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Abstract  This study investigated the spatial varia-
tion in total benthic algal biomass and within cyano-
bacteria, green algae, and diatoms in sub-Arctic 
ponds. Additionally to more widely used explanatory 
variables, snowmelt and ice duration were considered 
as their importance on algal communities is poorly 
understood. The data comprised algal biomasses from 
45 sub-Arctic ponds in the Finnish Lapland. A gener-
alized linear model and hierarchical partitioning were 
used to identify the significantly influential variables. 
Cyanobacteria were the most abundant algal group. 
Trace elements (e.g. Fe, Al, and Mn) were the most 
significant explanatory variable group in explaining 
algal biomasses. Macronutrients apart from K were 
found insignificant in all models. There were positive 

relationships between some algal biomasses indicat-
ing no strong competition between them. Snow and 
ice variables were found insignificant for all models, 
but they could have an important secondary role on 
algal communities. The results highlight the impor-
tance of trace elements in shaping algal biomasses in 
sub-Arctic ponds and thus their wider use in research 
can be advocated to better understand the productiv-
ity of nutrient poor and acidic waters in sub-Arctic 
regions. Focussing on benthic algal biomasses and 
the chemical composition of sub-Arctic freshwaters 
provides important information on the aquatic pri-
mary production.

Keywords  Aluminium · Climate change · 
Cyanobacteria · Diatoms · Green algae · Iron

Introduction

Climate change creates constant pressure on Arctic 
ecosystems causing both direct and indirect effects on 
the Arctic biodiversity (Culp et al., 2021). The Arc-
tic region has recently experienced two to three times 
greater warming, known as the Arctic amplification, 
compared to the global average (Screen, 2014). This 
warming is expected to affect biodiversity and eco-
system functions throughout the circumpolar Arctic 
(Lento et al., 2022a). A fundamental change in fresh-
water ecosystems has been an increase in primary 
production over the past 150 years (Michelutti et al., 
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2005) caused by the lengthening of the growing sea-
son (Wrona et  al., 2006). A longer growing period 
will increase northern greening enhancing nutrient 
binding to terrestrial systems on a catchment level. 
Changes in vegetation, macro- and microclimate, and 
snowpack alter Arctic and sub-Arctic ecosystems, 
also affecting the influx of nutrients to waters thus 
influencing the chemical characteristics of sub-Arc-
tic freshwaters (Kamenik et  al., 2001). Understand-
ing how the aquatic and terrestrial ecosystems oper-
ate simultaneously, and especially their connectivity 
via material and energy inputs, helps us understand 
the changes occurring in both ecosystems (Soininen 
et  al., 2015). On one hand, atmospheric phospho-
rus from combustion-related sources has declined 
the deposition of atmospheric phosphorus to surface 
waters, which may further increase oligotrophica-
tion of already nutrient-poor sub-Arctic freshwaters 
(Huser et  al., 2020). On the other hand, higher run-
off due to increasing precipitation in the Arctic may 
lead to increased nutrient load to surface waters thus 
affecting the benthic algal community and primary 
production (Kahlert et al., 2020; Lakka, 2020).

The significant part of the aquatic biodiversity and 
production in the circumpolar is provided by small 
and shallow inland waters and especially their benthic 
algal communities (Culp et  al., 2021). The benthic 
algal community consisting mainly of cyanobacteria 
(Cyanophyta), green algae (Chlorophyta), and dia-
toms (Bacillariophyta) is expected to change due to 
rising temperatures, also affecting food quality and 
quantity to higher trophic levels (e.g. midges, larvae, 
and eventually fish) (McCormick et al., 2019; Lento 
et al., 2022b). Despite the importance of these benthic 
algae, there is limited information about how different 
environmental factors influence the algal microflora 
in these regions (Richter et  al., 2018). Temperature, 
among other abiotic variables such as nutrients and 
conductivity, has a strong influence on the generally 
amictic Arctic and sub-Arctic freshwater ecosystems 
(Soininen, 2007; Soininen & Meier, 2014). The lim-
iting resources for growth (e.g. nutrients, light, or 
temperature) vary widely among different algal spe-
cies (Agrawal, 2012; Phillips et  al., 2019). In shal-
low and pristine sub-Arctic ponds, the benthic algal 
community can use efficiently the available radiation 
contributing 39–99% of the total primary production 
(Rautio et  al., 2011). Thus, any change in nutrients 
or light can cause shifts in the productivity, species 

distribution patterns, and food web structure (Lau 
et al., 2019). However, in the sub-Arctic, it is unlikely 
that light would limit biomass growth due to the tree-
less surroundings, clear water, and shallow character-
istics of the ponds unless enhanced northern green-
ing would cause shading and murkiness to the ponds. 
This highlights the role of other factors like nutrient 
input and water chemistry to benthic algal biomass. 
For instance, local topography, catchment exposure, 
precipitation, and solar radiation influence weathering 
rates and therefore affect the influx of trace elements 
to the ponds (Kamenik et al., 2001). Additionally, the 
joint effects of influxes such as runoff, precipitation, 
and groundwater and effluxes like runoff, sedimenta-
tion, wind, and filtration alter the chemical composi-
tion of sub-Arctic ponds, similar to other freshwater 
lakes (Dauvalter & Kashulin, 2014). For example, 
vanadium and copper tend to show a strong influence 
of seawater via atmospheric input. Iron, zinc, and lead 
on the other hand are mostly present in a colloidal 
fraction, while manganese and copper are commonly 
dominated by a truly soluble fraction (Marsay et al., 
2018). Thus, it can be expected that there is some sea-
sonal variation in trace element concentrations based 
on the different forms of fractions having an effect on 
the behaviour, mobility, and bioavailability of trace 
elements in environmental systems.

The benthic algae form an extensive biomass 
in the aquatic ecosystems, which, once measured 
through chlorophyll a concentrations, can be used 
to estimate primary production especially in smaller 
waterbodies such as ponds or small streams (Huot 
et al., 2007). Overall, algal biomass effectively sum-
marizes the growing conditions of the whole algal 
community but since previous research has focussed 
on single algal groups (e.g. Lotter et al., 2010; Virta 
& Teittinen, 2022), the patterns and drivers for mul-
tiple algal groups are poorly understood (Lau et  al., 
2019). The high variation in biodiversity patterns 
in the sub-Arctic may be explained by the complex 
topography and varying ecological conditions occur-
ring over small spatial scales (Chiu et al., 2020). The 
composition of the benthic algae varies significantly 
throughout the year due to water temperature fluctua-
tions caused by incoming solar radiation and meltwa-
ter from snow and ice. Early in the growing season 
after snowmelt, the waters are cold supporting toler-
ant algal groups of diatoms and cyanobacteria over 
green algae (Pilkaitytė & Razinkovas, 2007). With 
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time, water temperature increases allow greater accu-
mulation of benthic biomass also comprising of green 
algae. Despite this, cyanobacterial and diatom bio-
masses are typically constantly higher compared to 
green algae due to their adaptive mechanisms to grow 
in different temperatures (Michelutti et  al., 2003; 
Dasauni et al., 2022). In contrast, green algae tend to 
occur with variable biomasses depending on water 
temperature (Rautio et al., 2011; Agrawal, 2012).

Cyanobacteria typically dominate the autotrophic 
biomass in many sub-Arctic freshwaters (Rautio 
et  al., 2011) as they have a very high pigment con-
tent (carotenoids), protecting them from radiation 
(Sahoo & Seckbach, 2015). They have an evolution-
ary advantage over smaller algae allowing better 
access to nutrients in aquatic media (Ramanan et al., 
2016). Their ability to form algal mats, withstand 
droughts and freeze–thaw cycles, and the ability to 
efficiently bind nitrogen gives them a further advan-
tage to dominate the benthos (Vincent & Quesada, 
2012). Moreover, generally cyanobacteria have the 
widest temperature tolerance and a higher tempera-
ture optimum over the other algal groups (Tang et al., 
1997). Green algae appear mainly as macroscopic, 
multicellular masses (Stevenson, 1996) and are thus 
a very important food source for the higher trophic 
levels (Sahoo & Seckbach, 2015). Especially some 
genera (e.g. Chlorella) have a great influence on graz-
ing animals in the food web due to their higher con-
centration of lipids and proteins (Sahoo & Seckbach, 
2015). Green algae rarely show up in large masses in 
the sub-Arctic environment, but as they are strongly 
seasonal, they may produce algal mats even in oligo-
trophic sub-Arctic ponds (Maltais & Vincent, 1997). 
Diatoms are typically more diverse in cold and nutri-
ent-poor waters than other algal groups (Lento et al., 
2019) and are mainly influenced by water chemistry 
(Lotter et  al., 2010; Heikkinen et  al., 2022; Muñoz-
López & Rivera-Rondón, 2022). They are widely 
used for biomonitoring of surface water quality due 
to their efficient dispersal capabilities and sensitivity 
to the environment (Rantala et  al., 2017). Although 
diatoms have a wide geographical distribution, their 
response to nutrient conditions can vary significantly 
between ecoregions (Soininen & Niemelä, 2002) and 
levels of anthropogenic impact (Pajunen et al., 2019).

The aim of this study is to investigate the pat-
terns of total algal biomass as well as cyanobacteria, 
green algae, and diatom biomasses separately and the 

different abiotic [i.e. (1) geographical and catchment 
variables, including snowmelt and ice disappearance 
day, (2) trace elements and (3) other physical and 
chemical pond variables], and (4) biotic (i.e. interac-
tions between algal groups) drivers affecting these in 
sub-Arctic ponds in northern Finland. This study pro-
vides new insights into the patterns and drivers affect-
ing benthic algal biomass in such sensitive sub-Arctic 
ponds, where changes caused by global warming are 
most likely encountered headmost.

Materials and methods

Study area

The study area is located in the Finnish Lapland and 
covers ca. 100 km2 (68° 55′ 39.9″–69° 06′ 40.7″ N; 
20° 37′ 15.0″–21° 05′ 37.0″ E). This remote and near-
pristine area provides a large variability of pond and 
catchment characteristics whilst minimizing differ-
ences caused by larger climatic and anthropogenic 
influence. Only some human disturbance may be 
caused by nearby hiking trails, moderate traffic from 
roads, and reindeer herding. The sampled ponds 
(n = 45) were chosen according to their variability in 
the surrounding catchment characteristics (i.e. vegeta-
tion and bedrock), pond surface area, and elevation 
(Fig. 1). The majority of the ponds are mainly rainwa-
ter fed (either entirely from rainfall or a combination 
of rainfall and snowmelt) while some being domi-
nated by groundwater or snowmelt feeding systems. 
Most of the studied waterbodies are small in surface 
area (206–18,100 m2) and exhibit significant water 
level fluctuations caused by dry periods, whereas 
only one study location could be classified as a lake 
(25,800 m2) based on its surface area according to 
Bengtsson & Herschy (2012). However, as it can-
not be considered a significant outlier, we included it 
in our data and referred to all waterbodies as ponds. 
The majority of the data, apart from values appearing 
below detection limit (see laboratory methodology), 
were collected in August 2021 with a monthly mean 
temperature of 9.6  °C and precipitation of 38.3 mm 
at Kilpisjärvi village centre (FMI, 2023). The mean 
temperature in Kilpisjärvi for the years 1991–2021 
is 10.1 °C and precipitation 49.6 mm during August 
(FMI, 2023) indicating that August 2021 was drier 
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compared to the average, while temperature was more 
typical but slightly colder for the sampling month.

Field and laboratory methodology

At each pond, in situ measurements were taken [water 
pH, water temperature (°C) and conductivity (μS/cm)] 
with an YSI multiparameter tool (GWM_Engineering 
Oy, Finland). Water chemistry samples for macronu-
trients [anions, cations, total nitrogen (TN), and total 
phosphorus (TP)] were collected into a 250-ml bot-
tle, while micronutrients (i.e. trace elements) were 
sampled through a 0.45  μm filter into a 10-ml tube 
comprising 0.05 μl of nitric acid (HNO3). The algal 
biomasses (i.e. cyanobacteria, green algae, and dia-
toms) were measured with a BenthoTorch device (bbe 
Moldaenke GmbH, Germany) by placing it firmly on 
the surface of ten boulder-sized stones underwater for 
10 s each with a maximum depth of 50 cm (Fig. 1a). 
The median value of the ten measurements from each 

pond was used in the analyses. Additionally, a coef-
ficient of variation (CV) was calculated from the ten 
BenthoTorch measurements at each study location in 
order to evaluate the potential within-pond variation 
of the measured chlorophyll a. As all the values for 
chlorophyll a were below 4 µg/cm2, they can be con-
sidered reliable based on earlier studies on the Ben-
thoTorch device (Harris & Graham, 2015; Echenique-
Subiabre et al., 2016). All water samples were stored 
in a fridge (4 °C) and protected from light for approx-
imately 3 months until further analysis in the labora-
tory were able to be done. The pond surface areas and 
elevations were obtained from satellite images using 
Google Earth (2014–2017). All maps were created 
using QGIS version 3.16.2-Hannover, while the final 
touches for all figures were made in CorelDraw ver-
sion 24.1.0.360.

All laboratory analyses were conducted at the 
Helsinki Geophysical, Environmental, and Mineral-
ogical Laboratories (Hellabs) of the Department of 

Fig. 1   a The photo shows the use of the BenthoTorch during 
data collection. The measurements were taken directly from 
ten different stones under water from a depth of ca. 10–50 cm. 
b A map of the studied 45 sub-Arctic ponds in northern Fin-

land. c–f The photos show the variation of the studied sub-
Arctic ponds at different elevations from low (left; 515 masl) 
to high (right; 874 masl). Photo credit: Heikkinen J.M. (2020–
2021)
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Geosciences and Geography, University of Helsinki. 
TN and TP concentrations were analysed according to 
standardized methods (EN1189 [1996] for TP and EN 
ISO11905-1 [1998] for TN). An ion chromatography 
method (Metrohm ECO double ion chromatography 
system) was used to analyse the amounts of cations 
[sodium (Na), potassium (K), magnesium (Mg), 
and calcium (Ca)] and anions [fluorine (F), chlorine 
(Cl), nitrate (NO3

−), phosphate (PO4
3−), and sulphate 

(SO4
2−)]. In total, 13 trace elements were measured: 

aluminium (Al), vanadium (V), chromium (Cr), man-
ganese (Mn), silica (Si), iron (Fe), nickel (Ni), copper 
(Cu), zinc (Zn), arsenic (As), selenium (Se), molyb-
denum (Mo) and cadmium (Cd) with an inductively 
coupled plasma-mass-spectrometer (ICP-MS Agilent 
7800). In order to get a more extensive dataset, a sin-
gle water chemistry measurement from either 2018, 
2019, or 2020 where the value was above detection 
limit was used, because many of the measured values 
in 2021 appeared below detection limit (e.g. for TP, 
the detection limit in 2021 was 22.3  µg/l compared 
to the detection limits of previous years of 5 µg/l). It 
is worth noting that water chemistry values have not 
varied substantially between years as for instance K 
and Mg showed no statistically significant differences 
in the concentrations sampled in 2015, 2018, 2020, 
and 2021 (F = 0.21, P = 0.692 for K and F = 0.051 
and P = 0.843 for Mg).

Ice disappearance days (IDD) and days since snow-
melt (DSSM) variables for each pond were calculated 
by utilising information from PlanetScope satellite 
images (3  m × 3  m resolution) from the years 2017 
to 2021. Data from more than 1  year were required 
because individual years often have long cloudy peri-
ods when satellite observations are not available. 
However, the spatial patterns of snow accumulation 
and melting remain quite similar across years and 
thus inference from longer time average should not 
be significantly biased even when used to character-
ize conditions for a single year (Niittynen & Luoto, 
2018). All images that were at least partly cloud-
free (n = 306) over the study area were used. Clouds 
were manually masked and the spatial accuracy was 
enchained by cross-coregistering the images. Next, 
the randomForest model (Liaw & Wiener, 2002) was 
trained to separate snowy and icy pixels from melted 
ones from each image. Lastly, the model classifica-
tion was used in a pixel-wise binomial generalised 
linear model which determined the average melting 

date for each pixel (Kemppinen & Niittynen, 2022). 
Finally, the ice data were calculated as the average 
melting date over the pixels within each pond, while 
snow data represent the dates when the last snow was 
melted in the watersheds. The values were then modi-
fied to represent the DSSM for each site, which was 
calculated from the 1st of August 2021, when sam-
pling began. Negative values were changed to zero.

Data analysis

Statistical analyses were performed in R-software 
version 4.0.5. (R Development Core Team, 2021). 
Explanatory variables selected for analysis were 
checked for multicollinearity through Spearman’s 
correlation and seven variables (SO4, Na, Cl, F, 
Ca, Mg, and U) showing higher multicollinear-
ity (r ≥  ± 0.7) with water pH or conductivity were 
removed since this restricts collinearity-driven effects 
and improves efficiency of the models (Brun et  al., 
2019; Fathi et al., 2022). Finally, the selected explan-
atory variables (except water pH) were logarithmi-
cally transformed (log10(x + 1)), to ensure that the 
data would resemble normally distributed data.

Different model-fitting techniques [least absolute 
shrinkage and selection operator (LASSO), stepwise 
Akaike information criterion (stepAIC), and gen-
eralized linear model (GLM)] were performed for 
which a leave-one-out cross-validation (LOOCV) 
was done to minimize bias and to see which model 
had the greatest fit without overfitting (Yates et  al., 
2022). The LOOCV was done through the caret-pack-
age in R by using the trainControl and train-func-
tions (Kuhn, 2008). The Root Mean Squared Error 
(RMSE), r2, and Mean Absolute Error (MAE) were 
used to evaluate performance of the model. Based on 
the low RMSE and MAE values and moderate r2 val-
ues (RMSEavg = 0.041, MAEavg = 0.033, r2

avg = 0.44), 
the final modelling method chosen to explain the 
different biomasses was GLM, which is a multivari-
ate method for non-normally distributed data. In the 
four final GLMs with each benthic algal group bio-
mass and total biomass, four types of explanatory 
variables were included: (1) geographical and catch-
ment variables including elevation, DSSM, and IDD, 
(2) physical and chemical variables including surface 
area, conductivity, water temperature, water pH, ani-
ons, and cations, (3) trace element variables, and (4) 
biotic variables the latter meaning that for each algal 
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group the biomasses of other groups were included 
as predictors that significantly (P < 0.05) explained 
the biomass variations. TP was also included in the 
final models despite its low significance as it has pre-
viously been found to be a limiting macronutrient 
for microalgae (Mischler et al., 2014; Poikane et al., 
2022). In addition to the final models with abiotic and 
biotic variables, all biomasses were modelled through 
GLM without biotic variables to better understand 
the potential interactions between the benthic algal 
groups (Online Resource 1). As all data were nor-
mally distributed and continuous, biomass distribu-
tions were analysed through Gaussian distribution 
with only using first degree terms to improve model 
functioning and as variables showed linear regression 
according to scatterplots.

The importance of explanatory variables from the 
models were interpreted through hierarchical par-
titioning by using the hier.part-function within the 
hier.part-package (Walsh & Mac Nally, 2020). This 
method is based on z-scores and randomisation, so 
that the partitioning of the contributions provides an 
estimate of the most important predictors in a multi-
variate dataset. The function calculates the goodness 
of fit measures for regressions of each biomass using 
all combinations of significant explanatory variables 
in the GLM. However, the hier.part function allows 
a maximum of 12 variables in order to perform well. 
Thus, for cyanobacteria biomass, DSSM, Cr, and Zn 
were dropped due to their higher P values (P > 0.034) 
and lower estimates (β < 0.079) in the GLM com-
pared to other significant explanatory variables.

Results

Our data showed a maximum snow depth at the 
Kilpisjärvi village centre weather station in winter 
2020–2021 was 99 cm, which was slightly lower than 
the 1991–2021 median of 106  cm. Water tempera-
ture varied substantially among the studied ponds and 
had a negative correlation with elevation (r =  − 0.50; 
Online Resource 2). Only one sample had TN above 
1 mg/l. The water pH ranged from 4.32 to 7.39 with 
a median value of 5.93 (Table 1). Si had the highest 
concentration out of the measured trace elements in 
the study area while showing moderate correlation 
with conductivity (r = 0.57). Other trace element con-
centrations, except Fe and Al, were generally below 

10 µg/l. Out of the studied macronutrients, K showed 
higher concentrations compared to NO3

− while hav-
ing a higher correlation with conductivity (r = 0.59). 
Generally conductivity was very low (< 40 µS/cm).

Total algal biomass varied from 0.10 to 1.58  µg/
cm2 among the ponds (Fig. 2). Both diatom and green 
algae biomass had a minimum value of 0 but green 
algae biomass ranged up to 0.68  µg/cm2, while dia-
tom biomass ranged up to 0.42 µg/cm2. Cyanobacte-
ria biomass varied from 0.06 µg/cm2 to a maximum 
of 0.81 µg/cm2 within the study area. Cyanobacteria 
comprised most of the total biomass with 59.2%, 
while green algal biomass covered 33.5% and diatom 
biomass only 7.3% of total biomass across the ponds. 
The median CV of all measured chlorophyll a values 
for green algae and cyanobacteria were 0.5 and 0.46, 
respectively, showing low variance. Meanwhile, for 
diatoms, the CV was over 1 indicating that there is 
high variability in the measured chlorophyll a values 
between ponds. CV weakly increased for all benthic 
algal biomasses with elevation but was significant 
only for green algae showing greater variation in the 
measured chlorophyll a values at more pristine and 
harsh sub-Arctic ponds in terms of environmental 
conditions compared to cyanobacteria and diatom 
biomass.

In all biomass GLMs, TP was found insignificant. 
Out of all the explanatory variables for all biomass 
models, 60% were explained by trace elements. The 
significant explanatory variables in the GLM for total 
benthic algal biomass (explained 70.54% of the total 
variation including TP) consisted of only significant 
trace element variables of Al, Fe, Cr, As, Se, and Pb 
(Table 2). Diatom biomass was explained (38.13%) by 
two significant variables: Se and green algal biomass. 
Cyanobacteria biomass (78.96%) had the greatest 
number of significant variables (n = 14) in the model, 
consisting of variables from all four explanatory vari-
able groups. The significant variables were water pH, 
surface area, DSSM, elevation, pond temperature, K, 
Al, Fe, Cr, Cu, Zn, Se, Pb, and green algal biomass. 
The variation in green algae was explained by varia-
bles from all variable groups apart from geographical 
and catchment variables and its explained variation 
was 73.02%. The significant variables for green algal 
biomass included water pH, surface area, V, Mn, Cr, 
Si, and cyanobacteria biomass.

According to hierarchical partitioning, the most 
influential variable on total algal biomass was Fe 
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explaining roughly a third (33.2%) of the explain-
able variation, while As and Se each explained 
less than 20%, all having a positive relationship 
with biomass (Fig. 3a). Cyanobacteria biomass had 
multiple significant explanatory variables, which 
cannot be accurately interpreted from hierarchi-
cal partitioning due to restricting variable number 

by the hier.part-function. The most influential vari-
ables shown for cyanobacteria included elevation 
(11.2%) and K (10.4%) both with a negative rela-
tionship, and Se (9.9%) with a positive relation-
ship but their effects were overall relatively low 
(Fig.  3b). For diatom biomass, green algae bio-
mass (positive relationship) explained 59% of the 

Table 1   List of all 
explanatory abiotic 
variables used to explain 
the patterns and drivers 
affecting benthic algal 
biomass including the later 
removed multicollinear 
variables (SO4, Na, Cl, F, 
Ca, Mg, and U)

The explanatory variables 
are grouped into (1) 
geographical and catchment 
variables, (2) physical 
and chemical pond 
characteristics excluding 
trace elements, (3) trace 
elements, and (4) biotic 
drivers showing minima, 
maxima, mean, median, and 
standard deviation (SD)
DSSM days since snowmelt, 
IDD ice disappearance days

Explanatory variable Minimum Maximum Mean Median SD

(1) Geographical and catchment
 Elevation (masl) 468 881 633 609 116
 DSSM 0 54 30 30 17
 IDD 141 186 156 155 8

(2) Physical and chemical
 Surface area (m2) 206 25,800 3,507 1,521 4,991
 Conductivity (µS/cm) 4 39 17 13 10
 Water temperature (°C) 9.3 19.2 13.7 13.7 2.3
 Water pH 4.32 7.39 5.76 5.93 0.70
 Total nitrogen (mg/l) 0.080 1.360 0.372 0.310 0.258
 Total phosphorus (mg/l) 0.006 0.190 0.030 0.019 0.034
 Nitrate (mg/l) 0.102 0.353 0.167 0.155 0.053
 Potassium (µg/l) 0.132 0.967 0.470 0.419 0.218
 Fluorine (mg/l) 0.010 0.139 0.025 0.019 0.021
 Chlorine (mg/l) 0.353 1.598 0.867 0.735 0.346
 Calcium (mg/l) 0.338 4.567 1.631 1.295 1.295
 Magnesium (mg/l) 0.087 1.421 0.365 0.277 0.248
 Sodium (mg/l) 0.320 1.831 1.107 1.045 0.421
 Sulphate (mg/l) 0.139 3.953 1.044 0.772 0.898

(3) Trace elements
 Aluminium (µg/l) 8.410 963.464 66.572 33.976 140.435
 Vanadium (µg/l) 0.061 0.491 0.222 0.193 0.106
 Chromium (µg/l) 0.213 6.649 1.397 0.951 1.328
 Manganese (µg/l) 0.100 9.766 1.538 0.749 2.115
 Iron (µg/l) 4.330 315.440 35.080 20.642 46.911
 Nickel (µg/l) 0.038 1.045 0.181 0.130 0.164
 Copper (µg/l) 0.164 5.792 0.958 0.682 1.054
 Zinc (µg/l) 0.270 13.108 1.685 0.765 2.335
 Arsenic (µg/l) 0.016 0.157 0.044 0.034 0.028
 Selenium (µg/l) 0.016 0.079 0.029 0.027 0.012
 Molybdenum (µg/l) 0.012 1.141 0.193 0.134 0.204
 Cadmium (µg/l) 0.001 0.051 0.005 0.003 0.008
 Cobalt (µg/l) 0.059 3.657 0.723 0.416 0.758
 Lead (µg/l) 0.001 1.486 0.078 0.017 0.238
 Uranium (µg/l) 0.002 0.944 0.061 0.021 0.143
 Silica (µg/l) 11.28 438.000 1,013.650 510.000 1,145.147

(4) Biotic (µg/cm2)
 Total biomass 0.1 1.58 0.56 0.51 0.32
 Cyanobacteria biomass 0.06 0.81 0.33 0.27 0.20
 Diatom biomass 0 0.42 0.04 0.01 0.08
 Green algal biomass 0 0.68 0.19 0.17 0.13



	 Hydrobiologia

1 3
Vol:. (1234567890)

explainable variation, while Se explained over 36% 
also with a positive relationship (Fig. 3c). For green 
algal biomass, Mn (positive relationship) explained 
over 33% of the variation, while other variables 
explained under 19% of the total variation (Fig. 3d).

Discussion

Here, we investigated the patterns and drivers of ben-
thic algal biomasses in sub-Arctic mountain ponds. 
Of the algal groups, cyanobacteria had the highest and 
diatoms had the lowest biomass. The drivers affecting 
benthic algal group biomasses predominantly con-
sisted of different trace elements such as Fe, As, Se, 
and Pb, while geographical and catchment variables 

had less importance. Next, the major patterns found 
as well as the key drivers for the four variable groups 
for benthic algal biomasses are discussed.

The influence of geographical and catchment 
variables

Of the geographical and catchment variables, eleva-
tion was the only variable that had a significant nega-
tive relationship with cyanobacteria biomass. This 
can be linked to greater environmental harshness 
with increasing elevation as well as having a moder-
ate negative correlation with water temperature also 
showing a significant negative relationship. The influ-
ence of water temperature on biomass is discussed 
in more detail in the paragraph about physical and 
chemical pond characteristics.

Fig. 2   The maps show the variation in chlorophyll a concentrations for a total benthic algal biomass, b cyanobacteria biomass, c 
diatom biomass, and d green algal biomass. The darker the dot is on the map, the higher the chlorophyll a concentration is
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Table 2   The variables that were found significant from the GLM with coefficient estimates, standard errors, z-values, and statistical 
significances (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant)

Total biomass Estimate w2 z-value P value

Aluminium  − 0.077 0.025  − 3.081 0.004**
Iron 0.245 0.037 6.547 0.000***
Chromium  − 0.182 0.046  − 3.970 0.000***
Arsenic 3.079 0.772 3.988 0.000***
Selenium 7.080 2.002 3.537 0.001**
Lead  − 0.819 0.188  − 4.358 0.000***
Total phosphorus  − 0.040 0.032  − 1.267 0.213ns

AIC  − 132.9
Explains 70.5%

Diatoms Estimate w2 z-value P value

Selenium 1.886 0.881 2.141 0.038*
Total phosphorus  − 0.018 0.012  − 1.435 0.159ns
Green algae 0.296 0.092 3.211 0.003**

AIC  − 198.6
Explains 38.1%

Green algae Estimate w2 z-value P value

Water pH 0.021 0.008 2.686 0.011*
Surface area  − 0.024 0.010  − 2.419 0.021*
Vanadium 0.629 0.169 3.733 0.001***
Manganese 0.073 0.028 2.580 0.014*
Chromium  − 0.105 0.031  − 3.425 0.002**
Silica  − 0.023 0.009  − 2.570 0.014*
Total phosphorus  − 0.008 0.017  − 0.492 0.626ns
Cyanobacteria 0.154 0.074 2.087 0.045*

AIC  − 188.0
Explains 73.0%

Cyanobacteria Estimate w2 z-value P value

Water pH  − 0.028 0.010  − 2.821 0.009**
Surface area 0.045 0.014 3.278 0.003**
DSSM 0.036 0.016 2.227 0.034*
Elevation  − 0.277 0.110  − 2.512 0.018*
Pond temperature  − 0.307 0.115  − 2.680 0.012*
Potassium  − 0.293 0.133  − 2.197 0.036*
Aluminium  − 0.090 0.021  − 4.247 0.000***
Iron 0.135 0.037 3.739 0.001***
Chromium  − 0.079 0.037  − 2.132 0.042*
Copper 0.111 0.040 2.742 0.010*
Zinc  − 0.061 0.030  − 2.048 0.050*
Selenium 4.632 1.681 2.756 0.010*
Lead  − 0.043 0.157  − 3.034 0.005**
Total phosphorus  − 0.043 0.026  − 1.660 0.108ns
Green algae 0.430 0.192 2.259 0.032*

AIC  − 158.5
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DSSM had a significant positive relationship with 
cyanobacteria suggesting that cyanobacteria bio-
mass increases with greater number of days since a 
snow-free catchment. A longer snow-free period has 
most likely increased cyanobacteria biomass produc-
tion as it may begin already in colder waters. IDD 
showed no significance in explaining any of the algal 
biomasses. Despite this, IDD could be regarded as a 
proxy for water temperature and light availability in 
sub-Arctic ponds (Wrona et  al., 2006). Additionally, 
both IDD and DSSM may have an indirect effect on 
algal biomass by altering the chemical composition 
of the ponds through different sources (i.e. lithogenic 
and atmospheric) of nutrient input through catchment 
runoff. In general, IDD and DSSM may have a nota-
ble role in shaping algal biomasses and should thus 
be included in future research when investigating the 
key drivers in algal communities.

The influence of physical and chemical pond 
characteristics excluding trace elements

Of the physical variables, pond surface area had a sig-
nificant positive relationship with cyanobacteria and a 
significant negative relationship with green algal bio-
mass. The positive relationship on cyanobacteria can 
be related to greater habitat size with possibly a more 
stable pond ecosystem. However, our finding should 
be viewed with caution as samples were collected on 
one shore, which may not indicate accurately the bio-
mass of larger waterbodies. Thus, a closer investiga-
tion of algal biomass variation around the ponds in 
the future research can be encouraged.

For the shallow, northern, and clear-watered 
ponds, the TP threshold for a good to moderate sta-
tus is between 20 and 34 µg/l (Poikane et al., 2022). 
Based on this classification, over 82% of the studied 
ponds can be considered to be within the good–mod-
erate status for TP, while over 93% of the ponds 
showed good–moderate status for TN. Of the studied 
macronutrients, only K showed a significant negative 

relationship with cyanobacteria biomass. Our finding 
agrees with a previous study on the toxic effect of K 
on the photosynthesis of marine phytoplankton (Kusk 
& Nyholm, 1992). However, this may be questioned 
as our measurements were below 1  mg/l, while in 
marine environments the concentrations were higher. 
Despite the inclusion of TP in the models, it was 
insignificant for all biomass models agreeing with 
previous research on Arctic lakes (Van Geest et  al., 
2007; Dranga et al., 2018). However, for high altitude 
lakes in Qinghai–Tibet, TP showed a positive cor-
relation for benthic algal communities (Yang et  al., 
2018). As most macronutrients were insignificant 
in the present study, they may not be a strong limit-
ing factor for benthic algae in the sub-Arctic unlike 
in lower latitudes (Sun et al., 2022). Overall, the low 
chlorophyll a values and oligotrophic pond conditions 
result from to low anthropogenic impact and produc-
tivity, as well as nutrient-poor soils (Wetzel, 2001) 
while for an example boreal and tropical freshwater 
streams typically have notably higher algal biomasses 
(Guo et al., 2020; Rosero-López et al., 2021).

Overall, water pH had a significant positive rela-
tionship with green algal biomass while showing a 
negative relationship with cyanobacteria biomass 
agreeing with a study from northern Canada (Dranga 
et  al., 2018). Pond temperature showed a negative 
relationship with cyanobacteria biomass disagree-
ing with previous research (Whittaker et  al., 1974; 
Paerl & Huisman, 2009). However, more eutrophic 
and larger lakes have shown no significant relation-
ship (Havens et al., 2019), but they also indicated that 
cyanobacteria biomass never reached a high biomass 
at water temperatures of ≤ 10  °C again disagreeing 
with our study. In contrast, direct comparisons are 
difficult between these study settings due to their 
variable water temperatures as well as potentially 
different species compositions (Havens et al., 2019). 
Despite some studies finding that cyanobacteria tend 
to favour warmer waters due to a higher temperature 
optimum (Tang et  al., 1997), they are also tolerant 

Table 2   (continued)

Cyanobacteria Estimate w2 z-value P value

Explains 79.0%

Also showing the Akaike’s information criterion (AIC) and the percentual value of how well the model is explained by the variables. 
For cyanobacteria, three variables were dropped in order to run the hier.part function. The variables were dropped due to their higher 
P values and lower estimates and are highlighted in the table
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towards colder water temperatures even being able to 
withstand freezing to some extent (Vincent & Que-
sada, 2012). Therefore, it is likely that the drivers for 

cyanobacteria biomass varies substantially between 
different environmental conditions.

Fig. 3   The independent effects (%) of the significant vari-
ables from the GLMs affecting a total benthic algal biomass, 
b cyanobacteria biomass, c diatom biomass, and d green algal 
biomass using hierarchical partitioning. Next to each variable 
is the linear effect on the different biomasses (positive/nega-

tive). The function hier.part in R allows for a maximum of 12 
variables. Thus for cyanobacteria, three weakest variables 
according to their estimates and P values (excluding TP) were 
removed in order to run the hier.part function
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The influence of trace elements

As with the above-discussed macronutrients, the 
chemical composition may vary significantly between 
the water column and benthos (Battin et  al., 2007). 
The benthic algae are able to utilize nutrients from 
the benthos more efficiently leaving the water column 
more nutrient poor. The significant impact of trace 
elements, as reported in the present study, highlights 
their importance on algal biomasses. It is worth not-
ing, that as total algal biomass consists of the three 
biotic variable groups, the variables affecting the 
three individual algal biomasses will have an effect 
on total benthic algal biomass. Conversely, a variable 
influencing total algal biomass has an effect on the 
three algal biomass groups given that they showed a 
moderate to high correlation with total algal biomass 
in our study (Online Resource 2). Before discussing 
the individual influences of trace elements on algal 
biomasses, it is worth mentioning that each trace ele-
ment originates from a different source (e.g. atmos-
pheric, lithogenic, or anthropogenic) affecting posi-
tively or negatively algal biomasses either as growth 
promoters or photosynthetic rate reducers.

Chromium, zinc, and lead

High concentrations of trace elements may have 
an adverse effect on algal communities, such as in 
the case for Cr for cyanobacteria biomass, green 
algal biomass, and total algal biomass as found in 
our study. For example, in surface sea waters in the 
Southern Atlantic (Muse et al., 1999), Cr concentra-
tions were relatively low (0.25  µg/l and 0.65  µg/l; 
mean and maximum) compared to our study 
(1.40 µg/l and 6.65 µg/l). In the study by Muse et al. 
(1999), Cr concentrations within green algae were 
high (0.3–4.6 µg/l) despite its potential toxic charac-
teristics, and thus it could be considered nontoxic in 
the Southern Atlantic. Conversely, in our study, Cr 
concentrations possibly exceeded a certain threshold 
for toxicity towards algal biomass leading to a nega-
tive relationship. Muse et  al. (1999) showed a simi-
lar response for Zn as with Cr: algal trace element 
concentrations were significantly higher compared 
to the surface water concentrations. The results here 
somewhat disagree with other studies on phyto-
plankton, where Zn concentrations had a positive or 
no effect on growth rates until a threshold of 38 µg/l 

(Zhihong et al., 2010). In our study, only cyanobacte-
ria biomass showed a significant negative relationship 
with Zn despite lower concentrations (< 13.11 µg/l), 
which could be explained by a lower Zn requirement 
for prokaryotes compared to eukaryotes (reviewed 
by Blindauer, 2008) potentially indicating a lower 
threshold for Zn toxicity for cyanobacteria in sub-
Arctic ponds. Pb had a significant negative effect on 
cyanobacteria and total algal biomass agreeing with 
the findings from eastern China (Gu et  al., 2020). 
However, the lower Pb concentrations found here may 
still reflect the toxic effects of Pb despite measured 
from the water column and not from the benthos due 
to their potentially very different chemical composi-
tions (Battin et al., 2007).

Manganese and copper

Mn had a significant positive relationship with green 
algal biomass agreeing with a previous study done 
in a canopy-free reach of Llano River (Texas, USA), 
where similar Mn concentrations were found to 
increase algal richness (Passy & Larson, 2019). The 
positive role of Mn on green algal biomass is per-
haps due to solubilization of particulate Mn by pho-
toreduction due to irradiance (Marsay et  al., 2018). 
A cultivation experiment on cyanobacteria and green 
algae showed a unimodal response in growth rates 
with a peak Mn value of 130  µg/l (Zhihong et  al., 
2010). As concentrations reported here were below 
10 µg/l in sub-Arctic mountain ponds, Mn enhances 
algal growth rates. Cu had a significant positive rela-
tionship with cyanobacteria biomass, while Passy & 
Larson (2019) found that Cu had a similar positive 
relationship than Mn on algal biomass, which would 
agree on the synergistic functioning of the trace ele-
ments, where Cu may work together with Mn and 
NO3

− to lower potential toxicity caused by other ele-
ments in freshwaters (Stauber & Florence, 1985a, 
1985b; Gupta, 1989). The presence of Cu in small 
concentrations (< 1  µg/l) can be considered a vital 
micronutrient (Krause et  al., 2021) and as 77.8% of 
ponds in our study were below this, Cu may have a 
vital role in sub-Arctic ponds for cyanobacteria bio-
mass. Furthermore, a culturing experiment on domi-
nant benthic algae in moderately and lightly polluted 
rivers in southern Taiwan (Lai et al., 2003) revealed 
that dominant algal species [Oscillatoria chalybea 
Mertens ex Gomot, Euglena acus (O.F. Müller), and 
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Nitzschia palea (Kützing) W. Smith] could survive 
high concentrations of Cu (max. 60 µg/l), indicating a 
high tolerance towards Cu and supporting the positive 
relationship of Cu with cyanobacteria found here.

Silica and aluminium

Si had the greatest concentrations out of all meas-
ured trace elements in our study and it had a nega-
tive relationship on green algal biomass, contradict-
ing the experimental research done in Lake Michigan, 
USA (Carrick & Lowe, 2007), where it showed a 
secondary limitation after phosphorus. Despite simi-
lar Si concentrations measured here and in previous 
studies, no significant primary limitation (i.e. limi-
tation of a single nutrient) was found. Moreover, an 
earlier study on phytoplankton limiting nutrients in 
Lake Champlain, USA, growth was not limited by 
Si despite showing similar Si concentrations (Lev-
ine et  al., 1997). Furthermore, Si may be a natural 
blocker for Al toxicity in freshwaters for green algae 
at over 2.8  mg/l (Exley et  al., 1993), which should 
promote green algal biomass despite showing a dif-
ferent response here. However, in the study by Exley 
et  al. (1993), nutrient data were taken from the cul-
ture media. It may be suggested that some fraction of 
the measured Si concentrations may be as nanoparti-
cles from different sources (e.g. natural environment, 
biological, and industrial systems) or with a different 
morphology (Yang et al., 2019), which have shown a 
negative relationship with green algae (Van Hoecke 
et  al., 2008). Al had a significant negative relation-
ship with total algal biomass and cyanobacteria bio-
mass. Al is commonly used as a treatment method 
against cyanobacteria blooms, meaning that the addi-
tion of Al and Al-specific compounds (e.g. polya-
luminium chloride) will decrease cyanobacterial bio-
mass (Jančula et  al., 2011), which is also connected 
with acidic waters (Havens & Heath, 1990). The 
negative relationship of Al with cyanobacteria bio-
mass despite its lower concentrations compared with 
previous literature indicates a low toxicity threshold 
for Al in sub-Arctic ponds. Also, Al concentrations 
might help us explain the potential nutrient limitation 
as it enhances phosphate binding, making phosphorus 
less available for the benthic community constraining 
phosphorus-limited systems (Brönmark & Hansson, 
2017) affecting phytoplankton growth and succession 
(Exley et al., 1993).

Selenium, arsenic, vanadium, and iron

Se had a significant positive relationship with all bio-
masses apart from green algae. The strong positive 
effect of Se on diatom biomass could be explained 
by its requirement for various metabolic and physi-
ological functions, while some cyanobacteria species 
have not shown a similar requirement (Wake et  al., 
2012). Se nanoparticles (≤ 50  mg/l) boosted diatom 
biomass growth in marine environments (Kumar 
et  al., 2022) as well as biomagnifying throughout 
the aquatic ecosystem affecting higher trophic lev-
els (Jasonsmith et al., 2008; Kamau et al., 2014). Se 
concentrations were lower in sub-Arctic mountain 
ponds compared to previous studies, and thus the role 
of Se required for photosynthesis and growth is vital. 
However, as noted before, Se concentrations may be 
significantly higher in the benthos as found in Lake 
Wallace, Australia, where benthic algal Se concentra-
tions were over four times higher (Jasonsmith et al., 
2008). Furthermore, the correlation between Se and 
biomass is likely to be unimodal with a peak value 
of 2 µg/l (Jasonsmith et al., 2008). However, Baner-
jee et al. (2021) noted a decrease in cell structure at 
Se concentrations of above 100 mg/l, indicating very 
different Se concentrations measured from the ben-
thos. Our study showed that As had a positive rela-
tionship with total algal biomass, challenging the 
findings on an experimental study mimicking fluvial 
conditions where exposure of As under oligotrophic 
conditions was found to affect the quality and quan-
tity of the base of the aquatic food web (Tuulaikhuu 
et  al., 2015). In bioremediation, As is being heavily 
removed from the water column by different bio-
films in order to improve the quality of water (Prieto 
et al., 2013) leading to notably higher As concentra-
tions in the biofilm. Here, diatom biomass showed a 
positive relationship with As when excluding biotic 
interactions (Online Resource 1) disagreeing with a 
study on lakes along a large As gradient (Sivarajah 
et al., 2019). It has been reported that in phosphorus-
limited systems, As uptake and excretion by algae is 
enhanced (Hellweger et al., 2003). Therefore, it could 
be that when As is being absorbed by the benthos, it is 
being transported towards higher trophic levels where 
it may have a toxic effect, decreasing grazing and thus 
increasing benthic algal biomass. In sub-Arctic ponds 
however, As could be used rapidly within the cell by 
bioaccumulation or biosorption without having an 
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effect on algae (Hellweger et  al., 2003; Jahan et  al., 
2004). According to our research, V had a positive 
relationship with green algal biomass agreeing with 
a study on Chlorella vulgaris Beijerinck, where non-
living biomass was more favourable for V absorption 
(Shu et al., 2022). This may suggest, that the major-
ity of green algal species living in sub-Arctic ponds 
are non-living. However, it is worth noting that in the 
culture study, V concentrations were over 100 times 
greater. Diatom biomass also showed a positive rela-
tionship with V when excluding biotic interactions as 
found in the present study, despite being a common 
pollutant (Teng et al., 2006). Despite showing a posi-
tive relationship with specific diatom species such as 
Meridion circulare (Greville) C. Agardh (Slukovskiy 
& Shelekhova, 2018). According to our present find-
ings, Fe had a positive relationship with cyanobacte-
ria biomass agreeing with a study on Lyngbya majus-
cula Harvey ex Gomont from a bay (SE Queensland, 
Australia), where the addition of organically che-
lated Fe promoted growth (Ahern et  al., 2008). The 
increase in cyanobacterial biomass was also observed 
to promote total algal biomass, which agrees with our 
findings despite lower Fe concentrations.

The influence of biotic variation

A positive relationship between cyanobacteria and 
green algal biomasses and vice versa as well as a 
positive relationship between green algal and dia-
tom biomasses were found in the present study. Such 
studies about the relationships between biotic vari-
ables have received only little attention in freshwaters 
benthos (Holomuzki et  al., 2010). When testing the 
different biomass models without biotic terms, these 
suggested that green algal biomass could potentially 
act as a proxy for V, Mn, and Cr for diatom biomass 
(Online Resource 1). This could indicate a sort of 
facilitation between green algae and diatoms, where 
species benefit from the same resources without harm 
(Bruno et al., 2003). Both Mn and V concentrations 
seem to be sufficient in order to promote green algal 
and diatom biomasses due to their mutual positive 
relationship. Because both cyanobacteria and dia-
tom biomasses showed a positive linear relationship 
with green algal biomass while sharing some key abi-
otic drivers like water pH, surface area, Se, and Cr, 
it could be that there are some unmeasured variables 
affecting growth like TN (or some other nutrient 

form) which did show significance in our study. It 
can be suggested that due to the nitrogen fixation by 
especially heterocytous cyanobacteria (Watanabe 
& Horiike, 2021), nitrogen becomes available for 
the other algal groups as well (Karlson et al., 2015), 
which may promote growth shifting the benthic algal 
composition in nitrogen-limited environments (Marks 
and Power, 2001). Heterocytes contain an enzyme 
called nitrogenase, which allows these cyanobacte-
ria to fix atmospheric molecular nitrogen (Esteves-
Ferreira et  al., 2017). For further information, spe-
cies compositional information is required in order 
to know the types of cyanobacteria living in these 
sub-Arctic mountain ponds. Thus, we suggest future 
research to investigate the dominant species regarding 
the benthic algal groups for a more detailed descrip-
tion of benthic algal species assemblages. Despite 
the low nutrient levels and the limited extent of the 
growing season, the three algal groups showed no 
clear negative associations, suggesting that there may 
not be competitive interactions for the same resources 
(Yamamichi et al., 2018). The results presented in our 
research agree with studies conducted in sub-Arctic 
ponds in Iceland (McCormick et  al., 2019) and in a 
shallow tropical river (Burrows et  al., 2020), where 
algal communities are more controlled by abiotic fac-
tors. Due to the effective metabolic mechanisms of 
cyanobacteria, it is believed that they will dominate 
over the other algal groups in environments with low 
nutrient conditions (Beardall & Raven, 2017). It was 
reported in the present study that cyanobacteria bio-
mass was the greatest out of the three benthic algal 
groups, and while it agrees with the previous study, it 
disagrees with a study conducted in an alpine stream 
where cyanobacteria showed the lowest chlorophyll a 
concentrations among benthic algal groups (Grubisic 
et al., 2017).

Conclusion

In order to better understand the effects of climate 
change on benthic algal biomass, which is the most 
profound contributor towards primary production 
in sub-Arctic ecosystems, studying mountain ponds 
provides indications of shifting climatic conditions 
and helps comprehend the vulnerability of sub-Arctic 
ecosystems towards climate change. Our study high-
lighted the importance of trace elements for benthic 
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algal biomass instead of macronutrients suggesting 
that trace elements could be a useful indicator for 
algal biomass in ultra-oligotrophic conditions as well 
as in other aquatic settings (Lai et  al., 2003). One 
additional option for future research is to measure 
soluble phosphorus concentrations, which however 
requires more efficient sample preservation meth-
ods in field conditions. Moreover, enhanced chemi-
cal data (e.g. on nanoparticles) should be collected 
and investigated in the future to quantify for instance 
micronutrient ratios in these systems as they may play 
an important role in determining benthic algal com-
munity structures. For a more detailed species assem-
blage description, a compositional analysis could also 
be done in the future in order to better understand the 
dominant species present in such habitats. An ongo-
ing climate change is expected to promote significant 
changes in abiotic and biotic variables in freshwater 
ecosystems in the sub-Arctic, potentially increas-
ing algal biomasses. The changes may occur within 
the community-level caused by changes in metabolic 
rates (Kraemer et  al., 2017; Küfner et  al., 2021) but 
also reflected as changes in interactions between 
biotic communities. To better understand these 
changes, the main focus should be on shallow, acidic, 
and oligotrophic ponds where changes occur more 
rapidly compared to larger freshwater bodies that 
buffer temperature increases and trap nutrients dur-
ing the summer stratification more efficiently mak-
ing them perhaps more resilient to warming. Aquatic 
research around the circumpolar Arctic has increased 
over recent years, but much more knowledge about 
these vulnerable aquatic environments remains to be 
gathered in order to better understand the effects of 
global change.
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