
1 of 17Environmental Microbiology Reports, 2025; 17:e70074
https://doi.org/10.1111/1758-2229.70074

ENVIRONMENTAL MICROBIOLOGY REPORTS
Environmental Microbiology Reports

BRIEF REPORT OPEN ACCESS

Drivers of Epilithic Biofilms in Greenland Streams: 
The Role of Nutrients, Temperature and Catchment 
Slope Across a Climate Gradient
Sanne M. Moedt1   |  Kirsten S. Christoffersen1,2   |  Andreas Westergaard-Nielsen3   |  Kenneth T. Martinsen1   |  
Ada Pastor4   |  Niels Jákup Korsgaard5   |  Tenna Riis6

1Department of Biology, University of Copenhagen, Copenhagen, Denmark  |  2Arctic Biology, University Centre in Svalbard, Norway  |  3Department of 
Geosciences and Natural Resource Management, University of Copenhagen, Copenhagen, Denmark  |  4Institute of Aquatic Ecology, University of Girona, 
Girona, Spain  |  5Geological Survey of Denmark and Greenland, Copenhagen, Denmark  |  6Department of Biology, Arctic Research Center, Aarhus 
University, Aarhus, Denmark

Correspondence: Tenna Riis (tenna.riis@bio.au.dk)

Received: 23 January 2025  |  Accepted: 28 January 2025

Funding: This project received funding via the TALENT Doctoral Fellowship Programme (University of Copenhagen) from the European Union's Horizon 
2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 801199 and from the Carlsberg Foundation (CF19-0436 
and CF16-0325). A.P. is supported by a “Ramón y Cajal” Fellowship (RYC2022-036661-I) of the Spanish Ministry of Science, Innovation and Universities. 
Villum Foundation (42069), Danish Ministry of Climate, Energy and Utilities.

Keywords: aquatic microbiology | biofilm biology | microbial communities

ABSTRACT
The Arctic is warming faster than the global average, making it critical to understand how this affects ecological structure and 
function in streams, which are key Arctic ecosystems. Microbial biofilms are crucial for primary production and decomposition 
in Arctic streams and support higher trophic levels. However, comprehensive studies across Arctic regions, and in particular 
within Greenland, are scarce. This study analysed total biomass, autotrophic biomass (chlorophyll a), and the general structure 
of major autotrophic groups in stream epilithic biofilms across Greenland's subarctic, Low Arctic, and High Arctic regions. Our 
aim was to identify primary environmental drivers of biofilm across these climate regions. We observed large environmental 
variation differences in biofilm chlorophyll a concentrations and total biomass across the regions. Cyanobacteria, diatoms, and 
green algae were present in all regions, with cyanobacteria dominating High Arctic streams. Phosphate and water temperature 
primarily drove autotrophic biofilm abundance measured as chlorophyll a concentration, while catchment slope and nitrate con-
centrations influenced total biofilm biomass, with relationships varying by region. Our results suggest increased biofilm accu-
mulation in Greenland streams under projected climate warming, which likely will alter trophic food webs and biogeochemical 
cycling, with region-specific responses expected.

1   |   Introduction

Stream ecosystems in the Arctic are currently subjected to 
multiple environmental changes as a result of climate change 
(Vonk et al. 2015; Wrona et al. 2016). Changes such as increased 
temperatures and altered precipitation patterns directly or 

indirectly affect the physical–chemical conditions in streams 
(Docherty, Riis, Milner, et al. 2018; Huryn 2020), which will 
lead to shifts in ecosystem functioning on a circumpolar scale. 
Especially in nutrient-poor streams, ecosystem primary pro-
duction is dominated by autotrophic microbial biofilms, that 
is, attached to a substrate (Battin et al. 2016; Busi et al. 2022; 
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Quesada et  al.  2008). Additionally, biofilms as such play an 
important role in other ecological processes, such as organic 
matter degradation (Kohler et  al.  2022; Sudlow et  al.  2023) 
and nutrient cycling (Busi et  al.  2022). They also form the 
basis of the aquatic food web (Battin et al. 2016), especially in 
nutrient-poor freshwaters such as those in the Arctic where 
terrestrial plant detrital inputs are scarce (Vander Zanden and 
Vadeboncoeur  2020). Therefore, understanding how climate 
and other environmental factors shape Arctic stream biofilms 
is critical to predict future changes in ecosystem functioning 
due to climate change.

Epilithic stream biofilms consist of a complex assemblage of 
autotrophic and heterotrophic microbes, embedded in a poly-
saccharide matrix attached to submerged stones and rocks 
(Battin et  al.  2016) and with specific environmental require-
ments for growth. Autotrophs in biofilm assemblages consist 
primarily of diatoms, green algae, and cyanobacteria (Sudlow 
et  al.  2023), whereas heterotrophs are predominated by bac-
teria, fungi, protozoans and meiobenthos (Battin et  al.  2016; 
Risse-Buhl et al. 2012; Weitere et al. 2018). These two micro-
bial components complement each other, where autotrophs 
provide heterotrophs with organic compounds (e.g., carbohy-
drates and amino acids), while heterotrophs produce carbon di-
oxide which can be taken up by autotrophs (Battin et al. 2016, 
2003). This internal biofilm carbon cycling can be rather self-
sufficient as long as there is enough light and inorganic nutri-
ents (Romaní et al. 2004).

Previous studies show that epilithic biofilms in Arctic streams 
are either limited by nitrogen or co-limited by nitrogen and phos-
phorus (Hauptmann and Myrstener 2023; Myrstener et al. 2018; 
Pastor et al. 2020). For instance, during a nutrient addition ex-
periment, Hauptmann and Myrstener (2023) have demonstrated 
that added nitrogen and phosphorus promoted biofilm biomass 
accumulation. Physical attributes of catchments, such as size, 
slope, and vegetation cover, can be other important but indirect 
factors driving biofilm biomass, as they have been shown to in-
fluence nutrient availability in streams (Harms et al. 2016; Riis 
et al. 2023). For example, Connolly et al. (2018) found a positive 
correlation between watershed slope and summer nitrate con-
centrations across the Arctic.

Greenland constitutes an important component within the cir-
cumpolar Arctic as it deviates from most other Arctic regions due 
to its size and its permanent ice sheet, which strongly impacts 
the local climate and ecosystem functioning (DeBeer et al. 2020; 
Heindel et al. 2015). Additionally, Greenland is geographically 
isolated, which causes dispersal limitations for certain organ-
isms, such as insects and fish (Lento et al. 2022). Furthermore, 
Greenland encompasses three distinct climate zones, that is, the 
subarctic, Low Arctic and High Arctic (Lento et al. 2019). These 
zones differ in annual mean temperature, precipitation patterns, 
light climate, and permafrost extent. Understanding stream bio-
film ecology along this large climatic gradient in Greenland can 
enhance our global understanding of biofilm diversity across the 
broader Arctic.

In this context, studies focusing on the ecology and composition 
of biofilm assemblages and those covering large geographical 

areas in the Arctic are scarce (but see Heikkinen et  al.  2023; 
Kahlert et  al.  2022; Puts et  al.  2022). In particular, it is nota-
ble that comprehensive studies of stream biofilms in Greenland 
are few and limited to specific study areas, thus hampering a 
broader understanding of biofilm dynamics and environmental 
interactions across different climatic regions in the whole Arctic.

The goal of this study was twofold: (i) to determine biomass 
and relative abundance of major autotrophic groups of epilithic 
biofilms and (ii) to identify the main environmental drivers 
across three climate regions in small, clear-water Greenland 
streams. To do that, we obtained biofilm samples and mea-
sured environmental variables across a large environmental 
gradient in Greenland, encompassing three climate regions: 
subarctic, Low Arctic, and High Arctic. We hypothesised that 
(1) climate (temperature and precipitation) will drive autotro-
phic and total (autotrophic and heterotrophic) biofilm biomass; 
(2) catchment area, slope and vegetation cover will positively 
affect biofilm biomass due to increased allochthonous organic 
matter inputs into the streams and the associated heterotro-
phic microbial production (3) and availability of inorganic 
nutrients (nitrogen and phosphorus) in the water column will 
influence the biomass of primary producers, thereby affecting 
total biofilm biomass due to changes in primary production 
and biomass accumulation. The understanding of stream mi-
crobial biofilms along Greenland's environmental gradient 
offers invaluable insights into the role of stream biofilms in 
the Arctic, thereby enriching our comprehension of their eco-
logical significance.

2   |   Methods

2.1   |   Study Sites

We studied 28 streams in three different climate regions in 
Greenland (Figure  1). These were as follows: Zackenberg 
(74°29′44″ N 20°45′59″ W) in the High Arctic region, 
Qeqertarsuaq (69°14′50″ N 53°32′00″ W) in the Low Arctic 
region, and Narsaq (60°54′44″ N 46°02′55″ W) in the sub-
arctic region. The duration of polar night differs markedly 
from north to south, with 89 days in Zackenberg and 44 days 
in Qeqertarsuaq, while there is no polar night in Narsaq. 
The catchment area was dominated by tundra vegetation in 
Zackenberg and Qeqertarsuaq (Callaghan et al. 2011; Elberling 
et  al.  2008), whereas in Narsaq the vegetation varied from 
grassland in the lowland riparian areas to tundra vegetation at 
the high altitudes in the catchment (Rose-Hansen et al. 1977; 
Westergaard-Nielsen et al. 2015). All regions are mountainous 
with several streams originating from glaciers. Qeqertarsuaq 
has geothermal springs, which feed into some of the streams 
in the area (stream SE, SK and SS). Water chemistry and bio-
film samples were collected from 14 streams in Zackenberg be-
tween the 20th of August and the 3rd of September 2017 (Pastor 
et al. 2019), from six streams in Qeqertarsuaq between the 18th 
and 25th of September 2018 (Pastor et al. 2021), and from eight 
streams in Narsaq between the 4th and 6th of August 2022 
(Table  S1). Additional measurements for major autotrophic 
group relative abundance in Qeqertarsuaq and Zackenberg 
were conducted in July and August 2023, respectively. Several 
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of these sites were not identical but should still be representa-
tive for the respective regions.

2.2   |   Meteorological Information

Data on local air temperature and precipitation during 
the 10 years prior to biofilm sampling in Zackenberg and 
Qeqertarsuaq was obtained from the Greenland Ecosystem 
Monitoring database (measured at 2 m above the ground; 
https://​data.​g-​e-​m.​dk/​) and data from Narsaq (Narsarsuaq, 
40 km away) was obtained through the Danish Meteorological 
Institute (DMI, http://​resea​rch.​dmi.​dk/​publi​catio​ns/​other​-​publi​
catio​ns/​repor​ts/​). We calculated annual and summer (July and 
August) mean air temperature and accumulated precipitation. 
For Qeqertarsuaq, precipitation data were only available from 
2010 onwards, and for Zackenberg 2014, precipitation data were 
incomplete and consequently removed from the dataset.

During the 10 years prior to biofilm sampling, Zackenberg had 
an annual mean air temperature of −6°C to −10°C (Figure 2a) 
and a summer mean temperature of 4°C–7°C (Figure  2b). 
Annual precipitation was between 100 and 400 mm (Figure 2c) 
and summer precipitation around 10–100 mm (Figure  2d). 
In the Qeqertarsuaq region, the annual mean air tempera-
ture was between 0°C and −5°C, while summer temperatures 
were between 5°C and 8°C. The typical annual precipitation in 
the Qeqertarsuaq area is around 400 mm (Zhang et  al.  2019). 
Finally, Narsaq had the highest annual and summer mean air 
temperatures (1°C–2°C and 6°C–9°C, respectively) and annual 
and summer precipitation (250–800 and 25–200 mm, respec-
tively) in the 10-year period.

During the 4 weeks prior to the start of sampling, the mean air 
temperature at Zackenberg was 8°C, in Qeqertarsuaq 4°C, and 
in Narsaq 11°C (Figure 3a). During these 4 weeks, total precipi-
tation in Zackenberg was 5 mm, in Qeqertarsuaq 18 mm, and in 
Narsaq 16 mm (Figure 3b).

2.3   |   Catchment Topography and Vegetation

We determined catchment characteristics, including total area, 
mean elevation, mean slope, and normalised difference veg-
etation index (NDVI), as a proxy for vegetation (Myers-Smith 
et al. 2020), for each stream catchment. The tools used differed 
slightly between the three regions.

At each of the three sites, we used 2 m digital elevation mod-
els (DEM; see Data S1) to delineate the catchments to each 
water sample point and characterise slope and aspect within 
the catchments. The DEMs were preprocessed using least-cost 
breaching (Lindsay and Dhun  2015) and depression filling 
(Wang and Liu 2006). Flow directions were determined using 
the D8 algorithm (O'Callaghan and Mark  1984), which was 
subsequently used to define the catchment boundaries and 
flow accumulation.

In Zackenberg and Narsaq, the workflow was performed in 
a QGIS environment, and for Qeqertarsuaq, we used ESRIs 
ArcGIS Pro. We processed spatial NDVI within each catch-
ment using atmospherically corrected Sentinel-2, level 2A data, 
providing bottom of atmosphere surface reflectance. The spa-
tial resolution is 10 m. At all three sites, we used the Sentinel-2 
scenes closest in time to the biofilm sampling. In Zackenberg 

FIGURE 1    |    Map of Greenland with the studied regions (Zackenberg, Qeqertarsuaq and Narsaq) and photos of stream sites in each region. The 
map was created using QGIS version 3.4. Photo credit: Zackenberg by A. Pastor, and Qeqertarsuaq and Narsaq by S. M. Moedt.
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and Narsaq, the NDVI processing was done with R and GDAL, 
and in Qeqertarsuaq, we used preprocessed NDVI from the 
GEM database (www.​G-​E-​M.​dk).

2.4   |   Physical–Chemical Parameters

Water temperature and conductivity were measured in  situ 
by a YSI Multi Sonde approx. 10 cm below the water sur-
face. Water velocity was measured with a velocity metre 
(Höntzsch flowmeter) at each site over a known profile at the 
deepest part of the stream channel. Water samples were col-
lected from the middle of the stream and filtered in the field 
for nutrient analyses, using 0.2-μm membrane filters (Supor 
200 PES, Pall Corporation, Port Washington, New York, US) 

and for dissolved major ions using 0.7-μm pre-combusted 
glass fibre filters (GFF, Whatman, UK). We froze these sam-
ples at −18°C within 6 h after sampling and kept them frozen 
until analysis, while samples for alkalinity were kept in the 
fridge at 5°C. Samples for dissolved Si were analysed on an 
ICP-MS (PerkinElmer Instruments, Optima 2000 DV). We 
analysed NO3

−, NH4
+ and PO4

3− by using a Lachat QC-8500 
Flow Injection Autoanalyzer (colorimetric analysis; Lachat 
Instruments, Loveland, Colorado, US; APHA 2005). All NO3

− 
concentrations were above the quantification limit, but not 
all NH4

+ and PO4
3− concentrations (quantification limit for 

NO3
−, NH4

+ and PO4
3− was 0.004, 0.010 and 0.005 mg L−1, re-

spectively). In Qeqertarsuaq and Zackenberg, triplicate water 
samples were collected, from which we calculated the mean, 
whereas in Narsaq, only one sample per site was collected.

FIGURE 3    |    Daily mean air temperature (°C) (a) and precipitation (mm) (b) during the 4 weeks prior to the start of sampling in Zackenberg (blue), 
Qeqertarsuaq (grey), and Narsaq (orange). The vertical dashed line indicates the onset of sampling within each region.

FIGURE 2    |    Annual (a) and summer (b) mean air temperature (°C) during the 10 years prior to sampling and during the sampling year in 
Zackenberg (blue), Qeqertarsuaq (grey), and Narsaq (orange). Precipitation data for Qeqertarsuaq were only available from 2010 onwards.
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2.5   |   Biofilm

We collected epilithic biofilm samples from three replicate sites 
along a 50 m long reach in each study stream, starting from 
where water samples were collected and going upstream. At 
each site, we collected three or four relatively flat stones, ar-
ranged them in a tray (20 × 30 cm) with a measuring scale, and 
took a photo that was used for later digital determination of 
the stones' surface area, by means of the free software ImageJ 
(Rueden et  al.  2017). Subsequently, we used a BenthoTorch 
(bbe Moldaenke, Germany) pigment reader to assess the rela-
tive abundance of major biofilm microbial autotrophs (cyano-
bacteria, diatoms and green algae) by means of pigments on 
three randomly picked stones in each tray. For Qeqertarsuaq 
and Zackenberg, this was done during a later sampling cam-
paign in 2023, in streams within the same area as described in 
Section 2.1. Therefore, site names for these measurements are 
different. Following this, we removed the biofilm from the light-
facing stone side by brushing it off with a toothbrush and con-
currently adding small amounts of stream water until the stone 
surface was clean. This produced a slurry of 100–200 mL, which 
was collected in a bottle and stored in the dark until further pro-
cessing later that same day.

For each biofilm sample, we filtered a small quantity of bio-
film slurry onto pre-combusted GF/F filters (Whatman, UK) in 
Qeqertarsuaq and Narsaq and onto pre-combusted GF/C filters 
(Whatman, UK) in Zackenberg for measurements of chlorophyll 
a (Chl a) concentration. Additionally, we filtered a small quan-
tity of slurry onto pre-combusted GF/F filters to measure ash-
free dry weight (AFDW). All filters were individually wrapped 
in aluminium foil and stored at −20°C until further analysis. 
The amounts were then scaled to surface area.

In the laboratory, each Chl a filter was thawed, added 96% etha-
nol and placed in darkness for overnight extraction of pigments. 
The next day, the extracts were re-filtered to remove any de-
bris and measured in a spectrophotometer at 665 and 750 nm. 
Chl a concentrations were calculated per cm−2 of stone surface 
(light-facing side). Filters for AFDW were first dried at 60°C for 
48 h, and their dry weight was measured. Next, the filters were 
placed in a furnace at 450°C for 5 h and weighed again. The dif-
ference in weights was then used to calculate AFDW per cm−2 
of stone surface. We also calculated the autotrophic index (AI) 
as the ratio of mg AFDW to mg Chl a per stone surface area that 
indicates the relative proportion of heterotrophic organisms or 
non-living organic material versus autotrophic community con-
tribution in the biofilm (Steinman et al. 2017).

2.6   |   Statistical Analysis

First, ANOVA's were performed to identify differences and 
similarities in environmental and catchment variables and bio-
film characteristics among the regions. Prior to analysis, resid-
uals were examined to verify the assumptions of ANOVA were 
met. Second, a principal component analysis (PCA) of environ-
mental and catchment factors (selected using forward selec-
tion) was calculated with the princomp function (FactoMineR 
package v4.2.3) and visualised using factoextra (v4.2.3). Third, 

Spearman's rank correlations were done to identify significant 
correlations between biofilm characteristics, physical–chemi-
cal data and environmental data. Furthermore, these correla-
tions were used to identify candidate predictors for subsequent 
multiple regression analyses of biofilm characteristics based on 
significant correlations. Next, to analyse the relationship be-
tween biofilm characteristics and physical–chemical, environ-
mental and catchment variables, we initially built linear mixed 
models (LMM), with region as a random effect. However, this 
did not lead to significant models, probably due to contrast-
ing relevant drivers for biofilm across the regions. Therefore, 
we performed multiple linear regressions for each region sep-
arately and selected the best model using forward selection 
based on the Akaike Information Criterion (AIC). Normality 
of residuals was tested using a Shapiro–Wilk test, and homoge-
neity of variances was checked visually. All statistical analyses 
were performed using R version 4.2.0 (2022-04-22) through 
RStudio 2023.09.1.

3   |   Results

3.1   |   Catchment Characteristics

Catchment areas in Narsaq ranged from 5.16 to 36.13 km2 and 
were on average larger than in Qeqertarsuaq and Zackenberg 
(0.20–3.89 and 0.34–11.26 km2, respectively; df = 2; F = 67.40; 
p < 0.0001 for both; Table  1). Catchment slope was lowest in 
Zackenberg (df = 2; F = 70.69; p < 0.0001 for both), where it 
ranged from 1° to 21°. In Narsaq and Qeqertarsuaq, catchment 
slope ranged from 17°–25° to 15°–27°, respectively. There was 
no significant difference in mean NDVI among the regions 
(ANOVA; df = 2; F = 2.55; p = 0.085), which ranged from 0.03 to 
0.37 in Zackenberg, −0.01 to 0.41 in Qeqertarsuaq, and 0.16–0.32 
in Narsaq (Table 1).

3.2   |   Physical–Chemical Characteristics

Stream water temperature across the sites in Qeqertarsuaq 
ranged from 0.2°C to 1.4°C and was lower than in Narsaq 
and Zackenberg (2.6°C–9.4°C and 2.7°C–8.4°C, respectively; 
Table  1; ANOVA; df = 2; F = 37.37; p < 0.0001 for both). The 
velocity in Narsaq streams ranged from 0.16 to 0.80 m s−1 and 
was higher than in Qeqertarsuaq and Zackenberg (0.001–0.37 
and 0.00–0.53 m s−1, respectively; df = 2; F = 45.88; p < 0.0001 
for both). Zackenberg streams had a higher conductivity 
(41–473 μS cm−1; df = 2; F = 36.06; p < 0.0001 for both) than 
in Narsaq and Qeqertarsuaq (39–63 and 56–102 μS cm−1, re-
spectively). Ammonium concentrations were also higher in 
the streams in Zackenberg (21–105 μg N L−1) than those in 
Narsaq (< 10–44 μg N L−1) and Qeqertarsuaq (14–18 μg N L−1; 
df = 2; F = 21.41, p < 0.0001 and p = 0.0001, respectively). 
Phosphate concentrations were higher in Qeqertarsuaq 
(8–27 μg P L−1; df = 2; F = 50.00; p < 0.0001 for both) than in 
Narsaq (< 5–11 μg P L−1) and Zackenberg (< 5–10 μg P L−1). 
Lastly, nitrate concentrations were higher in Zackenberg than 
in Narsaq (4–231 and 6–95 μg N L−1, respectively; df = 2; F = 4.28; 
p = 0.017). In Qeqertarsuaq, nitrate concentrations ranged from 
5 to 95 μg N L−1. All data are summarised in Table 1.
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3.3   |   PCA of Catchment and Environmental 
Variables

The first two principal components (PC) axes explained most 
of the variance in environmental and catchment factors (71%, 
Figure 4). There was a clear separate clustering of the three re-
gions. Narsaq clustered on the right end of PC 1 and in the mid-
dle of PC 2 and was primarily associated with a larger catchment 
area and steeper catchment slopes (Table S3). Qeqertarsuaq clus-
tered in the higher end of PC 2 and in the middle of PC 1 and 
was associated with a higher concentration of phosphate and 
silica. Finally, Zackenberg clustered more towards the left side 
of the centre and was associated with higher water conductivity. 
Overall, this emphasises that the three regions represent distinct 
environmental and catchment settings.

3.4   |   Biofilm Characteristics 
and Major Autotrophic Groups

Epilithic biofilm Chl a concentrations were higher in 
Qeqertarsuaq streams (0.10–1.16 μg cm−2, Table  S2; 
Figure  5a) than in Narsaq and Zackenberg (0.04–0.52 and 
0.01–0.36 μg cm−2, respectively; ANOVA; F = 18.38; p = 0.0018 
and < 0.0001, respectively; Figure 5a; Table S2). The AFDW in 
Narsaq (0.46–1.57 mg cm−2) was greater than in Qeqertarsuaq 
and Zackenberg (0.08–0.18 and 0.14–1.20 mg cm−2, re-
spectively; F = 10.72; p = 0.0001 and 0.0009, respectively; 
Figure  5b). The biofilms' AI in Qeqertarsuaq (160–984) was 
lower than that in Narsaq and Zackenberg (3144–28,744 and 
1268–20,588, respectively; F = 3.83; p = 0.032 and 0.044, re-
spectively; Figure  5c), due to the lowest AFDW and highest 
Chl a values in Qeqertarsuaq.

Cyanobacteria, diatoms and green algae appeared in all re-
gions but with different patterns (Figure 6). In Narsaq, diatoms 
and green algae made up the majority of autotrophic biomass. 
However, in the two lake-fed streams (NT04 and NT09), cya-
nobacteria contributed with > 25% to total autotrophic biomass. 
In Qeqertarsuaq, two streams (SC and SL) were dominated by 
green algae (95%–100%) while in the other streams, green algae 
and diatoms each formed an important part of the autotrophic 
biomass. Biofilms in streams SE and SS also contained cyano-
bacteria. In Zackenberg, cyanobacteria are more predominant 
than in Narsaq and Qeqertarsuaq, as they are present in all nine 
streams and make up 15%–55% of total autotrophic biomass. 
Green algae were less abundant in streams Z5, Z6, Z8 and Z9, 
contributing < 15% to total biomass.

3.5   |   Spearman Rank Correlations

Spearman correlation coefficients among biofilm, physical–chem-
ical and environmental attributes across the three different re-
gions are shown in Table 2. Values of Chl a concentrations were 
positively correlated with values of phosphate, catchment slope, 
silica, nitrate, Julian day and current velocity and negatively 
with iron, latitude, ammonium and water conductivity. Values of 
AFDW were positively correlated with water temperature, iron, 
catchment area and velocity and negatively with Julian day, silica 
and phosphate. The AI was positively correlated with iron, water 
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temperature, ammonium, latitude and catchment area and neg-
atively with silica, phosphate, Julian day and catchment slope. 
We also did a Spearman correlation for each region separately 
(Tables  S4–S6). This analysis showed that the most important 
variables correlating with biofilm characteristics varied between 
regions. Chl a concentrations in Zackenberg were positively cor-
related with velocity, nitrate and Julian day. In Qeqertarsuaq, Chl 
a was positively correlated with velocity, water temperature, Julian 
day and catchment slope, and in Narsaq positively with conduc-
tivity and silica. In Zackenberg, AFDW was positively correlated 
with nitrate, while in Qeqertarsuaq, it was correlated with velocity, 
water temperature and catchment slope. AFDW was negatively 

correlated with conductivity in Qeqertarsuaq. In Narsaq, AFDW 
was not correlated with any variable. Finally, AI in Zackenberg was 
positively correlated with NDVI and negatively with velocity, phos-
phate, Julian day and catchment slope. In Qeqertarsuaq, AI was 
negatively correlated with velocity, phosphate, nitrate and catch-
ment slope. In Narsaq, AI was not correlated with any variable.

3.6   |   Relationships Between Biofilm Characteristics 
and Environmental and Catchment Variables

When analysing the data in a multiple linear regression analy-
sis for each region, we found generally corresponding results to 
the spearman rank correlation. In Zackenberg, Chl a concentra-
tions were positively related to stream velocity (Table 3; F = 9.58; 
p = 0.0036; Figure 7a), AFDW was negatively related to water con-
ductivity (Figure  7b; F = 6.56; p = 0.01) and positively to nitrate 
concentrations (Figure 7c; F = 23.55; p < 0.001), and AI was neg-
atively related to catchment slope (Figure 7d; F = 6.03; p = 0.02) 
and phosphate concentrations (Figure  7e; F = 7.40; p = 0.01). In 
Qeqertarsuaq, Chl a concentrations were positively related to 
phosphate concentrations (Figure 8a; F = 5.56; p = 0.04) and water 
temperature (Figure  8b; F = 68.40; p < 0.001), AFDW was pos-
itively related to catchment slope (Figure 8c; F = 7.57; p = 0.01), 
and AI was positively related to catchment slope (Figure  8d; 
F = 10.27; p = 0.009) and negatively to phosphate concentrations 
(Figure  8e; F = 13.35; p = 0.004). Finally, in Narsaq, Chl a con-
centrations were positively related to pH (Figure  9a; F = 14.01; 
p = 0.0028) and water temperature (Figure 9c; F = 7.80; p = 0.016), 
and negatively to phosphate concentrations (Figure 9b; F = 11.01; 
p = 0.0061). There were no significant models for AFDW and AI.

FIGURE 4    |    Principal component analysis of environmental and 
catchment variables. Axis labels indicate percentage of variance ex-
plained by the principal components (PC) 1 and 2. Colours and shapes 
show the observations within Zackenberg (blue square), Qeqertarsuaq 
(grey triangle), and Narsaq (orange circle).

FIGURE 5    |    (a) Chl a (μg cm−2) concentration, (b) amount of AFDW (mg cm−2) and (c) AI in streams within the three regions. From left to right, 
the regions decrease in latitude. One outlier was removed from Narsaq in the AI figure for readability of the figure. Lowercase letters above box plots 
indicate significant differences (p < 0.05) based on Tukey's post hoc analysis.
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4   |   Discussion

Our goal was to describe biofilm biomass and the relative abun-
dance of major autotrophic groups, as well as evaluate how en-
vironmental drivers shape stream epilithic biofilms across three 
distinct climate regimes representing subarctic, Low Arctic and 
High Arctic zones in Greenland. In accordance with our initial 
hypotheses, we found that epilithic stream biofilm in the three 
study areas primarily related to water temperature and nutrient 
concentrations (Table 2). Other important variables were water 
conductivity and catchment characteristics.

As temperatures are projected to increase during the next de-
cades (Rantanen et al. 2022), which will likely also promote in-
creases in nutrient levels across the Arctic landscape (Elberling 
et  al.  2008; Vonk et  al.  2015), we expect that biofilm biomass 
will have the potential to increase. However, to which extent 
this will affect the ecosystem structure and function will depend 
on several factors, such as light availability, nutrient availability 
and grazing pressure. In the following, we will first characterise 
the stream biofilm in the three regions and then discuss how 
these results support our hypotheses that (1) climatic conditions 
(e.g., temperature) drive biofilm autotrophic and total biomass; 
(2) catchment size, slope and vegetation cover positively affect 
biofilm biomass and (3) nutrient availability in the water column 
affects biofilm autotrophic and total biomass.

4.1   |   Epilithic Biofilm Across Climate Regions in 
Greenland

The range of Chl a concentrations in epilithic stream bio-
film in this study based on 28 Greenland stream sites was 
0.00–1.36 μg cm−2. This is similar to other regions in the Arctic, 
where Myrstener et al. (2018) reported values of 0.1–1.4 μg cm−2 

for tundra streams in Arctic Sweden, and Kendrick and 
Huryn (2015) reported values of 0.25–0.69 μg cm−2 from streams 
in Alaska. The streams in Qeqertarsuaq exhibited significantly 
higher Chl a concentrations than those in the Narsaq and 
Zackenberg regions. One primary reason for this difference 
could be that the Qeqertarsuaq sites were sampled later during 
the growing season than the two other regions, and therefore, 
provided more time for biomass accumulation over the season. 
This is supported by Hauptmann and Myrstener  (2023) that 
showed that biofilm Chl a concentrations increased throughout 
the season in streams in Arctic Sweden. However, Skovsholt 
et  al.  (2020) found that in Zackenberg streams, autotrophic 
biomass was higher in early summer and total biomass in late 
summer, while primary production was higher in late sum-
mer compared to early summer. They linked this to the lower 
discharge and thus lower physical disturbance, allowing for 
biomass accumulation (Skovsholt et al.  2020). The occurrence 
of geothermal springs in the Qeqertarsuaq area allows for 
year-round flowing water in some of the study streams (SE, SK 
and SS), extending the length of the growing season (Friberg 
et al. 2001; Hjartarson and Armannsson 2010). Thus, the higher 
Chl a concentrations in Qeqertarsuaq are likely the result of a 
combination of warmer streams, a longer growing season, and 
sampling later in the season.

Our results show that total biofilm biomass (AFDW) was pos-
itively correlated with water temperature across the three cli-
mate regions (Table  2) and that Chl a concentrations were 
positively related to water temperature in Qeqertarsuaq and 
Narsaq (Table  3). Therefore, hypothesis 1—that temperature 
drives both autotrophic and total biomass—was verified. A 
warming experiment in the subarctic also showed that higher 
water temperatures resulted in increased autotrophic biomass, 
primarily due to an increase in green algal biomass, which was 
related to higher uptake rates of dissolved inorganic nitrogen 

FIGURE 6    |    Mean relative abundance of epilithic cyanobacteria, diatoms and green algae at different sites in Narsaq (August 2022), Qeqertarsuaq 
(July 2023), and Zackenberg (August 2023) based on in situ pigment readings by BenthoTorch (N = 9 for each site). Measurements from Qeqertarsuaq 
and Zackenberg were taken during different sampling campaigns and some at different sites than the other data from these regions (see Section 2). 
Sites are ordered numerically (Zackenberg) and alphabetically (Qeqertarsuaq and Narsaq).
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(Hood et  al.  2018). At the cellular level, respiration generally 
has a higher temperature sensitivity than photosynthesis (Allen 
et al. 2005; Gillooly et al. 2001). This higher temperature sen-
sitivity of respiration relative to photosynthesis could promote 
heterotrophy with warming (Allen et al. 2005; Yvon-Durocher 
et al. 2010). Accordingly, in our study, we observed that AI pos-
itively correlated with temperature across regions, indicating 
a higher relative importance of the heterotrophic community 
over the autotrophic one. However, this relation did not hold 
when examining the regions separately, suggesting that other 
environmental variables, such as resource supply, could play an 
overlapping role in controlling the biofilm metabolic balance 
(Cross et al. 2022; Welter et al. 2015). Finally, the light climate 
varies significantly between these regions, with Zackenberg ex-
periencing long polar days (24-h daylight) during summer, while 

Narsaq has nights where the sun sets. This difference is likely 
to affect growth and, consequently, biofilm biomass (Bernhardt 
et al. 2022; Von Schiller et al. 2007).

Stream epilithic biofilms across the three studied regions con-
sisted of a high relative proportion of heterotrophic organisms 
and non-living organic material, as shown by the AI > 200 
(Steinman et  al.  2017). Qeqertarsuaq had lower AI values 
than Narsaq and Zackenberg, in accordance with the higher 
autotrophic biomass and relatively low total organic biomass. 
Heterotrophic organisms utilise organic material and inorganic 
nutrients for growth, while autotrophs are dependent on inor-
ganic nutrients and light for production (Quesada et  al.  2008) 
and therefore the results suggest that streams in the Narsaq 
and Zackenberg areas are more nutrient limited than the 

TABLE 3    |    Multiple linear regression models relating biofilm characteristics to physical–chemical, catchment, and environmental variables.

Estimate t F p Adj. R2 Model sign. df

Zackenberg

Chl a Catchment area 0.05 0.63 1.56 0.22 0.18 0.007 2, 39

Velocity 4.15 3.10 9.58 0.0036**

AFDW Catchment slope −0.01 −0.97 0.86 0.36 0.41 < 0.001 3, 38

Conductivity −0.00 −3.49 6.56 0.01*

NO3
− 4.20 4.85 23.55 < 0.001***

AI Catchment slope −592.6 −2.91 6.03 0.02* 0.22 0.003 2, 38

PO4
3− −11e5 −2.72 7.40 0.01*

Qeqertarsuaq

Chl a Conductivity 0.01 2.01 0.64 0.44 0.84 < 0.001 4, 10

PO4
3− 53.18 2.41 5.56 0.04*

Velocity −1.27 −0.75 0.56 0.47

Water temperature 0.37 2.01 68.40 < 0.001***

AFDW Catchment slope 0.00 1.69 7.57 0.01* 0.30 0.03 2, 15

Conductivity −0.00 −1.35 1.81 0.20

AI Catchment slope 25.91 0.34 10.27 0.009** 0.60 0.009 4, 10

Conductivity −23.41 −2.02 0.57 0.47

PO4
3− −10e4 −3.71 13.35 0.004**

Water temperature −141.26 −0.69 0.48 0.51

Narsaq

Chl a Conductivity 0.01 1.27 2.15 0.17 0.64 0.0027 5, 12

pH 1.18 1.58 14.01 0.0028**

PO4
3− −37.75 −2.81 11.01 0.0061**

Velocity 0.18 −0.50 0.25 0.62

Water temperature 0.03 0.85 7.80 0.016*

AFDW No significant model

AI No significant model

Note: Data from all streams are included (n = 14 in Zackenberg, n = 18 in Qeqertarsuaq, and n = 24 in Narsaq).
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Qeqertarsuaq streams. This corresponds with higher phosphate 
concentrations in Qeqertarsuaq (Table 1; Figure 4), which could 
be related to the area's distinctive lithology (e.g., basaltic rock; 
Larsen and Larsen  2022; Porder and Ramachandran  2013). 
Thus, in addition to the effect of warmer streams, a longer grow-
ing season and the timing of sampling, as discussed above, the 
higher Chl a concentrations in Qeqertarsuaq are likely also the 
result of higher phosphate concentrations.

It is important to emphasise that the three regions included in this 
study differed markedly from each other in terms of their physi-
cal–chemical and environmental conditions (Table 1). The sites 
in Qeqertarsuaq especially deviated from Narsaq and Zackenberg, 
both in terms of the conditions and biofilm characteristics. The 
PCA showed a general separation of the three regions based on 
environmental and catchment variables (Figure  4). This might 

partially be explained by the fact that the time of sampling dif-
fered and that the timing in the summer hydrological patterns 
can vary per season, but studies with continuous biofilm sam-
pling across the summer season are needed to test this. Assessing 
temporal dynamics in Arctic streams is challenging but essential 
to fully understand microbial biofilm dynamics. Temporal met-
rics are difficult to standardise: should timing be assessed by 
specific dates, days from the onset of thaw, or degree days (cu-
mulative temperature), each of which has distinct implications 
for interpreting microbial growth and environmental dynamics 
(Rasmussen et al. 2022)? Degree days may offer a standardised ap-
proach by capturing cumulative temperature exposure, yet date-
based timing can provide a valuable link to broader seasonal and 
hydrological cycles. In the Arctic, sampling frequently is often 
logistically challenging due to remote site access and limited sea-
sonal windows, yet this information is necessary to capture the 

FIGURE 7    |    Linear regressions between Zackenberg biofilm: (a) Chl a (μg cm−2) and stream velocity (m s−1; LM; p = 0.0036; F = 9.58), (b) AFDW 
(mg cm−2) and water conductivity (μS cm−2; LM; p = 0.01; F = 6.56), (c) AFDW (mg cm−2) and nitrate concentrations (mg N L−1; LM; p < 0.001; 
F = 23.55), (d) AI and catchment slope (°; LM; p = 0.02; F = 6.03) and (e) AI and phosphate concentrations (mg P L−1; LM; p = 0.01; F = 7.40). Dashed 
lines and blue confidence intervals show significant regressions.
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FIGURE 8    |    Linear regressions between Qeqertarsuaq biofilm: (a) Chl a (μg cm−2) and phosphate concentrations (mg P L−1; LM; p = 0.04; F = 5.56), 
(b) Chl a (μg cm−2) and water temperature (°C; LM; p < 0.001; F = 68.40), (c) AFDW (mg cm−2) and catchment slope (°; LM; p = 0.01; F = 7.57), (d) AI 
and catchment slope (°; LM; p = 0.009; F = 10.27) and (e) AI and phosphate concentrations (mg P L−1; LM; p = 0.004; F = 13.45). Dashed lines and grey 
confidence intervals show significant regressions.

FIGURE 9    |    Linear regressions between Narsaq biofilm: (a) Chl a (μg cm−2) and pH (LM; p = 0.0028; F = 14.01), (b) Chl a (μg cm−2) and phosphate 
concentrations (mg P L−1; LM; p = 0.0061; F = 11.01) and (c) Chl a (μg cm−2) and water temperature (°C; LM; p = 0.016; F = 7.80). Dashed lines and or-
ange confidence intervals show significant regressions.
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full seasonal progression of biofilm development and microbial 
community responses to environmental shifts.

4.2   |   Biofilm Topographic and Environmental 
Controls

The significance of nutrient limitation is paramount in biofilm 
accrual in Arctic streams (Docherty, Riis, Milner, et  al.  2018; 
Myrstener et al. 2018). We found that Chl a concentrations in 
Qeqertarsuaq were positively related to phosphate concentra-
tions and that AI in Zackenberg and Qeqertarsuaq was nega-
tively related to phosphate concentrations. This could indicate 
that epilithic autotrophic production is phosphate-limited in 
these two regions. However, during an in situ nutrient-uptake 
experiment, Docherty, Riis, Milner, et al. (2018) found that ni-
trogen was the primary limiting nutrient in Zackenberg streams, 
while phosphate limitation was more widespread. In Narsaq, 
there was a negative relation between Chl a and phosphate con-
centrations (Table 3). All stream sites in Narsaq were nitrogen-
limited (Table  1), potentially explaining this relation between 
Chl a and phosphate. Additionally, we found a positive rela-
tion between nitrate concentrations and AFDW in Zackenberg. 
Thus, hypothesis 3—that the availability of inorganic nutrients 
in the water column affects biofilm biomass—was verified. 
Nutrient availability was generally low, with several ammonium 
and phosphate levels being under the detection limit (Table 1). 
However, the microalgae in the multi-organism assemblage 
may also utilise nutrients recycled within the biofilm mat (Allan 
et  al.  2021) thus making the coupling between water column 
nutrients and biomass less strong. Based on our three very dif-
ferent regions in Greenland, spanning from subarctic to High 
Arctic, these positive relations with phosphate and nitrate, in 
our Low Arctic and High Arctic site, indicate that these stream 
biofilms are overall nutrient limited, confirming results from 
other studies in Greenland and other Arctic regions (Docherty, 
Riis, Hannah, et  al.  2018; Hauptmann and Myrstener  2023; 
Kendrick and Huryn 2015).

The large share of cyanobacteria in biofilm communities, such 
as in Zackenberg, is often seen as a sign of nitrogen limitation, as 
some species are capable of nitrogen fixation (Diehl et al. 2018). 
However, both ammonium and nitrate concentrations (also rel-
ative to phosphate) in Zackenberg were generally larger than in 
the two other regions (Table 1). During their nutrient uptake ex-
periments, Docherty, Riis, Milner, et al. (2018) showed that, de-
spite the fact that streams in Zackenberg displayed a widespread 
phosphate limitation, nitrogen was found to be the primary 
limiting nutrient for biofilm. Another study from Zackenberg 
(Pastor et al. 2020) also showed a nitrogen limitation within bio-
film during an experiment with nutrient-diffusing substrata. This 
would explain the presence of cyanobacteria in the Zackenberg 
streams. In addition, Von Friesen et  al.  (2023) confirmed the 
presence of pelagic cyanobacteria in river outlets in Zackenberg 
but emphasised that more research to fully understand the role 
of cyanobacteria in these areas is needed. Furthermore, this sug-
gests that nutrient concentrations in stream water might not al-
ways be indicative of the nutrient availability for biofilms.

Our second hypothesis—that topographic and watershed char-
acteristics affect biofilm biomass—was only partially accepted, 

because catchment NDVI was not related to any of the biofilm 
characteristics. However, catchment slope was negatively re-
lated to AI in Zackenberg and positively to AFDW and AI in 
Qeqertarsuaq (Table  3). This is supported by previous studies 
showing that nitrate concentrations in streams were positively 
associated with catchment slope (Connolly et al.  2018; Harms 
et al. 2016) and thus may be an indirect driver of biofilm bio-
mass. Higher catchment slope may be linked to higher erosion 
rates and thus higher runoff of geological or soil-derived nutri-
ents from catchment to stream as well as short water travel time. 
Since biofilms are nutrient limited, as discussed above, this 
suggests that higher nutrient levels due to higher slope promote 
biofilm accumulation. Furthermore, the observed significant 
negative correlation between AI and catchment slope (Table 3) 
would confirm that the proportion of autotrophs to total bio-
film biomass increases with increasing slope of the catchment. 
Although NDVI has shown to be negatively correlated to high 
nitrate concentration in headwater streams in Zackenberg (Riis 
et al. 2023), NDVI did not correlate with biofilm biomass both 
when analysing across all three regions and when analysing 
within regions. Identifying master variables that can be ob-
tained from satellites or maps (e.g., catchment slope) to extrapo-
late results across remote Arctic areas, where field data on water 
chemistry are unavailable, can improve our ability to assess and 
predict stream biofilm dynamics in relation to watershed nutri-
ent export (Connolly et al. 2018).

In this study, the impact of grazers on biofilms was not included. 
However, grazers living in biofilms, such as ciliates, nematodes, 
and chironomids, can significantly change biofilm commu-
nity composition, physical structure, and the cycling of carbon 
(Battin et  al.  2016; Hakenkamp and Morin  2000; Lawrence 
et  al.  2002). Thus, grazing is an important biological driver of 
biofilm biomass, but the quantitative effect was beyond the 
scope of this study.

4.3   |   Potential Effects of Global Change

As annual temperatures in the Arctic are projected to increase 
further in the coming decades (Rantanen et al. 2022), our results 
suggest that epilithic biofilm biomass will increase, based on the 
correlation with temperature per se. A similar relationship between 
temperature and biofilm accumulation in global glacier streams 
was also found by Kohler et al. (2024). Furthermore, aquatic nu-
trient concentrations are expected to increase in some regions as 
a result of permafrost thaw (Vonk et al. 2015). This will also lead 
to a greater autotrophic and total biofilm biomass as biofilms are 
currently nutrient limited (Docherty, Riis, Hannah, et  al.  2018; 
Hauptmann and Myrstener 2023). Contrastingly, the expected in-
crease of precipitation in the Arctic (McCrystall et al. 2021), mostly 
as rainfall (Bintanja and Andry 2017), could have a negative im-
pact on biofilm accumulation, as biofilm biomass is lower at high 
flow conditions (Battin et al. 2003; Rinke et al. 2001). In particular, 
heavy rainfall events in summer (Beel et al. 2021) and more het-
erogeneous discharge (Feng et al. 2021) in the Arctic could lead to 
biofilm being washed away. In addition, increased turbidity due to 
permafrost thaw and increased inflow of dissolved organic carbon 
(Kokelj et al. 2009) may reduce light availability and therefore neg-
atively impact biofilm biomass. Future research should focus on 
including more streams and regions within the circumpolar Arctic 
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and on the role that food web interactions play in the functioning 
and community composition of epilithic biofilm.

5   |   Conclusion

Our study characterised stream biofilm in the Arctic across a 
large geographical scale (60°–74° N) in Greenland, including 
subarctic, Low and High Arctic, and identified the main drivers. 
Biofilms in Qeqertarsuaq differed from the ones in Narsaq and 
Zackenberg by their high Chl a concentration and low AFDW, 
while the relative abundance of major autotrophic groups in 
Zackenberg differed from Narsaq and Qeqertarsuaq due to the 
relatively high abundance of cyanobacteria. Across sampling 
streams, we showed that epilithic biofilms related to nutrient 
availability and catchment topography. Future warming may re-
sult in increased organic carbon and nutrient availability in the 
streams, which then again will promote biofilm biomass accu-
mulation, causing alterations to trophic food webs and biogeo-
chemical cycling. However, the extent of these effects will also 
depend on light availability, which might also change as a result 
of increased runoff. Further research is warranted to increase the 
understanding of how stream biofilm in Greenland and the fur-
ther circumpolar Arctic is shaped through its surroundings.

Author Contributions

Sanne M. Moedt: conceptualization, methodology, formal analysis, 
investigation, visualization, writing – original draft, writing – review 
and editing. Kirsten S. Christoffersen: conceptualization, meth-
odology, investigation, formal analysis, supervision, funding acquisi-
tion, project administration, resources, writing – review and editing. 
Andreas Westergaard-Nielsen: formal analysis, visualization, writ-
ing – review and editing, methodology. Kenneth T. Martinsen: for-
mal analysis, writing – review and editing, methodology. Ada Pastor: 
conceptualization, methodology, writing – review and editing. Niels 
Jákup Korsgaard: formal analysis, methodology, writing – review and 
editing. Tenna Riis: conceptualization, methodology, formal analysis, 
investigation, supervision, funding acquisition, project administration, 
resources, writing – review and editing.

Acknowledgements

We thank the Greenland Ecosystem Monitoring for access to climate data 
from Disko and Zackenberg and the Danish Meteorological Institute for 
climate data from Narsaq. We are grateful for water chemistry analyses 
performed by Anne J. Jacobsen, Britta K. Petersen, and Birgitte K. Tagesen. 
Additionally, we thank Jakob B. Kjær (University of Aarhus, Denmark) for 
providing part of the catchment data. We are also grateful for the valuable 
comments on an earlier version of the manuscript by Willem Goodkoop 
and Danny Lau (Swedish University of Agricultural Sciences, Sweden). 
This project received funding via the TALENT Doctoral Fellowship 
Programme (University of Copenhagen) from the European Union's 
Horizon 2020 research and innovation programme under the Marie 
Skłodowska-Curie grant agreement No 801199 and from the Carlsberg 
Foundation (CF19-0436 and CF16-0325). A.P. is supported by a “Ramón y 
Cajal” Fellowship (RYC2022-036661-I) of the Spanish Ministry of Science, 
Innovation and Universities. We also received funding from Greenland 
Ecosystem Monitoring through the Danish Ministry of Climate, Energy 
and Utilities, and the Villum foundation (project 42069).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Climate data were obtained from the Greenland Ecosystem Monitoring 
and Danish Meteorological Institute databases. Environmental and bio-
film data used in the paper are available in Moedt et al. (2024).

References

Allan, J. D., M. M. Castillo, and K. A. Caps. 2021. “Stream Microbial 
Ecology.” In Stream Ecology, edited by J. D. Allan, M. M. Castillo, and 
K. A. Caps, 3rd ed., 225–245. Springer. https://​doi.​org/​10.​1007/​978-​3-​
030-​61286​-​3.

Allen, A., J. Gillooly, and J. Brown. 2005. “Linking the Global Carbon 
Cycle to Individual Metabolism.” Functional Ecology 19, no. 2: 202–213. 
https://​doi.​org/​10.​1111/j.​1365-​2435.​2005.​00952.​x.

American Public Health Association (APHA). 2005. Standard Methods 
for the Examination of Water and Wastewater, 21st ed., 1220. American 
Public Health Association.

Battin, T. J., K. Besemer, M. M. Bengtsson, A. M. Romani, and A. I. 
Packmann. 2016. “The Ecology and Biogeochemistry of Stream 
Biofilms.” Nature Reviews Microbiology 14, no. 4: 251–263. https://​doi.​
org/​10.​1038/​nrmic​ro.​2016.​15.

Battin, T. J., L. A. Kaplan, J. D. Newbold, X. Cheng, and C. Hansen. 
2003. “Effects of Current Velocity on the Nascent Architecture of Stream 
Microbial Biofilms.” Applied and Environmental Microbiology 69, no. 9: 
5443–5452. https://​doi.​org/​10.​1128/​AEM.​69.9.​5443-​5452.​2003.

Beel, C. R., J. K. Heslop, J. F. Orwin, et al. 2021. “Emerging Dominance 
of Summer Rainfall Driving High Arctic Terrestrial-Aquatic 
Connectivity.” Nature Communications 12, no. 1: 1–9. https://​doi.​org/​
10.​1038/​s4146​7-​021-​21759​-​3.

Bernhardt, E. S., P. Savoy, M. J. Vlah, et  al. 2022. “Light and Flow 
Regimes Regulate the Metabolism of Rivers.” Proceedings of the 
National Academy of Sciences of the United States of America 119, no. 8: 
1–5. https://​doi.​org/​10.​1073/​pnas.​21219​76119​.

Bintanja, R., and O. Andry. 2017. “Towards a Rain-Dominated Arctic.” 
Nature Climate Change 7, no. 4: 263–267. https://​doi.​org/​10.​1038/​nclim​
ate3240.

Busi, S. B., M. Bourquin, S. Fodelianakis, et  al. 2022. “Genomic 
and Metabolic Adaptations of Biofilms to Ecological Windows of 
Opportunity in Glacier-Fed Streams.” Nature Communications 13: 2168.  
https://​doi.​org/​10.​1038/​s4146​7-​022-​29914​-​0.

Callaghan, T. V., T. R. Christensen, and E. J. Jantze. 2011. “Plant and 
Vegetation Dynamics on Disko Island, West Greenland: Snapshots 
Separated by Over 40 Years.” Ambio 40, no. 6: 624–637. https://​doi.​org/​
10.​1007/​s1328​0-​011-​0169-​x.

Connolly, C. T., M. S. Khosh, G. A. Burkart, et  al. 2018. “Watershed 
Slope as a Predictor of Fluvial Dissolved Organic Matter and Nitrate 
Concentrations Across Geographical Space and Catchment Size in the 
Arctic.” Environmental Research Letters 13, no. 10: 104015. https://​doi.​
org/​10.​1088/​1748-​9326/​aae35d.

Cross, W. F., J. M. Hood, J. P. Benstead, et al. 2022. “Nutrient Enrichment 
Intensifies the Effects of Warming on Metabolic Balance of Stream 
Ecosystems.” Limnology and Oceanography Letters 7, no. 4: 332–341. 
https://​doi.​org/​10.​1002/​lol2.​10244​.

DeBeer, C. M., M. Sharp, and C. Schuster-Wallace. 2020. “Glaciers 
and Ice Sheets.” In, edited by Encyclopedia of the World's Biomes, 
vol. 4, 182–194. Elsevier. https://​doi.​org/​10.​1016/​B978-​0-​12-​40954​8-​9.​
12441​-​8.

Diehl, S., G. Thomsson, M. Kahlert, J. Guo, J. Karlsson, and A. Liess. 
2018. “Inverse Relationship of Epilithic Algae and Pelagic Phosphorus 
in Unproductive Lakes: Roles of N2 Fixers and Light.” Freshwater 
Biology 63, no. 7: 662–675. https://​doi.​org/​10.​1111/​fwb.​13103​.

 17582229, 2025, 2, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.70074 by R
oyal D

anish L
ibrary, W

iley O
nline L

ibrary on [14/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/978-3-030-61286-3
https://doi.org/10.1007/978-3-030-61286-3
https://doi.org/10.1111/j.1365-2435.2005.00952.x
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.1128/AEM.69.9.5443-5452.2003
https://doi.org/10.1038/s41467-021-21759-3
https://doi.org/10.1038/s41467-021-21759-3
https://doi.org/10.1073/pnas.2121976119
https://doi.org/10.1038/nclimate3240
https://doi.org/10.1038/nclimate3240
https://doi.org/10.1038/s41467-022-29914-0
https://doi.org/10.1007/s13280-011-0169-x
https://doi.org/10.1007/s13280-011-0169-x
https://doi.org/10.1088/1748-9326/aae35d
https://doi.org/10.1088/1748-9326/aae35d
https://doi.org/10.1002/lol2.10244
https://doi.org/10.1016/B978-0-12-409548-9.12441-8
https://doi.org/10.1016/B978-0-12-409548-9.12441-8
https://doi.org/10.1111/fwb.13103


16 of 17 Environmental Microbiology Reports, 2025

Docherty, C. L., T. Riis, D. M. Hannah, S. Rosenhøj Leth, and A. M. 
Milner. 2018. “Nutrient Uptake Controls and Limitation Dynamics 
in North-East Greenland Streams.” Polar Research 37, no. 1: 1440107. 
https://​doi.​org/​10.​1080/​17518​369.​2018.​1440107.

Docherty, C. L., T. Riis, A. M. Milner, K. S. Christofferson, and D. M. 
Hannah. 2018. “Controls on Stream Hydrochemistry Dynamics in a 
High Arctic Snow-Covered Watershed.” Hydrological Processes 32, no. 
22: 3327–3340. https://​doi.​org/​10.​1002/​hyp.​13256​.

Elberling, B., M. P. Tamstorf, A. Michelsen, et al. 2008. “Soil and Plant 
Community-Characteristics and Dynamics at Zackenberg.” Advances 
in Ecological Research 40: 223–248. https://​doi.​org/​10.​1016/​S0065​-​
2504(07)​00010​-​4.

Feng, D., C. J. Gleason, P. Lin, X. Yang, M. Pan, and Y. Ishitsuka. 2021. 
“Recent Changes to Arctic River Discharge.” Nature Communications 
12, no. 1: 1–9. https://​doi.​org/​10.​1038/​s4146​7-​021-​27228​-​1.

Friberg, N., A. M. Milner, L. M. Svendsen, C. Lindegaard, and S. E. 
Larsen. 2001. “Macroinvertebrate Stream Communities Along Regional 
and Physico-Chemical Gradients in Western Greenland.” Freshwater 
Biology 46: 1753–1764.

Von Friesen, L. W., M. L. Paulsen, O. Muller, F. Grundger, and 
L. Riemann. 2023. “Glacial Meltwater and Seasonality Influence 
Community Composition of Diazotrophs in Arctic Coastal and Open 
Waters.” FEMS Microbiology Ecology 99, no. 8: 1–14. https://​doi.​org/​10.​
1093/​femsec/​fiad067.

Gillooly, J., J. Brown, G. West, V. Savage, and E. Charnov. 2001. “Effects 
of Size and Temperature on Metabolic Rate.” Science 293, no. 5538: 
2248–2251. https://​doi.​org/​10.​1126/​scien​ce.​1061967.

Hakenkamp, C. C., and A. Morin. 2000. “The Importance of Meiofauna 
to Lotic Ecosystem Functioning.” Freshwater Biology 44, no. 1: 165–175. 
https://​doi.​org/​10.​1046/j.​1365-​2427.​2000.​00589.​x.

Harms, T. K., J. W. Edmonds, H. Genet, et al. 2016. “Catchment Influence 
on Nitrate and Dissolved Organic Matter in Alaskan Streams Across a 
Latitudinal Gradient.” Journal of Geophysical Research: Biogeosciences 
121, no. 2: 350–369. https://​doi.​org/​10.​1002/​2015J​G003201.

Hauptmann, D., and M. Myrstener. 2023. “Spatial and Temporal Patterns 
of Stream Nutrient Limitation in an Arctic Catchment.” Hydrobiologia 
850, no. 7: 1699–1713. https://​doi.​org/​10.​1007/​s1075​0-​023-​05178​-​7.

Heikkinen, J. M., P. Niittynen, J. Soininen, and V. Pajunen. 2023. 
“Patterns and Drivers for Benthic Algal Biomass in Sub-Arctic Mountain 
Ponds.” Hydrobiologia 851, no. 3: 0123456789. https://​doi.​org/​10.​1007/​
s1075​0-​023-​05368​-​3.

Heindel, R. C., J. W. Chipman, and R. A. Virginia. 2015. “The Spatial 
Distribution and Ecological Impacts of Aeolian Soil Erosion in 
Kangerlussuaq, West Greenland.” Annals of the Association of American 
Geographers 105, no. 5: 875–890. https://​doi.​org/​10.​1080/​00045​608.​
2015.​1059176.

Hjartarson, A., and H. Armannsson. 2010. “Geothermal Research in 
Greenland.” In Proceedings World Geothermal Congress, 1–8.

Hood, J. M., J. P. Benstead, W. F. Cross, et al. 2018. “Increased Resource 
Use Efficiency Amplifies Positive Response of Aquatic Primary 
Production to Experimental Warming.” Global Change Biology 24, no. 
3: 1069–1084. https://​doi.​org/​10.​1111/​gcb.​13912​.

Huryn, A. D. 2020. “Ecology of Streams and Rivers.” In Arctic Ecology, 
edited by A. D. Huryn, 1st ed., 181–218. John Wiley & Sons Ltd. https://​
doi.​org/​10.​1201/​97804​29187650.

Kahlert, M., K. M. Rühland, I. Lavoie, et al. 2022. “Biodiversity Patterns 
of Arctic Diatom Assemblages in Lakes and Streams: Current Reference 
Conditions and Historical Context for Biomonitoring.” Freshwater 
Biology 67, no. 1: 116–140. https://​doi.​org/​10.​1111/​fwb.​13490​.

Kendrick, M. R., and A. D. Huryn. 2015. “Discharge, Legacy Effects and 
Nutrient Availability as Determinants of Temporal Patterns in Biofilm 

Metabolism and Accrual in an Arctic River.” Freshwater Biology 60, no. 
11: 2323–2336. https://​doi.​org/​10.​1111/​fwb.​12659​.

Kohler, T. J., M. Bourquin, H. Peter, et  al. 2024. “Global Emergent 
Responses of Stream Microbial Metabolism to Glacier Shrinkage.” 
Nature Geoscience 17, no. 4: 309–315. https://​doi.​org/​10.​1038/​s4156​1-​
024-​01393​-​6.

Kohler, T. J., L. Falteisek, R. Jon, et al. 2022. “Catchment Characteristics 
and Seasonality Control the Composition of Microbial Assemblages 
Exported From Three Outlet Glaciers of the Greenland Ice Sheet.” 
Frontiers in Microbiology 13: 1–14. https://​doi.​org/​10.​3389/​fmicb.​2022.​
1035197.

Kokelj, S. V., B. Zajdlik, and M. S. Thompson. 2009. “The Impacts of 
Thawing Permafrost on the Chemistry of Lakes Across the Subarctic 
Boreal-Tundra Transition, Mackenzie Delta Region, Canada.” 
Permafrost and Periglacial Processes 20: 185–199. https://​doi.​org/​10.​
1002/​ppp.

Larsen, J. G., and L. M. Larsen. 2022. “Lithostratigraphy, Geology and 
Geochemistry of the Tertiary Volcanic Rocks on Svartenhuk Halvø and 
Adjoining Areas, West Greenland.” GEUS Bulletin 50: 1–121. https://​
doi.​org/​10.​34194/​​geusb.​v50.​8295.

Lawrence, J. R., B. Scharf, G. Packroff, and T. R. Neu. 2002. “Microscale 
Evaluation of the Effects of Grazing by Invertebrates With Contrasting 
Feeding Modes on River Biofilm Architecture and Composition.” 
Microbial Ecology 44, no. 3: 199–207. https://​doi.​org/​10.​1007/​s0024​
8-​001-​1064-​y.

Lento, J., J. M. Culp, B. Levenstein, et al. 2022. “Temperature and Spatial 
Connectivity Drive Patterns in Freshwater Macroinvertebrate Diversity 
Across the Arctic.” Freshwater Biology 67, no. 1: 159–175. https://​doi.​
org/​10.​1111/​fwb.​13805​.

Lento, J., W. Goedkoop, K. S. Christoffersen, and E. B. Fefilova. 2019. 
“CAFF Circumpolar Biodiversity Monitoring Program State of Arctic 
Freshwater Biodiversity Report.” https://​www.​resea​rchga​te.​net/​publi​
cation/​33457​4145.

Lindsay, J. B., and K. Dhun. 2015. “Modelling Surface Drainage 
Patterns in Altered Landscapes Using LiDAR.” International Journal of 
Geographical Information Science 29, no. 3: 397–411. https://​doi.​org/​10.​
1080/​13658​816.​2014.​975715.

McCrystall, M. R., J. Stroeve, M. Serreze, B. C. Forbes, and J. A. Screen. 
2021. “New Climate Models Reveal Faster and Larger Increases in Arctic 
Precipitation Than Previously Projected.” Nature Communications 12, 
no. 1: 1–12. https://​doi.​org/​10.​1038/​s4146​7-​021-​27031​-​y.

Moedt, S. M., K. S. Christoffersen, A. Westergaard-Nielsen, et al. 2024. 
Epilithic Biofilm in Streams Located in Three Geographical Areas in 
Greenland [Dataset Bundled Publication]. Pangaea. https://​doi.​org/​10.​
1594/​PANGA​EA.​973237.

Myers-Smith, I. H., J. T. Kerby, G. K. Phoenix, et al. 2020. “Complexity 
Revealed in the Greening of the Arctic.” Nature Climate Change 10, no. 
2: 106–117. https://​doi.​org/​10.​1038/​s4155​8-​019-​0688-​1.

Myrstener, M., G. Rocher-Ros, R. M. Burrows, A. K. Bergström, R. 
Giesler, and R. A. Sponseller. 2018. “Persistent Nitrogen Limitation of 
Stream Biofilm Communities Along Climate Gradients in the Arctic.” 
Global Change Biology 24, no. 8: 3680–3691. https://​doi.​org/​10.​1111/​gcb.​
14117​.

O’Callaghan, J. F., and D. M. Mark. 1984. “The Extraction of Drainage 
Networks From Digital Elevation Data.” Computer Vision, Graphics, 
and Image Processing 28, no. 3: 323–344. https://​doi.​org/​10.​1016/​s0734​
-​189x(84)​80011​-​0.

Pastor, A., N. Wu, L. J. Skovsholt, and T. Riis. 2020. “Biofilm Growth 
in Two Streams Draining Mountainous Permafrost Catchments in NE 
Greenland.” Journal of Geophysical Research: Biogeosciences 125, no. 3: 
1–12. https://​doi.​org/​10.​1029/​2019J​G005557.

 17582229, 2025, 2, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.70074 by R
oyal D

anish L
ibrary, W

iley O
nline L

ibrary on [14/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1080/17518369.2018.1440107
https://doi.org/10.1002/hyp.13256
https://doi.org/10.1016/S0065-2504(07)00010-4
https://doi.org/10.1016/S0065-2504(07)00010-4
https://doi.org/10.1038/s41467-021-27228-1
https://doi.org/10.1093/femsec/fiad067
https://doi.org/10.1093/femsec/fiad067
https://doi.org/10.1126/science.1061967
https://doi.org/10.1046/j.1365-2427.2000.00589.x
https://doi.org/10.1002/2015JG003201
https://doi.org/10.1007/s10750-023-05178-7
https://doi.org/10.1007/s10750-023-05368-3
https://doi.org/10.1007/s10750-023-05368-3
https://doi.org/10.1080/00045608.2015.1059176
https://doi.org/10.1080/00045608.2015.1059176
https://doi.org/10.1111/gcb.13912
https://doi.org/10.1201/9780429187650
https://doi.org/10.1201/9780429187650
https://doi.org/10.1111/fwb.13490
https://doi.org/10.1111/fwb.12659
https://doi.org/10.1038/s41561-024-01393-6
https://doi.org/10.1038/s41561-024-01393-6
https://doi.org/10.3389/fmicb.2022.1035197
https://doi.org/10.3389/fmicb.2022.1035197
https://doi.org/10.1002/ppp
https://doi.org/10.1002/ppp
https://doi.org/10.34194/geusb.v50.8295
https://doi.org/10.34194/geusb.v50.8295
https://doi.org/10.1007/s00248-001-1064-y
https://doi.org/10.1007/s00248-001-1064-y
https://doi.org/10.1111/fwb.13805
https://doi.org/10.1111/fwb.13805
https://www.researchgate.net/publication/334574145
https://www.researchgate.net/publication/334574145
https://doi.org/10.1080/13658816.2014.975715
https://doi.org/10.1080/13658816.2014.975715
https://doi.org/10.1038/s41467-021-27031-y
https://doi.org/10.1594/PANGAEA.973237
https://doi.org/10.1594/PANGAEA.973237
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1111/gcb.14117
https://doi.org/10.1111/gcb.14117
https://doi.org/10.1016/s0734-189x(84)80011-0
https://doi.org/10.1016/s0734-189x(84)80011-0
https://doi.org/10.1029/2019JG005557


17 of 17

Pastor, A., A. Freixa, L. J. Skovsholt, N. Wu, A. M. Romaní, and T. Riis. 
2019. “Microbial Organic Matter Utilization in High-Arctic Streams: 
Key Enzymatic Controls.” Microbial Ecology 78, no. 3: 539–554. https://​
doi.​org/​10.​1007/​s0024​8-​019-​01330​-​w.

Pastor, A., P. Manolaki, A. Freixa, P. Giménez-Grau, A. M. Romaní, 
and T. Riis. 2021. “Temperature-Induced Changes in Biofilm Organic 
Matter Utilization in Arctic Streams (Disko Island, Greenland).” Polar 
Biology 44, no. 11: 2177–2188. https://​doi.​org/​10.​1007/​s0030​0-​021-​
02955​-​9.

Porder, S., and S. Ramachandran. 2013. “The Phosphorus 
Concentration of Common Rocks—A Potential Driver of Ecosystem 
P Status.” Plant and Soil 367, no. 1–2: 41–55. https://​doi.​org/​10.​1007/​
s1110​4-​012-​1490-​2.

Puts, I. C., J. Ask, M. B. Siewert, R. A. Sponseller, D. O. Hessen, and A.-
K. Bergström. 2022. “Landscape Determinants of Pelagic and Benthic 
Primary Production in Northern Lakes.” Global Change Biology 28: 
7063–7077. https://​doi.​org/​10.​1111/​gcb.​16409​.

Quesada, A., E. Fernández-Valiente, I. Hawes, and C. Howard-Williams. 
2008. “Benthic Primary Production in Polar Lakes and Rivers.” In Polar 
Lakes and Rivers, Limnology of Arctic and Antarctic Aquatic Ecosystems, 
edited by W. F. Vincent and J. Laybourn-Parry, 179–196. Oxford 
University Press.

Rantanen, M., A. Y. Karpechko, A. Lipponen, et al. 2022. “The Arctic 
Has Warmed Nearly Four Times Faster Than the Globe Since 1979.” 
Communications Earth & Environment 3, no. 1: 1–10. https://​doi.​org/​10.​
1038/​s4324​7-​022-​00498​-​3.

Rasmussen, L. H., L. H. Mortensen, P. Ambus, A. Michelsen, and B. 
Elberling. 2022. “Normalizing Time in Terms of Space: What Drives the 
Fate of Spring Thaw-Released Nitrogen in a Sloping Arctic Landscape?” 
Soil Biology and Biochemistry 175, no. 108840: 1–8. https://​doi.​org/​10.​
1016/j.​soilb​io.​2022.​108840.

Riis, T., J. L. Tank, C. M. H. Holmboe, et al. 2023. “Links Between Stream 
Water Nitrogen and Terrestrial Vegetation in Northeast Greenland.” 
Biogeosciences 128: 1–14. https://​doi.​org/​10.​1029/​2023J​G007688.

Rinke, K., C. T. Robinson, and U. Uehlinger. 2001. “A Note on Abiotic 
Factors That Constrain Periphyton Growth in Alpine Glacier Streams.” 
International Review of Hydrobiology 86, no. 3: 361–366. https://​doi.​org/​
10.​1002/​1522-​2632(200106)​86:​3<​361::​AID-​IROH3​61>​3.0.​CO;​2-​Z.

Risse-Buhl, U., N. Trefzger, A. G. Seifert, W. Schönborn, G. Gleixner, 
and K. Küsel. 2012. “Tracking the Autochthonous Carbon Transfer in 
Stream Biofilm Food Webs.” FEMS Microbiology Ecology 79, no. 1: 118–
131. https://​doi.​org/​10.​1111/j.​1574-​6941.​2011.​01202.​x.

Romaní, A. M., H. Guasch, I. Muñoz, et  al. 2004. “Biofilm Structure 
and Function and Possible Implications for Riverine DOC Dynamics.” 
Microbial Ecology 47, no. 4: 316–328. https://​doi.​org/​10.​1007/​s0024​
8-​003-​2019-​2.

Rose-Hansen, J., C. O. Nielsen, and H. Sørensen. 1977. “The Narssaq 
Project: A Geochemical-Ecological Research Project.” Copenhagen.

Rueden, C. T., J. Schindelin, M. C. Hiner, et al. 2017. “ImageJ2: ImageJ 
for the Next Generation of Scientific Image Data.” BMC Bioinformatics 
18, no. 1: 1–26. https://​doi.​org/​10.​1186/​s1285​9-​017-​1934-​z.

Von Schiller, D., E. Martí, J. L. Riera, and F. Sabater. 2007. “Effects of 
Nutrients and Light on Periphyton Biomass and Nitrogen Uptake in 
Mediterranean Streams With Contrasting Land Uses.” Freshwater Biology 
52, no. 5: 891–906. https://​doi.​org/​10.​1111/j.​1365-​2427.​2007.​01742.​x.

Skovsholt, L. J., A. Pastor, C. L. Docherty, A. M. Milner, and T. Riis. 
2020. “Changes in Hydrology Affects Stream Nutrient Uptake and 
Primary Production in a High-Arctic Stream.” Biogeochemistry 151, no. 
2–3: 187–201. https://​doi.​org/​10.​1007/​s1053​3-​020-​00719​-​x.

Steinman, A. D., G. A. Lamberti, P. R. Leavitt, and D. G. Uzarski. 
2017. “Biomass and Pigments of Benthic Algae.” In Methods in Stream 
Ecology, edited by G. A. Lamberti and F. R. Hauer, 3rd ed., 223–241. 

Academic Press, Elsevier. https://​doi.​org/​10.​1016/​B978-​0-​12-​41655​8-​8.​
00012​-​3.

Sudlow, K., S. S. Tremblay, and R. R. Vinebrooke. 2023. “Glacial Stream 
Ecosystems and Epilithic Algal Communities Under a Warming 
Climate.” Environmental Reviews 00: 1–13. https://​doi.​org/​10.​1139/​
er-​2022-​0114.

Vonk, J. E., S. E. Tank, W. B. Bowden, et  al. 2015. “Reviews and 
Syntheses: Effects of Permafrost Thaw on Arctic Aquatic Ecosystems.” 
Biogeosciences 12, no. 23: 7129–7167. https://​doi.​org/​10.​5194/​
bg-​12-​7129-​2015.

Wang, L., and H. Liu. 2006. “An Efficient Method for Identifying and 
Filling Surface Depressions in Digital Elevation Models for Hydrologic 
Analysis and Modelling.” International Journal of Geographical 
Information Science 20, no. 2: 193–213. https://​doi.​org/​10.​1080/​13658​
81050​0433453.

Weitere, M., M. Erken, N. Majdi, et al. 2018. “The Food Web Perspective 
on Aquatic Biofilms.” Ecological Monographs 88, no. 4: 543–559. https://​
doi.​org/​10.​1002/​ecm.​1315.

Welter, J. R., J. P. Benstead, W. F. Cross, et al. 2015. “Does N2 Fixation 
Amplify the Temperature Dependence of Ecosystem Metabolism?” 
Ecology 96, no. 3: 603–610.

Westergaard-Nielsen, A., A. B. Bjørnsson, M. R. Jepsen, M. Stendel, 
B. U. Hansen, and B. Elberling. 2015. “Greenlandic Sheep Farming 
Controlled by Vegetation Response Today and at the End of the 21st 
Century.” Science of the Total Environment 512: 672–681. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2015.​01.​039.

Wrona, F. J., M. Johansson, J. M. Culp, et  al. 2016. “Transitions in 
Arctic Ecosystems: Ecological Implications of a Changing Hydrological 
Regime.” Journal of Geophysical Research – Biogeosciences 121, no. 3: 
650–674. https://​doi.​org/​10.​1002/​2015J​G003133.

Yvon-Durocher, G., J. I. Jones, M. Trimmer, G. Woodward, and J. M. 
Montoya. 2010. “Warming Alters the Metabolic Balance of Ecosystems.” 
Philosophical Transactions of the Royal Society, B: Biological Sciences 
365, no. 1549: 2117–2126. https://​doi.​org/​10.​1098/​rstb.​2010.​0038.

Vander Zanden, M. J., and Y. Vadeboncoeur. 2020. “Putting the Lake 
Back Together 20 Years Later: What in the Benthos Have We Learned 
About Habitat Linkages in Lakes?” Inland Waters 10, no. 3: 305–321. 
https://​doi.​org/​10.​1080/​20442​041.​2020.​1712953.

Zhang, W., P. E. Jansson, C. Sigsgaard, et al. 2019. “Model-Data Fusion 
to Assess Year-Round CO2 Fluxes for an Arctic Heath Ecosystem in 
West Greenland (69° N).” Agricultural and Forest Meteorology 272: 176–
186. https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2019.​02.​021.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 17582229, 2025, 2, D
ow

nloaded from
 https://envirom

icro-journals.onlinelibrary.w
iley.com

/doi/10.1111/1758-2229.70074 by R
oyal D

anish L
ibrary, W

iley O
nline L

ibrary on [14/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00248-019-01330-w
https://doi.org/10.1007/s00248-019-01330-w
https://doi.org/10.1007/s00300-021-02955-9
https://doi.org/10.1007/s00300-021-02955-9
https://doi.org/10.1007/s11104-012-1490-2
https://doi.org/10.1007/s11104-012-1490-2
https://doi.org/10.1111/gcb.16409
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1016/j.soilbio.2022.108840
https://doi.org/10.1016/j.soilbio.2022.108840
https://doi.org/10.1029/2023JG007688
https://doi.org/10.1002/1522-2632(200106)86:3%3C361::AID-IROH361%3E3.0.CO;2-Z
https://doi.org/10.1002/1522-2632(200106)86:3%3C361::AID-IROH361%3E3.0.CO;2-Z
https://doi.org/10.1111/j.1574-6941.2011.01202.x
https://doi.org/10.1007/s00248-003-2019-2
https://doi.org/10.1007/s00248-003-2019-2
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1111/j.1365-2427.2007.01742.x
https://doi.org/10.1007/s10533-020-00719-x
https://doi.org/10.1016/B978-0-12-416558-8.00012-3
https://doi.org/10.1016/B978-0-12-416558-8.00012-3
https://doi.org/10.1139/er-2022-0114
https://doi.org/10.1139/er-2022-0114
https://doi.org/10.5194/bg-12-7129-2015
https://doi.org/10.5194/bg-12-7129-2015
https://doi.org/10.1080/13658810500433453
https://doi.org/10.1080/13658810500433453
https://doi.org/10.1002/ecm.1315
https://doi.org/10.1002/ecm.1315
https://doi.org/10.1016/j.scitotenv.2015.01.039
https://doi.org/10.1016/j.scitotenv.2015.01.039
https://doi.org/10.1002/2015JG003133
https://doi.org/10.1098/rstb.2010.0038
https://doi.org/10.1080/20442041.2020.1712953
https://doi.org/10.1016/j.agrformet.2019.02.021

	Drivers of Epilithic Biofilms in Greenland Streams: The Role of Nutrients, Temperature and Catchment Slope Across a Climate Gradient
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Sites
	2.2   |   Meteorological Information
	2.3   |   Catchment Topography and Vegetation
	2.4   |   Physical–Chemical Parameters
	2.5   |   Biofilm
	2.6   |   Statistical Analysis

	3   |   Results
	3.1   |   Catchment Characteristics
	3.2   |   Physical–Chemical Characteristics
	3.3   |   PCA of Catchment and Environmental Variables
	3.4   |   Biofilm Characteristics and Major Autotrophic Groups
	3.5   |   Spearman Rank Correlations
	3.6   |   Relationships Between Biofilm Characteristics and Environmental and Catchment Variables

	4   |   Discussion
	4.1   |   Epilithic Biofilm Across Climate Regions in Greenland
	4.2   |   Biofilm Topographic and Environmental Controls
	4.3   |   Potential Effects of Global Change

	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


