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Abstract

Arctic ecosystems are sensitive to climate change and this biome is experiencing accelerated
warming. Climate change in the arctic is projected to further alter precipitation and
temperature patterns, which may influence land-water interactions in the future. Such changes
have the potential to affect aquatic biofilm communities (i.e., algae, bacteria, and fungi) that
form the base of riverine food webs, yet are sensitive to changes in thermal and light regimes,
and are potentially limited by macronutrients like carbon (C), nitrogen (N) and phosphorus
(P). This study investigated the patterns of resource limitation for autotrophic and
heterotrophic biofilms in the Arctic using nutrient diffusing substrata (NDS) in a river network
in northern Sweden (Miellajokka). Continuous NDS deployments (March until September) in
a birch forest stream were combined with a spatial survey of nutrient limitation in late summer
across 20 sites that encompassed a variety of nutrient, light, and temperature combinations.
Results show that nutrient limitation of autotrophic processes was common during summer,
but also that light inhibited algal growth in early season, and that temperature accelerated rates
of activity throughout the growing season. By comparison, heterotrophic processes were less
influenced by temperature, unless experimentally supplied with N and P. Alongside persistent
N limitation, co-limitation by macronutrients (NP: autotrophic and heterotrophic biofilm, or
CNP: heterotrophic biofilm) dominated the overall pattern of limitation over time and space.
However, results from the spatial survey suggested that the identity of the primary limiting
nutrient can change from N to P, based on differences in chemistry that arise from varying
catchment features. As arctic studies are often conducted at individual sites during summer,
they may miss shifts in the drivers of stream productivity that arise from variable nutrient,
temperature, and light regimes. This study attempted to capture those changes and identify
conditions where one might expect to see transitions in the relative importance of physical and
chemical factors that limit biofilm development. These results also highlight the challenge of
identifying the single most important limiting nutrient (e.g., N versus P) in streams and rivers
across the Arctic, as I found that both nutrients could play this role within a single, relatively
small drainage system.
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CR: Community respiration
D: Deployment
DIN: Dissolved inorganic nitrogen
DOC: Dissolved organic carbon
DPF: Daily photon flux
GPP: Gross primary production
N: Nitrogen
P: Phosphorous
RR: Response ratio
S: Site
SRP: Soluble reactive phosphorous
TP: Total phosphorous
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1 Introduction
1.1 Background

Increasing temperatures and altered precipitation regimes are projected to have pronounced
influences on arctic ecosystems. Indeed, climate-change driven warming of the Arctic has
accelerated over the last 50 years (Callaghan et al. 2010) and has on average been two-fold
greater than the global average (Walsh, 2014). Temperatures are predicted to increase further
(Pachauri et al. 2014), with warming trends even more pronounced in the Arctic (ACIA, 2004).
Additionally, the seasonality, or differences in mean annual temperature between winter and
summer temperatures is also expected to decrease (Xu et al. 2013), accompanied by shifting
precipitation regimes that could drastically alter hydrological patterns in the Arctic (ACIA,
2004). Together, these trends are responsible for altering the distribution and productivity of
artic vegetation (Mao et al. 2016), and the hydrological losses of nutrients from soils (Abbott
et al. 2015). Such changes are also likely to have consequences for the productivity of arctic
streams and rivers, either directly through effects on habitat condition (e.g., temperature;
Hood et al. 2017) or indirectly through effects on inputs of terrestrial resources (e.g. Kendrick
et al. 2018). However, predicting the effects of these changes requires a clearer understanding
of how multiple physical and chemical factors interact over space and time to regulate
biological processes in lotic ecosystems.
For arctic streams and rivers, future shifts in productivity will likely be determined by how
biofilm communities respond to changing environmental conditions. Biofilm aggregates,
growing on benthic surfaces and in hyporheic sediments, consist of algae, bacteria and fungi
(Lock et al. 1984; Battin et al. 2016). These are highly sensitive microbial communities that
regulate a range of biogeochemical processes in streams (Battin et al. 2016) and represent a
critical base for aquatic food webs (Kendrick et al. 2018). Multiple physical and chemical
parameters interact to influence biofilm growth and productivity (Cross et al. 2015). For
example, both autotrophic and heterotrophic members of biofilm communities are sensitive to
thermal regimes (Welter et al. 2015), and autotrophs are of course strongly influenced by
incident light (e.g., Hill, Fanta and Roberts 2009). These physical factors are however only part
of the picture, as low supplies of essential resources (e.g. nitrogen: N, phosphorus: P, and
organic carbon: C) may also limit the growth of autotrophic and heterotrophic biofilms,
regardless of light and/or temperature (Myrstener et al. 2018). Because aquatic ecosystems in
the Arctic are often strongly oligotrophic (Kling, Kipphut and Miller 1990), even small changes
in the supply of these resources from soils could have important consequence for aquatic
productivity (Levine and Whalen 2001).
One challenge in predicting how resource supply may shape biofilm productivity is resolving
the relative importance of different macronutrients (N and P) as limiting factors. Indeed,
experiments comparing N versus P limitation in terrestrial and aquatic ecosystems have been
widespread in the field of limnology. Elser et al. (2007) synthesized these studies to date to
show that the occurrence of N versus P limitation is roughly similar across freshwater systems.
However, this synthesis integrated research from across the globe, which included systems
where anthropogenic sources may strongly regulate supplies of N and P to streams and lakes.
When focusing on the more remote Arctic, early and influential studies of nutrient limitation
in an Alaskan river (Kuparuk River, USA) emphasized the importance of P-limitation
(Peterson et al. 1985; Kendrick and Huryn 2015). Yet, more recent work has shown strong N
limitation of stream biofilms in other parts of the Artic and sub-Arctic, including Iceland
(Friberg et al. 2009) and northern Sweden (Myrstener et al. 2018). In fact, Myrstener et al.
(2018) summarized published studies from arctic streams and lakes to conclude that the
occurrence of N versus P limitation has also been similar across this biome. Importantly, the
combination of N and P often results in highest treatment responses (Friberg et al. 2009;
Myrstener et al. 2018), suggesting that both nutrients play an important role in arctic waters,
and that some form of ‘co-limitation’ is likely widespread.
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A common shortcoming of many studies addressing nutrient limitation in arctic aquatic
ecosystems has been a limited spatial and temporal scope. Most studies assess resource
limitation as snapshots in time, most often during 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 important for regulating annual productivity of river
networks. For example, Bergström et al. (2013) summarized monthly stream water sampling
over a 18 year period in arctic Sweden and showed that inorganic N was highest throughout
the winter and decreased over the summer, whereas TP concentrations followed an opposing
trend 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, downstream changes in topography, soil
structure, hydrological routing, and vegetation cover in arctic catchments (e.g., Humborg et al.
2004) may generate an equal amount of spatial variation in these underlying controls within
the same drainage system. Overall, a deeper understanding what regulates biofilm productivity
in arctic rivers requires that we account for this temporal and spatial heterogeneity.

1.2 Study aim and hypothesis

The overall goal of this project was to evaluate spatial and temporal patterns of resource
limitation to stream biofilms in an arctic landscape. Because light and to a certain extent
temperature are strongly seasonal in the Arctic (Huryn, Benstead and Parker 2014) one specific
goal of the study was to ask how these physical factors interact with the nutrient regime to
regulate biofilm growth across seasons. For autotrophic biofilms, the focus here was on
understanding interactions among light, temperature, and nutrients. For heterotrophic
biofilms, this focus shifted to temperature, labile organic carbon availability, and nutrients. I
addressed this question through continuous deployments of nutrient diffusing substrates
(NDS) at a single stream in the Miellajokka catchment of northern Sweden from early spring
(March) through autumn (September). A secondary goal of this effort was to test for the
persistence of N-limitation in the Abisko region described by Bergström et al. (2013) and
Myrstener et al. (2018). In particular, I did this by expanding the temporal window of
assessment to include the spring and fall “shoulder seasons” (Kendrick and Huryn 2015),
which are periods of elevated light and (potentially) N early and late in the growing season. I
hypothesized, that during those periods increases of the relative importance of P might lead to
P limitation. Finally, to ask how the factors regulating autotrophic biofilm growth may vary
spatially, I conducted a study of nutrient limitation at 20 locations distributed across the
Miellajokka stream network during summer (July-August). For this, I worked across a range
of streams in the Miellajokka catchment, and selected stream reaches with different subcatchment characteristics (e.g. tundra versus mountain birch forest) to encompass a broad
gradient of physical and chemical conditions.
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2 Materials and Methods
2.1 Study sites

The study was conducted in the Miellajokka catchment (Fig. 1; Tab. 1), close to Abisko
(68°19’23’’N, 18°51’57’’E) northern Sweden. The catchment integrates an area of 51.5 km²
(Giesler et al. 2014), from the headwater streams up in the mountain range at 1731 m.a.s.l.,
down to the outlet at Lake Torneträsk at approx. 340 m.a.s.l. Total (wet + dry) annual nitrogen
deposition is lower than 1 kg N ha-1 yr-1 (Bergström et al. 2013). Mean annual temperature is
-0.5 °C and annual precipitation 307 mm (Kivinen et al. 2017; 1914-2013, Abisko Scientific
Research Station).
Table 1: Summary of all sites for the seasonal and spatial survey including vegetation/stream type and location.

Site

Coordinates

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21 (main site)

68°17'57.42"N
68°18'20.10"N
68°18'35.96"N
68°17'38.41"N
68°17'53.56"N
68°18'2.53"N
68°17'41.51"N
68°17'51.71"N
68°18'1.40"N
68°20'20.40"N
68°20'22.30"N
68°20'30.51"N
68°20'29.77"N
68°20'30.61"N
68°20'30.93"N
68°20'34.52"N
68°20'35.91"N
68°20'27.70"N
68°20'30.04"N
68°20'31.30"N
68°20'31.92"N

Vegetation
18°54'57.25"E
18°54'55.41"E
18°54'49.56"E
18°55'52.29"E
18°56'6.77"E
18°56'40.69"E
18°58'18.60"E
18°57'38.68"E
18°56'59.26"E
18°57'30.10"E
18°57'28.99"E
18°57'32.32"E
18°56'53.09"E
18°56'55.24"E
18°57'3.70"E
18°57'2.89"E
18°57'14.54"E
18°57'5.43"E
18°57'7.57"E
18°57'5.53"E
18°57'4.01"E

Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Birch forest / Main stem
Birch forest / Main stem
Birch forest / Main stem
Birch forest
Birch forest
Birch forest
Birch forest
Birch forest
Birch forest
Birch forest
Birch forest
Birch forest

The vegetation around riparian zones of the headwater streams (i.e. tundra) is predominantly
characterized by meadow and heath with willow (Salix ssp.), whereas mountain birch forest
(Betula pubescens spp. czerepanovii) dominates riparian zones below the tree line, resulting
in greater canopy cover after leaf out (around 15.07.2018). Streams in the birch forest zone are
mainly groundwater fed and have hence comparatively stable flow throughout the season and
a less dramatic response to precipitation. The tundra streams are sustained by snowfields,
lakes in the valley Lapporten, and precipitation.
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Figure 1: Overview of the Miellajokka stream network, including study sites (see Tab. 1 for coordinates) for the
seasonal and spatial survey (1: Birch forest and 2: Tundra).
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2.2 Seasonal survey of resource limitation
The seasonal survey to assess biofilm resource limitation was conducted at site S21 (Fig. 1 and
2) and aimed on covering a seasonal gradient of temperature, light, and nutrients, such as C,
N and P. Starting in early March, 10 continuous deployments were completed until the end of
September (Tab. 2).
Table 2: Summary of the deployment periods at site S21, including the starting and ending date of each deployment.

Deployment number

Start of deployment

End of deployment

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10

08.03.2018
28.03.2018
17.04.2018
07.05.2018
31.05.2018
20.06.2018
10.07.2018
30.07.2018
19.08.2018
08.09.2018

28.03.2018
17.04.2018
07.05.2018
27.05.2018
20.06.2018
10.07.2018
30.07.2018
19.08.2018
08.09.2018
28.09.2018

Figure 2: Images of seasonal changes in the site used for the seasonal study (S21), ranging from ice- and snow-cover
through fully developed vegetation to loss of canopy cover. A: D1, 08.03.2018; B: D3, 17.04.2018; C: D6,
20.06.2018; D: D10, 28.09.2018.

I assessed biofilm resource limitation using nutrient-diffusing substrata (NDS), deployed in
combination with HOBO pendant loggers (Onset Computer Corporation, Borne, U.S.A.) to
measure light and temperature. Preparation and setup of the NDS followed Tank, Reisinger
and Rosi (2017) using 30 mL Polycon™-cups filled with 2% agar solution and capped with a
lid with a 25 mm hole. I used two different types of NDS surface to target different biofilm
communities (following Johnson, Tank and Dodds 2009). Fritted ceramic discs (i.e., an
inorganic surface) were used to target autotrophs (e.g., diatoms and other algae), while
5

cellulose sponges (i.e. an organic surface) were used to target heterotrophic microorganisms
(e.g., bacteria and fungi). Agar solutions were prepared with 0.5 M NaNO3 (N-Treatment), 0.5
M KH2PO4 respectively 0.5 M K2HPO4 (P-Treatment), a combination of both (NP-Treatment),
0.5 M CH3COONa (C-Treatment) and C+N+P (CNP-Treatment), as well as unamended agar,
serving as controls (A-treatment). The C- and CNP-treatments were only used in combination
with cellulose sponges (i.e. for heterotrophs), whereas A-, N-, P- and NP-treatments were used
for both surface types (i.e. autotrophs and heterotrophs). Replicates per treatment were n=5.
To prevent possible formation of peroxides and resulting inhibition effects (Tanaka et al. 2014),
treatments containing P-salt were prepared differently. Agar and P-salt were boiled separately
and combined after cooling. The P-salt was furthermore exchanged after two deployment
periods, from the mono-basic (KH2PO4) to the di-basic form (K2HPO4) salt, as the solution of
KH2PO4 is a weak acid and could hence affect biofilm diversity (Lear et al. 2009).
The cups were placed randomly on racks of three L-bars tied together and fixed with cable ties.
Racks were then placed in flow direction in a riffle of a small tributary of Miellajokka and held
in place with rebars. Stream incubation time was 21 days (Tank and Dodds 2003), resulting in
19 full 24-h-days between placement and pick-up. HOBO pendant loggers with 30-minute
logging intervals were added to each rack.
Upon retrieval, NDS surfaces were placed in individual 50 mL Falcon tubes (Sarstedt) that
were filled with stream water beforehand. 10 L of stream water was collected for later
incubation for gross primary production (GPP) and community respiration (CR). Samples and
stream water were stored at 4 °C until further analysis. Filtered (0.45 µm Millex HA filter;
Millipore) water samples for dissolved organic carbon (DOC), dissolved inorganic nitrogen
(DIN) and soluble reactive phosphorous (SRP) as well as unfiltered water samples for total
phosphorous (TP) were taken at deployment and retrieval.
The incubations of fritted ceramic discs were always done on the day of retrieval, incubations
of cellulose sponges no later than 24 h after collection, using the modified dark bottle method
(Johnson, Tank and Dodds 2009). The water used for transportation was discarded, the tubes
were then filled with oxygen saturated stream water and closed under water, to avoid bubbles
or headspace. Dissolved oxygen (DO) saturation was measured pre and past- incubation using
a handheld O2 meter (YSI Pro ODO) to measure oxygen production and consumption. For light
incubations, Falcon tubes were incubated for 3h in light (roughly 150 µmol m -2 s-1, Sanyo
Versatile environmental chamber MLR-351) at ca. 20 °C.
Following the light incubation, I measured DO concentrations and recorded the exact time
duration of the incubations. The water in the tubes was replaced with water of known DO
concentration and the tubes were then incubated at dark and 20 °C for 3h. DO was measured
thereafter, including the exact time of incubation again. For cellulose surfaces, I only carried
out dark incubations, as the goal here was to focus on heterotrophic respiration. During both
incubations, three extra Falcon tubes, filled the same way as the samples, were additionally
incubated and served as blanks to correct for any background changes in DO. DO
concentration changes resulting from production and consumption in each sample were
calculated as the difference between pre- and post-incubation concentration, corrected by the
three blanks. GPP (µg O2 cm-2 h-1) was then calculated as the sum of the O2 increase during
light incubation and the net oxygen consumption during dark incubations, multiplied by the
volume of the Falcon tubes, divided by the incubation time and surface area. CR (µg O2 cm-2 h1) was calculated as the background corrected consumption of DO, multiplied by the volume of
the Falcon tubes, divided by incubation time and the surface area.
Following incubations, the fritted discs were stored at 4 °C until extraction for chlorophyll-a
(Chl-a) analysis. Cellulose sponges were frozen and stored at -80 °C. Chl-a analysis for D1-D4
was done no later than 48 hours after sample retrieval. The analysis was done following
Steinman et al. (2007), using 20 mL 90% Acetone for 24h extraction (in the dark) until analysis
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on a JASCO UV spectrophotometer (model V-650, Japan). For D5-D10 samples were frozen at
-80 °C and eventually transported at -18 °C. Before extraction, samples were thawed for 1h
until 24h extraction with 20 mL 90% acetone. Chl-a was corrected for the degradation product
Pheophytin and calculated per area (µg cm-2).

2.3 Spatial survey of resource limitation

In contrast to the seasonal survey, which targeted environmental changes over time, the spatial
survey was planned to reveal spatial variability among streams of variable size and subcatchment properties (e.g., tundra versus mountain birch forest). The survey was initiated
during peak biomass (i.e. 15.07.2018), coincided with the highest temperatures measured
throughout the season and was conducted using the same NDS method as described in 2.2
(Tank, Reisinger and Rosi 2017). However, in this case only fritted ceramic discs were used
with four treatments (A, N, P and NP) and four replicates each. 20 sites were picked whereas
9 were located in the tundra, 11 in birch forest with three of these (“Main stem”, Tab1: S10-S12)
representing a transition zone, that was characterized by open and wider channels (Fig. 3B) as
well as water chemistry controlled by mostly surface runoff. Those sites were visited for one
deployment period between 17.07.-06.08.2018 (Tundra) and 18.07.-07.08.2018 (Birch forest).
Sites were randomly pre-selected keeping an in-stream distance of at least 500 m in the tundra
and 150 m in the birch forest using GIS. During the deployment, sites were revisited twice to
check for burial or any other possible disturbances.

Figure 3: Spatial survey sites displaying the difference in riparian vegetation and morphology. A: S20, Birch forest;
B: S10, Birch forest/Main stem; C: S7, Tundra; D: S5, Tundra

Upon retrieval, samples were placed in individual Falcon tubes that were wetted before sample
transfer to keep the biofilm moist and protect it from disturbance during transportation.
Filtered water samples for DOC and dissolved nutrients were collected at the beginning and
end of the deployment period. At arrival in the lab, samples were transferred into individually
labelled plastic bags and stored at -80 °C until analysis. These sample were later analysed
spectrophotometrically for Chl-a (Steinman et al. 2007).
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2.4 Environmental variables
This paragraph integrates how water chemistry, light data and temperature data was handled
for both surveys. In the paragraphs above (2.2 and 2.3) it is mentioned what type of data and
samples were prepared and obtained. Apart from that, data collection was carried out the same
way for both studies.
At placement and pick-up of the samples, filtered (0.45 µm Millex HA filter; Millipore) water
samples were taken for DOC (acidified with 250 µL 8 M HCl) and dissolved nutrients (DIN,
SRP). For TP water samples were left unfiltered. Samples were stored in the fridge (DOC) and
freezer (DIN, SRP, TP) until analysis in the Department of Ecology and Environmental
Science, Umeå University. NO3-N (Method No. Q-126-12 Rev. 1), NH4-N (Method No. Q-03304 Rev. 8), SRP (Method No. Q-125-12 Rev 1) and TP (Method No. Q-115-10 Rev. 4) were
analysed using SEAL Analytical QuAAtro 39 (SEAL Analytical, Mequon, WI, USA), DOC was
analysed on a FormacsHT total organic carbon analyser. For later data analysis, the two values
of water chemistry per deployment were expressed as average value per deployment. DIN was
obtained by adding up NO3-N and NH4-N.
The light and temperature data from the HOBO pendant loggers were used to calculate mean
temperature and accumulated light, expressed as daily photon flux (DPF) per deployment. DPF
expresses light accumulation through 24-hour daytime. The starting and ending day of the
deployments were disregarded, because the recorded timeframe was below 24 hours. DPF and
temperature represent hence 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 and Heins 1983). I summed each data
point per day (i.e. 48 data points, as logging interval was 30 mins) and converted the units
from µmol photons per square meter per second (µmol m-2 s1) to moles per square meter per
day (mol m-2 d-1).

2.5 Statistical analysis
2.5.1 Seasonal survey
The seasonal data (Chl-a, GPP and CR) were visualized with boxplots using the R package
“ggplot2”. Response and explanatory variables (environmental variables) were compared in
bivariate plots with linear regression models to explore the structure of the data before further
analysis. As deployments were repeated 10 times from March to September, I used a linear
mixed-effects model (LMMs) from the “lme4” R package to determine 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 as a random factor. Bonferronicorrected (α=n/p with n=10 deployments, p=0.05) one-way ANOVA was used to assess the
treatment effect. Post-hoc TukeyHSD (Honestly Significant Difference) was finally used to
show significant treatments. The bivariate plots with linear regression mentioned above were
also used to detect the explanatory variable driving temporal changes of the response variables
Chl-a, GPP and CR. All analyses were performed using R Statistical Software Version 3.4.3
(www.r-project.org).
I addressed nutrient limitation and co-limitation according to Tank et al. (2017, Tab. 3). Here,
strict N or P limitation is when the only significant treatment effect occurs when one of these
nutrients are added, and there is no additional effect of adding them in combination. True ‘colimitation’ is represented by multiple outcomes, including when both 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, I use the terms
‘primary’ and ‘secondary’ limitation 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.
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Finally, to display the extent of treatment effects, I report the response ratios (RRTreatment) 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 RR was >1
there was a treatment effect, i.e. nutrient limitation of the corresponding nutrient addition.
RR=1 indicates no effect of nutrient addition and R<1 nutrient inhibition.
Table 3: Description of different types of nutrient limitation, inferred from bioassay results, as described by Tank,
Reisinger and Rosi (2017). In the present study, significant N, P and/or NP effects were based on Bonferroni
corrected (α=n/p with n=10 deployments, p=0.05) one-way ANOVA, followed by TukeyHSD multiple comparison
tests. A significant effect of N or P or a combination of significant effects lead to the different types of limitation and
co-limitation described here.

Interpretation
N limited
P limited
N and P co-limited

1°N limited, 2°P limited
1°P limited, 2°N limited
Not limited by N or P

N Effect

P Effect

NP Effect

●
●
●
●
●
●

●
●
●

●
●
●

2.5.2 Spatial survey
A one-way ANOVA was used with data from all 20 sites to test for significant differences in
chlorophyll-a accumulation across treatments. Post-hoc TukeyHSD was used to explore
specific differences between treatments. In addition, the results of the spatial survey were
assessed in bivariate plots to detect possible relationships between Chl-a accrual in controls
(A), response ratios (RRN, P, NP, calculated as above), and various explanatory variables,
including temperature, light and water chemistry. Finally, to assess the driving factors of
treatment effects, all subsets multiple regression was used to explain biofilm accrual and the
response ratios in relation to environmental factors. Final model selection was determined
based on the R² and Bayesian information criterion (BIC). All analyses were performed using
R Statistical Software Version 3.4.3 (www.r-project.org).

3 Results
3.1 Seasonal survey

3.1.1 Water chemistry, temperature and light
In-stream temperatures and light intensity showed distinct regimes throughout the
deployment season (Fig. 4). Average stream temperature increased throughout the season,
from 0.34 °C in March, to 8.22 °C in the end of September. Temperature increased only slowly
prior to June, but then much faster to the warmest values observed in August and September
(8.94 °C, D9). Light strongly increased in early season (Tab. 4, D3 and D4), jumping from 2.03
to 9.28 mol m-² d-1 and then decreased to 2.85 mol m-2 d-1 by the end of September.
In contrast to stream temperature, which was highest towards the end of the season, stream
nutrient concentrations started at highest levels during the first deployment period and
generally decreased over the course of the season (Fig. 5). For example, DIN (Fig. 5A)
concentrations were greater than 200 µg L-1 in early spring but then decreased by up to fourfold by the end of August (e.g., 52.7 µg L-1 during D8), before increasing again near the end of
September (e.g., 83.5 µg L-1 during D10). Similarly, TP (Fig. 5D) was more than 5.0 µg L-1 in
early spring, but then decreased throughout the summer to values close to 2 µg L-1 by the end
of August. SRP (Fig. 5B) was well correlated with TP (R²=0.90, see Appendix S2) and was on
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average two-fold greater. By contrast, DOC (Fig. 5C) was lowest in early spring (e.g., 1.22 mg
L-1 during D2), increased during the spring snow melt (to 2.26 mg L-1 during D5), and then
remained elevated throughout the summer.
Table 4: Physical and chemical variables of S21. Measurements 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. For
TP only one sample was taken at the end of the deployment (D1). During D6 and D7 one extra set of water samples
were taken at the date mentioned. The dates are however expressed as mid-deployment time and can hence not be
seen as true date of the corresponding variable.

Date

18/03/2018
07/04/2018
27/04/2018
17/05/2018
10/06/2018
30/06/2018
20/07/2018
09/08/2018
29/08/2018
18/09/2018

Deployment

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10

DOC

DIN

SRP

TP

DPF

Temp.

(mg L-1)

(µg L-1)

(µg L-1)

(µg L-1)

(mol m-2 d-1)

(°C)

1.32
1.22
1.70
2.14
2.26
2.17
1.60
1.56
1.65
1.72

197
200
217
175
76.7
62.2
54.5
52.7
68.7
83.5

4.20
4.12
2.64
0.96
1.84
1.45
0.84
0.78
1.08
1.02

5.58
5.39
4.27
3.14
4.20
3.22
2.25
2.07
2.03
2.46

0.18
2.03
9.28
9.47
7.22
5.93
6.31
5.46
3.75
2.85

0.34
0.69
1.74
1.96
2.27
4.16
6.30
8.28
8.94
8.22

Figure 4: Mean stream temperature (°C: blue diamonds) and daily photon flux (mol m-2 d-1: yellow triangles) of S21
over the course of the study period (i.e. March – September). The date on the x-axis denotes the midpoint of each
deployment.
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Figure 5: Water chemistry of S21 (A: DIN; B: SRP; C: DOC; D: TP) displayed as one value per deployment (dots)
spanning over the whole study period (line: i.e. March – September). Dates on the x-axes denote the mid-point of
each deployment, and concentrations the mean per deployment.

3.1.2 Autotrophic biofilm responses
Chlorophyll-a accrual and GPP was lowest in the beginning of season and mostly increased
throughout the study, with a different magnitude of slope for each treatment (Fig. 6). Seasonal
Chl-a accumulation during stream incubation ranged from 0.087 (P, D1) to 7.524 µg cm-2 (NP,
D9). This accrual varied significantly over time and among treatments, with a significant timetreatment interaction (LMM, interaction term, p<0.001). Thus, while Chl-a tended to increase
throughout the growing season, the overall extent and temporal pattern of growth differed
among nutrient treatments. For Chl-a, throughout the first five deployments (D1-D5) no
significant treatment effect could be detected, despite increasing Chl-a accumulation during
May (D4 and D5). Starting in June (D6), however, individual ANOVAs suggest significant
treatment effects (Bonferroni corrected one-way ANOVA, p=0.005) through the end of
September (D10).
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Figure 6: Average Chl-a accumulation on inorganic surfaces with four treatments (A: light blue, N: dark blue, P:
ochre and NP: brown) and ten deployments (e.g. D1). Error bars denote standard error, and asterisks highlight
significant treatment effects, calculated with one-way ANOVA and post-hoc TukeyHSD. The x-axis represents the
date of retrieval of NDS surfaces and hence the start of sample analysis, as well as the deployment number. Average
seasonal Chl-a accrual per treatment was: A = 1.295 µg cm-2, N = 2.014 µg cm-2, P = 1.534 µg cm-2 and NP = 3.011
µg cm-2.

Focusing on individual treatment effects, N-addition resulted in higher average Chl-a values
than controls (N: 2.014 µg cm-2; A: 1.295 µg cm-2) throughout the whole season. Elevated
chlorophyll-a during D4 and D9 indicated N-limitation, yet only during D10 was this effect
significant (TukeyHSD, p=0.005). By comparison, there was no obvious effect of adding P
alone: even when biofilm accrual in P-treatments was higher (e.g. Fig. 6, 10/07 and 19/08),
this effect was not significant. During July to early September (Fig. 6, D6-D9) NP-treatment
was significantly higher than the other treatments, suggesting strong co-limitation. Overall,
there was no significant nutrient limitation from March to June, followed by true NP colimitation from July to early September. Finally, the season concluded with primary N- and
secondary P-limitation through the end of September.
As above, rates of GPP varied among treatments and time, with a significant treatment-time
interaction (LMM, p=0.05; Fig. 7). During D1-D4, no significant difference between
treatments could be resolved. However, in contrast to Chl-a, N- and P-colimitation occurred
already in D5 and up to D9 (i.e. significant NP-effect). Between July and August (D9) not only
the NP-treatment was significantly higher, but also N- and P-treatment alone, consistent with
true co-limitation. Towards the end of season (D10), however, the system shifted to primary
N- and secondary P-limitation, with GPP in response to N-addition being the highest of all
treatments.
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Figure 7: Average GPP rates on inorganic surfaces with four treatments (A: light blue, N: dark blue, P: ochre and
NP: brown) and ten deployments (e.g. D1). Error bars denote standard error, and asterisks highlight significant
treatment effects, calculated with one-way ANOVA and post-hoc TukeyHSD. The x-axis represents the date of
retrieval of NDS surfaces and hence the start of sample analysis, as well as the deployment number. Average
seasonal GPP accrual per treatment was: A = 4.656 µg O2 cm-2 h-1, N = 5.521 µg O2 cm-2 h-1, P = 5.056 µg O2 cm-2 h1 and NP = 6.642 µg O2 cm-2 h-1.

Both predictors used to assess resource limitation of algae show similar results over the course
of the season. After a start with no and low nutrient limitation during the first four (GPP) or
five (Chl-a) deployment periods, N- and P-co-limitation was clearly the most obvious
condition. Generally, N-effects were higher than controls and P-effects alone. True Nlimitation could only be seen in Chl-a accumulation during the last deployment (D10),
however, during this same time I observed secondary P-limitation for GPP. Overall however
Chl-a and GPP correlated very well (e.g. R2<0.7, see Appendix, Fig. S1) and allowed me to focus
on Chl-a data for further comparisons.
To assess how nutrient limitation interacted with other physical and chemical variables to
influence autotrophs, I used the response ratios for Chl-a from each treatment (RRN, P, NP) in
bivariate analyses with multiple explanatory variables (i.e. water chemistry, light and
temperature). Average temperature increased over time, whereas concentrations of DIN, SRP
and TP decreased (Fig. 4 and 5). Low productivity periods (D1 and D2, Fig. 6) hence coincided
with nutrient saturation but had low light and temperature (Fig. 4). Increasing productivity of
controls and RRs were correlated with temperature (R2 > 0.4732, p < 0.027; Fig. 8) but did not
follow the trends of chemistry concentration. However, both temperature and light increased
over the first few deployments (in early spring), and I am thus not able to rule out the potential
importance of light during the winter-to-summer transition. In fact, when relating the controls
to temperature without using the first two dates, the linear relationship loses strength of
correlation and the model is no longer significant (R2 > 0.2122, p = 0.2507).
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Figure 8: Linear regression models for seasonal autotrophic biofilm responses with temperature as explanatory
variable and Chl-a accumulation on controls (A: light blue) and Chl-a response ratios for, N (B: dark blue), P (C:
ochre) and NP (D: brown).

3.1.3 Heterotrophic biofilm response
Community respiration rates on organic surfaces did not show the same increases as
autotrophic biofilm responses and consistent patterns throughout the study period (Fig. 9).
They reflected changes in the importance of temperature (Fig. 4) in the beginning and
nutrients (Fig. 5) towards the end of the season. CR rates varied among time and treatments
with a significant treatment and time interaction (LMM, interaction term, p<2e-16). CR rates
ranged from 1.729 (P, D2) to 15.636 (CNP, D6) µg O2 cm-2 h-1. When only looking at the general
trends, the control treatment (A) varied only little throughout the season. The C-, N- and Ptreatment showed the same temporal patterns as controls and did not increase significantly
throughout the season. By contrast, NP and CNP underwent a drastic increase in May (D3 and
D4) and mostly plateaued from there on through the end of the season.
Respiration rates not only showed different effect sizes than Chl-a accumulation and GPP, but
different patterns of nutrient limitation. Firstly, one-way ANOVA (with Bonferroni correction,
p=0.005) showed a consistently significant treatment effect from early May (D3) to the last
deployment (D10). During D3, D5 and D7, the effect of adding C alone was greater than adding
N and P alone, but adding NP and CNP in combination still yielded the strong responses.
Between May and early June (D3-D6) and in the first period of August (D8) the order of
nutrient effects was consistent, i.e. lowest CR in controls and increasing in the following order
N<P<C<NP<CNP. In D6 and D8 every nutrient effect was significantly different from the
control treatment. Those periods hence were C-, N- and P-co-limited. During D7 the pattern
changed (N<P<A<C<NP<CNP) and rates dropped for every treatment but the controls. During
D4, the effect of the P-treatment was high enough to show primary limitation of P and C and
secondary limitation of nitrogen. Towards the end of the season (D9 and D10) a new pattern
established, where controls showed lowest CR rates, but the N-effect increased and
overreached C and P. Even though the order of effect sizes changed, all nutrients were colimiting.
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Figure 9: Absolute values of respiration rates on organic surfaces (seasonal study) for every treatment (A: light blue,
N: dark blue, P: ochre, NP: brown, C: cyan and CNP: dark green), calculated by area and hour spanning over ten
deployment periods (e.g. D1). Error bars denote standard error, and asterisks highlight significant treatment effects,
calculated with one-way ANOVA and post-hoc TukeyHSD. Data for D2 are missing. The dates mark the day of
retrieval of NDS samples and hence the first day of sample analysis. Average seasonal GPP accrual per treatment
was: A = 3.218 µg O2 cm-2 h-1, N = 4.427 µg O2 cm-2 h-1, P = 4.208 µg O2 cm-2 h-1, NP = 9.498 µg O2 cm-2 h-1, C =
4.995 µg O2 cm-2 h-1 and CNP = 11.577 µg O2 cm-2 h-1.

I used single bivariate analyses with linear regression to assess the reasons for the seasonal
patterns described above. In comparison to the autotrophic algae, CR did not show the same
linear temperature dependency. Temperature however seemed to increase the magnitude of
treatment effects following a non-linear trend. These treatment effects (NP and CNP) seemed
to plateau in May and persisted throughout the rest of the season. Linear regression models
including nutrients did not give a significant result as e.g. elevated temperatures coincided with
lower nutrient concentrations, compared to the beginning of the season. Bivariate regressions
with temperature and the response ratios for NP and CNP suggested a non-linear relationship
(R2 ~ 0.6, Appendix Fig. S6). However, there was not such relationship with temperature for
the controls or N, P, and C treatments.

3.2 Spatial survey

3.2.1 Water chemistry, temperature and light
While the seasonal survey integrated changes of chemistry and physical parameters over a
season, the spatial survey revealed differences across streams in this network (e.g., “tundra”
and “birch forest” streams; Fig. 1). Average stream temperature was lowest in S13 (4.79 °C,
birch forest, Fig. 10), highest temperature in S5 (15.1 °C, tundra, Fig. 10). DPF ranged from
7.22 (S20, Fig. 10) to 27.78 (S8, Fig. 10) mol m-2 day-1. Thus, within these vegetation types,
temperature and DPF created different patterns. Both, headwater (Tundra, Fig. 10) locations
and those within the larger, open streams in the birch forest (“Main stem”, Fig. 10), were
generally warmer and had higher variability in temperature. Smaller streams in the birch forest
showed lower temperatures and light irradiation. Similar patterns were also seen in the water
chemistry data (Fig. 11). In this case however, spatial variation occurred across streams and
vegetation zones. DIN ranged 14-fold across locations, from 5.98 (S7) to 86.8 (S13) µg L-1, and
tended to be higher in the birch than tundra streams (average= 58.7 vs 28.0 µg L-1). Average
SRP concentrations were 1.95 µg L-1 and varied up to 60-fold among locations, from 0.21 (S1)
to 13.17 (S3) µg L-1. Still, the vast majority of streams had SRP concentrations below 1.00 µg L15

1.

DOC concentrations were ranging from 1.11 mg L-1 (S19) to 2.44 (S14) mg L-1 and showed a
similar pattern as DIN. Finally, SRP did not show systematic differences across stream
drainage different vegetation types.

Figure 10: Average in-stream temperature (°C; blue diamonds) and daily photon flux (mol m-2 d-1; yellow triangles)
of the spatial survey. Sites and location are mentioned in Table 1/Figure 1 in 2.1. The different vegetation types are
separated with dashed lines. The sites called “Main stem” form a transition zone that integrates features of the
mountain birch forest and tundra, but are located in the mountain birch forest.

Figure 11: Water chemistry (A: DIN; B: DOC; C: SRP) from the spatial survey. Sites and locations are provided in
Table 1 and Figure 1 in 2.1. Different vegetation types are separated with dashed lines. The sites called “Main stem”
form a transition zone that integrates features of the mountain birch forest and tundra, but are located in the
mountain birch forest.
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3.2.2 Autotrophic biofilm responses
Chlorophyll-a accumulation ranged up to 65-fold across locations and treatments, from 0.109
(A, S9) to 7.321 (NP, S10) µg cm-2, spanning a similar range as could be seen in the seasonal
survey (see 3.1.2). Overall, nutrient amended treatments had a significant effect on Chl-a
accrual (One-way ANOVA, p=0.05; Figure 12 and 13). Chl-a growth on all treatments was
significantly higher than on control treatments. However, N and P were not different from each
other (Post-hoc TukeyHSD, p>0.05). As NP was higher compared to the other treatments but
all treatment effects were significant, N and P were co-limiting.

Figure 12: Boxplots showing average Chl-a accrual for every treatment (A, N, P and NP) across all 20 sites used in
the spatial survey. Dots denote outliers, horizontal lines the median. The letters (a, b and c) refer to the TukeyHSD
results and show grouping of significantly different treatments (p=0.05). Overall, treatment N and P are both
significantly higher than the controls (A) and NP together are higher than both, controls (A) and N and P alone.
This result expresses significant N- and P co-limitation at the landscape scale.

Figure 13: Chl-a accumulation (in µg cm-2) separated by site and treatment (A: light blue, N: dark blue, P: ochre and
NP: brown). Dashed lines group vegetation types that are provided in Table 1/Figure 1 in 2.1. Sites called “Main
stem” are also located in the birch forest.

This broad comparison of averages integrates a wide gradient in physical and chemical
conditions across this landscape. Spatial variation, also within streams, is thus disregarded in
that statistical approach. Interestingly, while NP co-limitation was clearly operating at most
17

locations (Fig. 11), these results also suggest that whether N versus P was acting as the most
important nutrient differed across the drainage system. I used all subsets regression to resolve
the physical and chemical factors that may underlie this spatial variation. Overall, this analysis
suggested that background DIN concentration was the most important variable driving both
the differences in chlorophyll-a accumulation on controls and the response ratios. Specifically,
Chl-a accumulation increased linearly across sites with greater DIN concentration (R2 = 0.467,
p < 0.0001; Fig. 14 A). Similarly, algal responses to added P (i.e., RRP) also increased across
the network with greater background DIN (R2 = 0.3203, p = 0.009; Figure 14 B). At the same
time, the magnitude of response to experimental N and NP supplement decreased across sites
with DIN concentration (RRN: R2=0.1169, p=0.15; Fig. 14 C. RRNP: R2=0.2768, p=0.02; Fig 14
D). Note that in the all subsets model, DIN was always the most important factor. Light added
additional explanatory power, but the direction of this relationship (negative) suggested a
spurious correlation. This likely reflects co-variation between light and DIN in the landscape,
where the darkest stream (birch forest) tended to be the most N rich.

Figure 14: Linear regression models for the spatial study with DIN against Chl-a accrual on controls and response
ratios (RRN, RRP and RRNP). Vegetation zones used in Figure 10, 11 and 13 are distinguished by colour (Birch forest:
green; Main stem: yellow and Tundra: brown)

4 Discussion
4.1 Seasonal survey

4.1.1 Autotrophic biofilm responses
The main goal of this study was to evaluate the physical and chemical properties (i.e. water
chemistry, light and temperature) that limit and drive stream biofilm growth at seasonal time
scales in the Arctic. My results show that biofilm growth varied greatly over the course of the
season, among streams in the Miellajokka network, and among experimental nutrient
treatments. These trends in space and time reflect interactions between resource limitation
and key physical variables that influence rates of biological processes in streams. Indeed, the
overall magnitude of NDS treatment effects underscores the importance of nutrient limitation
to biofilm productivity in streams in this region. NDS results from nearly all deployments
showed some degree of nutrient limitation, with NP (autotrophic biofilm) or both, NP and CNP
(heterotrophic biofilm) co-limitation being the most common. Finally, when exploring these
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drivers in space, my results confirm that DIN concentrations in streams have important effects
on biofilm growth (Myrstener et al. 2018), particularly during summer when light and
temperature levels were elevated across the drainage system.
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 two deployments were
installed under the ice, where cold and dark conditions constrained autotrophic processes,
despite high concentrations of both N and P. Of course, the annual light regime is extreme in
the Arctic, and serves as first order control over seasonal changes in aquatic primary
production (Huryn, Benstead and Parker 2014). Further, the seasonal shifts from extreme light
to extreme dark are out of phase with temporal patterns of nutrient concentrations, such that
the co-occurrence of high light/high resource availability is restricted to relatively small
windows of time during spring and autumn. Such conditions may have been captured during
the third deployment (late April/early May) when incident light was increasing rapidly, yet
nutrient concentrations were still relatively high. During this period, I observed no significant
effects of nutrient addition for GPP and Chl-a, even though the background levels for both
response variables had started to increase relative to the first two deployments. Otherwise, my
results, together with other seasonal studies in the Arctic (Huryn, Benstead and Parker 2014),
suggest that autotrophic processes in these streams shift rapidly from light to nutrient
limitation.
In addition to light and nutrients, my results also highlighted the role of temperature as driver
of autotrophic activity throughout spring and summer. For instance, while rates of autotrophic
activity on controls were relatively low throughout the season, seasonal increases in
temperature were correlated with both Chl-a and GPP as described elsewhere (e.g., Welter et
al. 2015). These results contrast with a recent NDS study in nearby tundra and forested
streams, which showed no relationship between biofilm growth on controls and temperature
(Myrstener et al. 2018). Three factors may explain these differences. First, my study
encompassed a broader seasonal time-period (i.e., March to September versus June to
August), and thus may have more strongly captured the influence of cold temperatures earlier
in season. Second, nutrient concentrations in my study stream where considerably higher
throughout the year. Myrstener et al. (2018) argue that nutrient limitation was so strong that
biofilm growth on controls was unable to respond to variation in other physical factors (e.g.,
temperature and light), yet the concentrations of DIN at my study site were five- to six-fold
higher than they report (Tab. 5). Such differences could reflect different years of study or the
unique geomorphic and edaphic characteristics of my study site, which drains a productive
birch forest growing atop deep alluvial sediments. Finally, co-variation between temperature
and light early in the season make it difficult to separate their effects, and thus the correlation
with autotrophic activity should be interpreted with caution.
Table 5: Comparison of environmental variables (DOC, DIN, SRP, DPF and Temp) reported in Myrstener et al.
(2018) and the present study.

Date

DOC

DIN

SRP

DPF

Temp.

(mg L-1)

(µg L-1)

(µg L-1)

(mol m-2 d-1)

(°C)

Data source

June

2015
2018
2018

3.5
2.26
2.17

12.0
76.7
62.2

0.4
1.84
1.45

7.1
7.22
5.93

4.0
2.27
4.16

Myrstener et al. (2018)
Present study
Present study

July

2015
2018

2.4
1.60

9.8
54.5

0.8
0.84

10.0
6.31

8.5
6.30

Myrstener et al. (2018)
Present study

August 2014
2018
2018

2.6
1.56
1.65

9.1
52.7
68.7

1.0
0.78
1.08

6.4
5.46
3.75

8.1
8.28
8.94

Myrstener et al. (2018)
Present study
Present study
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Despite these effects on the controls, the most pronounced temperature effect for autotrophs
was seen with the NP treatments. Greater responses to resource supply illustrate how
increasing temperatures can promote autotrophic responses when nutrients are available in
excess (Friberg et al. 2009; Myrstener et al. 2018). This result is also consistent with Hood et
al. (2017), 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 potential for arctic aquatic ecosystem to respond to climate change if both temperature and
nutrient supply increase. In large parts of the Arctic, this is the expectation. For example, there
is good evidence that N concentrations are increasing in streams for parts of the Arctic where
warming is driving permafrost thaw (e.g., Kendrick et al. 2018). This combination of increasing
temperature and greater nutrient supply is likely to have important consequences not only for
biofilm production, but also for the food webs that are supported by this growth (Kendrick,
Hershey and Huryn 2018). However, current reports for northern Sweden suggest that both N
and P are declining rather than increasing, as a result of greater plant growth and nutrient use
on land (Lucas et al. 2016; Huser et al. 2018) and reduced inorganic N deposition (e.g.
Bergström et al. 2013; Isles, Creed and Bergström 2018). Overall, the extent to which
temperature and nutrients change in concert (or opposition) across arctic lands has critical
implications for how aquatic ecosystems will respond to climate change.
Results from the seasonal analysis did not support the hypothesis of temporal P-limitation of
autotrophs, as suggested for high alpine lakes in this region (Bergström et al. 2013). One
potential reason for this is that the trends in N and P did not follow the opposing seasonal
patterns that have been described for other northern Swedish rivers, where P concentration
increase relative to N throughout the summer (Bergström 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 extent of RRN and RRP
over time. For example, during two periods in July and August, RRP was higher than RRN. As
mentioned earlier, overall response ratios for N amended cups were roughly 0.3 higher than
RRP in the seasonal mean and RRNP was almost twofold higher than RRP. Average response
ratios (for N and P) above 1 and the pronounced effect of RRNP are in line with previous studies
on nutrient limitation of stream biofilms (Tank and Dodds 2003; Elser et al. 2007; Myrstener
et al. 2018). The difference between RRN and RRP in the Arctic, however, appears to be siteand region-specific and likely reflects spatial variation in catchment features that differentially
regulate the cycling and loss of N and P on land (e.g., Schiff et al. 2002). In this case, the stream
used in the seasonal assessment emerges near the base of the catchment and drains rich
alluvial sediments that may be responsible for the distinct seasonal patterns in N and P
concentration relative to other rivers in this region.
4.1.2 Heterotrophic biofilm responses
Similar to autotrophic biofilm, nutrient addition resulted in pronounced treatment effects on
heterotrophic biofilm, however this applied mostly on the NP and CNP treatment. Responses
to those two treatments were also noticeably enhanced by increasing temperatures, however,
this relationship was not linear as observed for the autotrophs. It can be assumed, that early in
the season temperature inhibited treatment effects on heterotrophic biofilms, as no significant
difference among treatments was observed then. After the fourth deployment however, CR
rates for NP and CNP reached a plateau, whereas the other four treatments varied little from
the level of the first deployment. This is partly in line with temperature effects, where CR rates
declined below a certain temperature and did not follow a linear trend (e.g. 0.8 °C, Burrows et
al. 2016). In this study however, CR rates on controls were highest during the lowest
temperature, i.e. 0.34 °C (D1, 28.03.2018) and were obviously not stimulated by increasing
temperatures. Temporal changes in DOC inputs to the stream, including greater supplies in
late spring, may have influenced heterotrophic activity and complicated the relationship with
temperature. Overall, heterotrophic biofilm responses to nutrient amendment were higher
than autotrophic biofilm responses, especially when adding N, P, C and the combination
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treatments NP and CNP as described by Tank and Dodds (2003) and Johnson, Tank and
Dodds (2009).

4.2 Spatial survey

The spatial survey revealed a high degree of heterogeneity in algal growth across the
Miellajokka catchment during late summer where high incident light and temperature did not
likely influence variability in NDS results. Even though light differed across locations (Fig. 10),
stream chemistry was most likely responsible for these patterns of algal growth and nutrient
response. Small-scale heterogeneity in catchment structure is best illustrated by how the
different nutrient assays responded at particular tundra sites (e.g. Fig. 1 and 13, S7-S9). For
example, low DIN concentrations at those three locations led to a higher response in Ntreatments, whereas several of the birch forest sites were characterized by greater P-responses.
Overall, however, the treatment effect of N and P together always exceeded single nutrient
effects. Still, both the elevated N-response in low DIN-streams and the greater P-response in
more DIN-rich locations support the inference that autotrophic biomass accrual was controlled
by background nutrient levels.
Importantly, results from spatial survey suggested that the identity of the primary limiting
nutrient can shift between N and P within this relatively small catchment. These shifts reflect
the importance of small-scale difference in catchment properties that influence stream
chemistry. Such properties may be related to vegetation type and density, height of the riparian
zone, channel morphology, and hydrology. Overall, this result reinforces the importance of
considering the heterogeneity of the arctic landscape when assessing stream ecosystem
properties (Huryn, Benke and Ward 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 environments. This is reflected in how birch forest sites show
similarities in temperature and light, but differences in water chemistry (Fig. 10A: DIN; Fig
10B: DOC), most likely mediated by a mire that drains into those streams (S14-S17). 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 each have slightly different areas, differ in the
presence/absence of lakes and wetlands, and are characterized by different morphologies,
including substrate size and slope. This variation between and within vegetation zones (i.e.,
tundra vs. mountain birch forest) highlights how important it is to consider small-scale
characteristics when drawing conclusive statements about arctic ecosystems.

4.3 Conclusion

The present study reveals how important temporal and spatial patterns are for assessments of
nutrient and resource limitation. Temporal patterns like diel inorganic N driven by GPP (e.g.,
Heffernan and Cohen 2010; Lupon et al. 2016) show how nutrients and stream processes
already fluctuate on a daily basis. My study however integrated environmental variables over
a seven-month study period and captured hence a broader scale of resource limitation. It is
still possible to break the study down into the statement of persistent N-limitation in that arctic
region (e.g., Bergström et al. 2013; Myrstener et al. 2018) when it comes to importance of
macronutrients. When taking snapshots, i.e. single deployment periods of the study, the
driving forces for resource limitation however base on catchment properties, such as
vegetation, hydrology and geomorphology.
In the end however, some questions remain unsolved:
Is it possible to quantify temperature dependence of biofilm response variables (e.g.
autotrophs: Welter et al. 2015; heterotrophs: Burrows et al. 2016)? I could see how
temperature was correlated with Chl-a and GPP rates over the course of the season, but the
spatial study did not expose such a significant temperature effect. Additionally, heterotrophic
biofilms only partly showed positive feedback to increasing temperatures, as NP and CNP-rates
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accelerated during May compared to the other treatments. As I did not test for biofilm
community composition, I might miss biofilm community shifts and colonization patterns that
influence the seasonal progression of process rates and hence mask the temperature effect.
Do we successfully integrate drainage area
and catchment patterns of the research
stream reflected in water chemistry when
planning and conducting nutrient limitation
assessments? Inorganic N and soluble
reactive P levels reported in Myrstener et al.
(2018) were four- to six-fold lower in two
consecutive study years (2014 and 2015) than
those concentrations reported in my study.
Similarly,
comparison
with
national
monitoring data from Abiskojokka show that
DIN concentrations were two- to six-fold
lower than in my seasonal study site (Fig. 15).
Thus, it becomes clear how important the
catchment structure and drainage areas with
its unique vegetation, hydrological and
morphological patterns are for assessing
stream biofilm nutrient limitation. Even
though the streams I studied differed in
15: Comparison of seasonal DIN concentrations
channel order (catchment size), within a Figure
(µg L-1) measured in S21, Miellajokka stream network and
distance of roughly 40 km a variety of "Röda bron" at Abiskojokka close to the Abisko Scientific
nutrient concentrations can be found, which Research station (ANS). The data for the Miellajokka
in turn drive nutrient limitation of catchment is obtained from sampling when visiting the
the data from Abiskojokka is measured around the
autotrophic and heterotrophic biofilm. site,
th
Indeed, even though the present study mostly 15 day of the month and monitored by the Swedish
University of Agricultural Sciences (SLU).
confirmed
persistent
N-limitation
(Myrstener et al. 2018) of streams in this region, I could also show how four- to six-fold higher
nutrient concentrations increased the relative importance of P, resulting in NP co-limitation.
In context of decreasing DIN concentrations in Abiskojokka (Lucas et al. 2016) it is yet
unknown if Miellajokka will, in future, follow the same trends and with decreasing DIN
promote relative importance of N, or if the catchment properties can sustain temporal elevated
importance of P as a macronutrient.
The ultimate question is if I should have extended the study duration: i.e. did I catch the entire
picture of seasonal changes in this arctic environment? The treatment effect of N-amended
response variables increased to a level of true primary N-limitation during the last deployment.
Even though P concentrations had started to increase at the end of the season, an additional
deployment in October could have revealed if there was a true transition to N limitation. With
an extension of the seasonal study, I could moreover have more clearly identified the seasonal
shift of biofilm the limitation regime from nutrients back to light.
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Appendix
1. Chl-a vs. GPP for autotrophic biofilm

Figure S1: Bivariate plots of autotrophic Chl-a and GPP from the seasonal study for each treatment (A: light blue,
N: dark blue, P: ochre and NP: brown) with linear regression and the corresponding R2 values.

2. Seasonal SRP vs. TP

Figure S2: Bivariate plot of SRP and TP for the seasonal data to show the quality of correlation between both
variables.
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3. Seasonal Chl-a response ratios from autotrophic biofilm

Figure S 3: Average Chl-a response ratios on inorganic surfaces for the three nutrient addition treatments (N: dark
blue, P: ochre and NP: brown). Error bars denote standard error. Asterisks highlight significant treatment effects,
calculated with one-way ANOVA and post-hoc TukeyHSD that are used in the Chl-a data shown in 3.1.2. This means
the ANOVA did not include the RRs, but the actual values. The dashed line marks a response ratio of one (RR = 1)
which indicates no treatment effect. Values above the line (RR > 1) show nutrient limitation, values below nutrient
inhibition (RR < 1). The x-axis represents the date of retrieval of NDS surfaces and hence the start of sample
analysis, as well as the deployment number. Average seasonal Chl-a response ratios were: N = 1.405, P = 1.134 and
NP = 2.091.

4. Seasonal GPP response ratios from autotrophic biofilm

Figure S 4: Average GPP response ratios on inorganic surfaces for the three nutrient addition treatments (N: dark
blue, P: ochre and NP: brown). Error bars denote standard error. Asterisks highlight significant treatment effects,
calculated with one-way ANOVA and post-hoc TukeyHSD that are used in the GPP data shown in 3.1.2. This means
the ANOVA did not include the RRs, but the actual values. The dashed line marks a response ratio of one (RR = 1)
which indicates no treatment effect. Values above the line (RR > 1) show nutrient limitation, values below nutrient
inhibition (RR < 1). The x-axis represents the date of retrieval of NDS surfaces and hence the start of sample
analysis, as well as the deployment number. Average seasonal GPP response ratios were: N = 1.161, P = 1.068 and
NP = 1.363.
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5. Seasonal CR response ratios from heterotrophic biofilm

Figure S 5: Average CR response ratios on organic surfaces for the five nutrient addition treatments (N: dark blue,
P: ochre, NP: brown, C: cyan and CNP: dark green). Error bars denote standard error. Asterisks highlight significant
treatment effects, calculated with one-way ANOVA and post-hoc TukeyHSD that are used in the CR data shown in
3.1.3. This means the ANOVA did not include the RRs, but the actual values. The dashed line marks a response ratio
of one (RR = 1) which indicates no treatment effect. Values above the line (RR > 1) show nutrient limitation, values
below nutrient inhibition (RR < 1). The x-axis represents the date of retrieval of NDS surfaces and hence the start
of sample analysis, as well as the deployment number. Average seasonal GPP response ratios were: N = 1.416, P =
1.355, NP = 3.146, C = 1.614 and CNP = 3.868.

6. Nonlinear regression of seasonal CR (NP and CNP) and temperature

Figure S 6: Non-linear regression of seasonal CR response ratios to NP (A) and CNP (B) addition. Quality of the
regression function is expressed as R2 and denoted in the graph. The formula describing the fit for RR NP vs.
temperature is: 𝑦 ~ 1.9346 ∗ 𝑥 0.3652 ; the for RRCNP vs. temperature is: 𝑦 ~ 2.1335 ∗ 𝑥 0.4343 .
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7. Spatial Chl-a ratios for autotrophic biofilms for 20 sites

Figure S 7: Average spatial Chl-a response ratios on inorganic surfaces for the three nutrient addition treatments
(N: dark blue, P: ochre and NP: brown). Error bars denote standard error. The dashed line marks a response ratio
of one (RR = 1) which indicates no treatment effect. Values above the line (RR > 1) show nutrient limitation, values
below nutrient inhibition (RR < 1). The x-axis represents the date of retrieval of NDS surfaces and hence the start
of sample analysis, as well as the deployment number. Average spatial Chl-a response ratios were: N = 1.973, P =
2.069 and NP = 8.124.
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