square regression (PLSR)

17!, with the highest concentration in a site that drains
a small mire.

Autotrophic biofilm responses

Chl-a accumulation ranged up to 65-fold across loca-
tions and treatments, from 0.109 (A, M10C) to 7.321
(NP, M2) ug cm™ (Fig. S6), spanning a similar range
as could be seen in the seasonal survey (see 3.1.2).
Notably, the nutrient limitation status in this catch-
ment ranged from primary N limitation (with no
effect of P alone) in one of the tundra streams, to
primary P limitation in some of the headwater birch
forest streams, while the majority of streams showed
true co-limitation of NP (One-way ANOVA with
TukeyHSD, Fig. 5A).

To resolve the physical and chemical factors that
may underlie the spatial variation in primary N vs pri-
mary P limitation we used PLSR. Overall, this anal-
ysis suggested that background DIN concentration
was the most important variable driving the response
ratios to N+P. Specifically, Chl-a RRyp decreased
across sites with greater DIN concentration (VIP
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1.32, correlation score — 0.91; Fig. 5B). This pattern
was strengthened by responses to single N addition
being highest at sites with low DIN concentration
(Sites 10A-C, Fig. 5A). Light and temperature added
additional explanatory power to this model, where
both light and temperature increased RRyp (light
VIP: 1.4, temp VIP:1.1, correlation score light and
temp: 0.9).

4 Discussion
4.1 Seasonal survey
4.1.1 Autotrophic biofilm responses

One major objective was to evaluate how physi-
cal and chemical properties, including water chem-
istry, light, and temperature shape stream biofilm
growth at seasonal scales in the Arctic. Our results
show that nearly all deployments, except those under
ice, had some degree of nutrient limitation, with
N+NP co-limitation being the most common. Yet,
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Fig.3 A, Averaged and log transformed response ratio for
community respiration organic surfaces for N (RRy, dark
blue), P (RRy, light brown), NP (RRyp, dark brown), C (RR,
light green) and CNP (RRyp, dark green) per deployment.
The dashed line represents the threshold of log(1)=0, points
above indicate limitation and below inhibition or other effects.
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(ci=0.95). The x-axis denotes the dates (mid-deployment) as
mentioned in Table 1. Data for AprilD1 is missing because we
changed the growing surface from cellulose sponge to birch

the magnitude in response to single N and P addi-
tions varied over the season. When exploring the
drivers among deployment times, our results con-
firm that shifts in DIN concentrations have important
effects on biofilm growth and limitation status, during
the full open water season when light and tempera-
ture levels were elevated across the drainage system
(Myrstener et al., 2018). However, variation in SRP
concentration was equally important at this site. The
seasonal changes in N versus P responses in this
stream reflect small fluctuations in concentrations that
influenced rates of biological processes at time scales
much smaller than previously reported for NDS stud-
ies. Indeed, our results highlight how week-to-week
changes in the availability of resources can shift bio-
films from N to P limitation.

While experimental nutrient addition frequently
elevated rates of biofilm response, the temporal
scope of this study also captured time periods where
physical factors overwhelmed resource supply as
drivers of biological activity. For example, the first

Component 1 (92.02% explained)

veneer, but yielded incomparable results and hence decided
to swap back to cellulose sponge. B, Results from partial least
square regression (PLSR) using RRyp of community respira-
tion (CR RRyp). Plotted are correlations between predictors
(black) and the response variable (CR RRyp, red) against the
model scores of each deployment (as the average of deploy-
ment days per month). Model score on the two components
is normalized to fit the—1 to 1 axes. If VIP score of predictor
(black) was > 1 on component 1 and or 2, we added those num-
bers in superscript

three deployments were installed during cold and
dark conditions which constrained autotrophic pro-
cesses, despite high concentrations of both N and P.
Certainly, the annual light regime is extreme in the
Arctic, and serves as first order control over seasonal
changes in aquatic primary production (Huryn et al.,
2014; Myrstener et al., 2021a). Further, the seasonal
shifts from extreme light to extreme dark are out of
phase with temporal patterns of nutrient concentra-
tions, such that the co-occurrence of high light/high
resource availability is restricted to relatively small
windows of time during spring and autumn (Shogren
et al., 2020; Myrstener et al., 2021a). Such conditions
were captured during the fourth deployment (May)
when incident light was increasing rapidly, yet nutri-
ent concentrations were still relatively high (Table 1).
During this period, we observed no significant effects
of nutrient addition for GPP or Chl-a, but rates and
biomass on control disks peaked. Altogether, our
results suggest that autotrophic processes in these
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streams shift rapidly from light to nutrient limitation
around spring melt (Myrstener et al., 2021b).

In addition to light and nutrients, our results
highlighted the role of temperature as a secondary
driver of autotrophic activity, in that it increased the
responses to nutrient additions for both Chl-a and
GPP, as has been described elsewhere (e.g., Friberg
et al., 2009; Myrstener et al., 2018). This result is also
consistent with Hood et al. (2018), who used a whole-
stream warming experiment to show that a 3.3 °C
temperature increase resulted in higher biomass and
net primary production (NPP), but which required
a simultaneous upregulation of internal N turnover
and supply. Overall, these results highlight the poten-
tial for Arctic aquatic ecosystems to respond to cli-
mate change if both temperature and nutrient supply
increase, but also that temperature alone did not affect
the identity of N vs P limitation across seasons.

Results from the seasonal analysis did not support
clear results for the hypothesis of temporal P-lim-
itation of autotrophs, as suggested for high alpine
lakes in this region (Bergstrom et al., 2013). The
most probable reason for this is that the trends in N

Component 1 (22.35% explained)

B, Results from partial least square regression (PLSR) using
RRyp (Chl-a RRyp). Plotted are correlations between pre-
dictors (black) and the response variable (Chl-a RRyp, red)
against the model scores of each site (8 birch forest=green,
3 mixed=blue and 9 tundra=yellow). Model score on the
two components is normalized to fit the—1 to 1 axes. If VIP
score of predictor (black) was> 1 on component 1 and or 2, we
added those numbers in superscript

and P did not follow the opposing seasonal patterns
that have been described for other northern Swedish
rivers, where P concentrations increase relative to
N throughout the summer (Bergstrom et al., 2013).
Instead, both nutrients were relatively elevated in the
spring and declined throughout the growing season.
Yet, even though true P limitation was not observed,
there was variation in the response to single P addi-
tions over time, connected to small changes in P
availability (PLS results not shown). Increasing bio-
film activity from P fertilization of Arctic autotrophic
biofilms have previously been found in the Kuparuk
River, Alaska (Lock et al., 1990; Kendrick & Huryn,
2015) and is possibly as common as N limitation
across Arctic landscapes globally (Schade et al.,
2016; Myrstener et al., 2018; Pastor et al., 2020). Here
we suggest that this variation likely comes from inter-
actions between N and P concentrations that are not
fixed either to regions or certain times of the year but
rather that Arctic streams often reside close to co-lim-
itation and can therefore shift from N to P limitation
even within the same stream (Docherty et al., 2018).
This means Arctic streams might be less sensitive to
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increases in a single nutrient, as the increase in one
quickly leads to limitation by the other.

Heterotrophic biofilm responses

Similar to autotrophic biofilms, seasonal hetero-
trophic productivity did not follow hypothesized pat-
terns in nutrient limitation. Further, heterotrophs did
not show strong primary limitation of any resource
but were mainly co-limited by CNP. C limitation of
heterotrophs was however pronounced under ice,
similar to that observed in boreal streams (Burrows
et al.,, 2016). Seasonality in heterotrophic resource
limitation was clearly controlled by the combina-
tion of DIN, TP and DOC concentrations, indicating
that supply of all resources was insufficient relative
to heterotrophic growth potential. This observation
generally supports findings for heterotrophic biofilm
enzyme activity in high Arctic streams, which were
mainly controlled by DOC and DIN availability (Pas-
tor et al., 2019), and lakes (P and DOM, Burpee et al.,
2016). Noticeably, water temperature during deploy-
ments was not an important variable even in control-
ling responses to C+N+P additions. Similarly, CR
on control surfaces was highest during winter, posi-
tively related to high DIN and P, once again support-
ing the notion that resource availability displayed a
stronger control on productivity patterns compared to
changes in temperature (Myrstener et al., 2018).

Spatial patterns in nutrient limitation

The spatial survey confirmed the hypothesis that
the identity of the primary limiting nutrient shifted
between N and P across the catchment and was
driven by DIN concentrations for autotrophs. Even
though light and temperature differed across loca-
tions (Fig. 4A+B), stream DIN was mainly respon-
sible for these patterns of algal growth and nutrient
responses, as has been found on Greenland (Pastor
et al., 2020). Small-scale heterogeneity in catchment
structure is best illustrated by how the different nutri-
ent assays responded at particular tundra sites (e.g.
Figure 1 and 5A, M10A-M10C). For example, low
DIN concentrations at M10 led to a higher response
in N-treatments, whereas several of the birch forest
sites were characterized by greater P-responses, due
to high DIN concentration. These results support the
inference that spatial autotrophic biomass accrual and
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limitation is controlled by background nutrient levels
and that changes in DIN concentration from~20 pg
17! to 50 pg 17! can shift the relative importance of the
nutrient N to P and in some cases even from N to P
limitation. Though we found mainly NP co-limitation
throughout the catchment, in line with global nutrient
limitation surveys (Elser et al., 2007), we also show
primary P limitation in a system where we expected
primary N limitation (Myrstener et al., 2018).

The shifts from N to P limitation status in this
catchment reflect the importance of small-scale dif-
ference in catchment properties that can influence
stream chemistry. This may be related to vegetation
type and density, height of the riparian zone, chan-
nel morphology, and hydrology (Bjork et al., 2007;
Weih, 1998). Overall, this result reinforces the impor-
tance of considering the heterogeneity of the Arctic
landscape when assessing stream ecosystem proper-
ties (Docherty et al., 2018; Huryn et al., 1995). Even
though similar landscape features shape physical
and chemical stream variables that allow drawing a
broader conclusion about processes in lotic systems
in the Arctic, uniqueness of site characteristics is
key to assess the functionality of in-stream environ-
ments (Pastor et al., 2019). This is reflected in how
birch forest sites show similarities in temperature and
light, but differences in water chemistry (Fig. 5C:
DIN; Fig. 5E: DOC), possibly mediated by a mire
that drains into those streams (M16B-M16E). With
increasing distance from the mire and branching of
the stream network, DIN and DOC notably decrease
due to mixing and dilution. Similarly, the tundra sites
were distributed across three major sub-catchments
(Fig. 1) that differ in the presence/absence of lakes
and wetlands and are characterized by different mor-
phologies, including substrate size and slope. This
variation both between and within vegetation zones
(i.e., tundra vs. mountain birch forest) showed even
more heterogeneity than was expected and highlights
how important it is to consider small-scale character-
istics when drawing conclusive statements about the
nutrient limitation of Arctic ecosystems.

Conclusion
The present study reveals the importance of tem-

poral and spatial patterns of physical and chemical
conditions for assessing resource limitation in Arctic
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stream networks. While we have greatly increased our
understanding of nutrient-biofilm interactions at daily
time scales (e.g., Heffernan and Cohen, 2010; Lupon
et al., 2016), dramatic seasonal transitions that char-
acterize high latitude landscapes receive less atten-
tion, in part because they are logistically challenging
to study (Shogren et al., 2019). Our work integrates
spatial and temporal variables over a seven-month
period to capture major shifts in resource limitation,
including the identity of the primary limiting nutri-
ent within a single catchment. One clear implication
of our results is that a single nutrient should not be
assumed to limit aquatic productivity in these land-
scapes, even though the field has seemingly done so
for P (Kendrik & Huryn, 2015) and N (Myrstener
et al., 2018). This widespread occurrence of co-lim-
itation opens further questions about limitation by
macro-nutrients such as iron (see e.g. Levine & Wha-
len, 2001). We show that this issue is more complex,
with widespread co-limitation, and with small-scale
changes in the identity of the most important nutrient.
This spatial and temporal variation is likely to lead to
differential biofilm responses to climatically driven
habitat changes and complicates future predictions in
Arctic stream productivity.
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