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Abstract
1. Global changes are causing decreases in inorganic nitrogen (N) concentrations, 

increases in coloured dissolved organic carbon (DOC) concentrations, and de-
creases in dissolved inorganic N to total phosphorus ratios (DIN:TP) in northern 
lakes. The effects of these changes on phytoplankton and zooplankton biomass 
and the N:P recycling ratio of zooplankton remain unresolved.

2. In 33 Swedish headwater lakes across subarctic- to- boreal gradients with dif-
ferent levels of N deposition (low N in the north [Västerbotten, boreal; Abisko, 
subarctic] vs. high N in the south [Värmland, boreal; Jämtland, subarctic]), we 
measured water chemistry, phytoplankton biomass (chlorophyll- a [Chl- a], Chl- 
a:TP), seston mineral quality (C:P, N:P), as well as zooplankton biomass, commu-
nity composition, and C:N:P stoichiometry. We estimated nutrient imbalances 
and the N:P recycling ratios of zooplankton using ecological stoichiometry 
models.

3. There was a large- scale gradient from low lake DIN and DIN:TP in the north to 
high DIN and DIN:TP in the south, with lower DIN:TP in lakes coinciding with 
higher DOC within each region. Lower lake DIN was associated with lower phy-
toplankton biomass (lower Chl- a:TP). Lower lake DIN:TP was associated with 
richer seston mineral quality (lower seston C:P and N:P) and higher zooplankton 
biomass.

4. Zooplankton community composition differed in the north vs. south, with a 
dominance of N- requiring calanoid copepods with high N:P in the north and P- 
requiring cladocerans with low N:P in the south. Also, greater differences in zoo-
plankton community composition were found between subarctic regions (with 
lower DOC) than between boreal regions (with higher DOC), suggesting that 
increases in lake DOC and associated declines in lake DIN:TP reduce differences 
in zooplankton community composition.

5. The combination of lower lake DIN, higher lake DOC, and lower lake DIN:TP 
led to reduced zooplankton N:P recycling ratios, possibly by reducing seston 
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1  |  INTRODUC TION

Global environmental changes, driven by changing climate, recovery 
from acidification, and changes in land- cover and land- use activities, 
have resulted in the depletion of essential nutrients such as nitro-
gen (N) and phosphorus (P) (Canham et al., 2012; Eimers et al., 2009; 
Huser et al., 2018; Isles et al., 2018) and the enrichment of ter-
restrial coloured dissolved organic carbon (DOC; also called lake 
browning) in northern lakes (de Wit et al., 2016; Finstad et al., 2016; 
Monteith et al., 2007). These environmental changes are influencing 
both phytoplankton and zooplankton biomass (Creed et al., 2018; 
Solomon et al., 2015). Recent studies have shown that declining N 
deposition together with lake browning will reduce lake water dis-
solved inorganic N to total P (DIN:TP) ratios (Bergström et al., 2020; 
Isles et al., 2018) and promote N limitation for phytoplankton (Isles 
et al., 2020). Concurrently, these changes are associated with lower 
phytoplankton biomass (Bergström & Jansson, 2006) but higher 
phytoplankton mineral quality (Bergström et al., 2020). However, it 
is still not clear to what extent changes in lake water DIN:TP and 
DOC and associated changes in phytoplankton biomass and mineral 
quality might influence trophic transfer efficiency (i.e., the efficiency 
of energy and carbon transfer across trophic levels; see Sterner & 
Hessen, 1994) impacting zooplankton productivity in northern lakes.

To grow and reproduce efficiently, zooplankton require suffi-
cient phytoplankton biomass (Brett et al., 2009; Taipale et al., 2013; 
Wenzel et al., 2021) and phytoplankton mineral quality (Persson 
et al., 2007; Sterner & Hessen, 1994). Several empirical and model 
studies have illustrated that the relationship between phytoplankton 
biomass and lake DOC appears to be unimodal. This is because of the 
influence of DOC on both nutrient availability (positive effect) and 
light availability (negative effect) (Bergström & Karlsson, 2019; Isles 
et al., 2021; Kelly et al., 2018; Vasconcelos et al., 2019). Decreasing 
lake DIN:TP (Isles et al., 2018) is therefore expected to interact with 
increasing DOC (Isles et al., 2020) to alter phytoplankton biomass 
available for zooplankton (Bergström & Karlsson, 2019; Deininger 
et al., 2017a; Isles et al., 2021).

In addition to phytoplankton biomass, changes in lake DOC and 
DIN:TP, which influence light relative to nutrient availability (Sterner 
et al., 1997), also affect phytoplankton mineral quality measured in 
terms of seston C:N:P stoichiometry. A higher phytoplankton min-
eral quality is associated with lower seston C:P and N:P. Thus, in 

clear- water subarctic lakes, seston C:P and N:P are lower in lakes 
with lower lake DIN:TP and lower atmospheric N deposition than in 
those with higher lake DIN:TP and higher atmospheric N deposition 
(Bergström et al., 2020). Further, in these subarctic lakes, when lake 
DOC increases, seston C:P and N:P decline (Bergström et al., 2020; 
Sterner et al., 1997). Whether comparable patterns in seston C:N:P 
stoichiometry exist in brown- water boreal lakes remains unknown. 
Compared to their subarctic counterparts, boreal catchments are 
more efficient in retaining DIN from N deposition (Bergström, 2010; 
Elser et al., 2009; Hessen, 2013), and in releasing TP bound to terres-
trial dissolved organic matter (Bergström et al., 2018; Hessen, 2013; 
Isles et al., 2020). In combination, these processes lower DIN:TP 
and light availability in boreal lakes (Isles et al., 2020). Light avail-
ability will limit the extent to which phytoplankton can change their 
C:N:P stoichiometry following changes in lake DIN:TP (Bergström 
et al., 2021; Deininger et al., 2017a; Sterner et al., 1997). Responses 
in phytoplankton mineral quality to changes in lake DIN:TP and DOC 
are therefore expected to be different from the responses in phy-
toplankton biomass (Deininger et al., 2017a; Bergström et al., 2020; 
Isles et al., 2021). Consequently, changes in phytoplankton biomass 
might not necessarily translate into changes in zooplankton biomass 
(McCauley & Kalff, 1981), due to concurrent changes in phytoplank-
ton mineral quality (Bergström et al., 2021; Deininger et al., 2017b).

Another unknown is the extent to which differences in lake 
DIN:TP ratio and DOC concentration across subarctic and boreal 
lakes affect the N:P recycling ratio of zooplankton. In contrast 
to phytoplankton, zooplankton have been considered relatively 
homeostatic in terms of their stoichiometry, with high N:P stoi-
chiometry among copepods and low N:P stoichiometry among 
cladocerans especially for Daphnia (Andersen & Hessen, 1991). 
However, the degree of homeostasis and variation in N:P stoichi-
ometry can vary between species and taxonomic groups of zoo-
plankton (Bergström et al., 2018; Hood & Sterner, 2010), and can 
be influenced by temperature (Bullejos et al., 2014), size distribu-
tions (Elser et al., 1988), growth rates (Elser et al., 2000; Vrede 
et al., 2002), reproduction modes (Ventura & Catalan, 2005), 
and ontogeny (Villar- Argaiz et al., 2002). Although these dif-
ferent factors influence the N:P stoichiometry of zooplankton, 
phytoplankton should have a greater capacity in changing their 
N:P stoichiometry than do zooplankton (Diehl, 2007; Sterner & 
Hessen, 1994), and the N:P recycling ratio of zooplankton is likely 

N:P and/or by enhancing calanoid copepod dominance in the zooplankton 
community.

6. Our findings suggest that the combination of declining N deposition and increas-
ing lake browning in northern high- latitude lakes will reduce phytoplankton bio-
mass, but will concurrently enhance seston mineral quality and probably also 
zooplankton biomass and their recycling efficiency of P relative to N.

K E Y W O R D S
biomass, C:N:P stoichiometry, community composition, plankton, subarctic- to- boreal
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1510  |    BERGSTRÖM ET al.

to be lower in lakes with low N deposition, low DIN:TP, and low 
seston N:P (Bergström et al., 2015). However, the extent to which 
the N:P recycling ratios of zooplankton are impacted by changes 
in levels of N deposition is likely to be moderated by lake DOC and 
its impact on lake DIN:TP (see above; Isles et al., 2020), as well as 
by its impact on the zooplankton community composition where 
increasing DOC and nutrient concentrations seem to favour cla-
docerans (low N:P) over calanoid copepods (high N:P) (Bergström 
et al., 2018; Pace, 1986).

In this study, we measured water chemistry, phytoplankton 
biomass (chlorophyll- a [Chl- a] and Chl- a per unit of lake water TP 
[Chl- a:TP]), seston mineral quality (C:P, N:P), as well as zooplankton 
biomass, community composition, and C:N:P stoichiometry in 33 
Swedish headwater lakes across subarctic- to- boreal gradients with 
different levels of N deposition (low N in the north [Västerbotten, 
boreal; Abisko, subarctic] vs. high N in the south [Värmland, boreal; 
Jämtland, subarctic]). We estimated the long- term trends in N depo-
sition in the study sites in 1997– 2017 using national monitoring data. 
We also estimated nutrient imbalances and the N:P recycling ratios 
of zooplankton using ecological stoichiometry models. We used all 
these data to explore whether differences in lake water DIN:TP and 
DOC induced differences in phytoplankton biomass (in terms of 
Chl- a and Chl- a:TP) and phytoplankton mineral quality (in terms of 
seston C:P and N:P), and their subsequent effects on zooplankton 
biomass, C:N:P stoichiometry, and zooplankton N:P recycling ratio. 
Our predictions were that:

1. Lake DIN:TP is high in lakes with low DOC concentrations 
and declines in lakes with higher DOC concentrations.

2. Phytoplankton biomass is higher (Chl- a and Chl- a:TP is higher) 
but phytoplankton mineral quality is lower (seston C:P and N:P 
is higher) in southern lakes with higher lake DIN and DIN:TP 
(Jämtland [subarctic] and Värmland [boreal]) compared to north-
ern lakes with lower lake DIN and DIN:TP (Abisko [subarctic] and 
Västerbotten [boreal]).

3. Phytoplankton mineral quality is higher (seston C:P and N:P is 
lower) in lakes with higher DOC concentrations.

4. Zooplankton biomass increases with increasing phytoplankton 
biomass and mineral quality.

5. Zooplankton community composition shifts from dominance of 
calanoid copepods (high N:P) to dominance of cladocerans (low 
N:P) with increasing lake DIN:TP and DOC concentration.

6. The N:P recycling ratio of zooplankton is lower in northern lakes 
with lower lake DIN and DIN:TP than in southern lakes and de-
clines with higher lake DOC concentration.
Our findings provide insights into the effects of ongoing changes 

in lake water chemistry. Decreases in DIN:TP reflect decreases in at-
mospheric N deposition caused by reduced N emissions and hence a 
reverse of a previous anthropogenic perturbation, with lakes presum-
ably gradually reverting to something closer to their natural state with 
regards to N. In contrast, increases in DOC reflect increases in lake 
browning caused, at least in part, by climate change and hence an an-
thropogenic perturbation that is moving lakes away from their natural 

state, both in terms of its effect on DIN:TP (as DOC increases, TP in-
creases), and on light availability. We explored the cumulative effects 
of these environmental stressors in subarctic and boreal lakes.

2  |  METHODS

2.1  |  Site description

The lakes were selected to represent environmental gradients in 
DIN:TP ratios (north with relatively low DIN:TP ratios compared to 
the south because of increasing atmospheric N deposition toward 
the south; Isles et al., 2018) and DOC concentrations (subarctic with 
lower terrestrial DOC loadings to lakes compared to boreal lakes; 
Bergström et al., 2018). A total of 33 headwater lakes were sampled 
(Table S1, Figure 1) at four different study sites: two in the north 
(Abisko: subarctic- north, eight lakes;, and Västerbotten: boreal- 
north, nine lakes) and two in the south (Jämtland: subarctic- south, 
seven lakes; and Värmland: boreal- south, nine lakes) (Bergström 
et al., 2020; Isles et al., 2020). Lakes were situated at 227– 622 m 
above sea level, and ranged in size between 0.6 and 69.3 ha, with 
no or little development in their catchments (Bergström et al., 2020; 
Isles et al., 2020). Lakes were sampled three times between mid- June 
and mid- September in 2016 (Abisko, Värmland, and Västerbotten) 
or 2017 (Jämtland), soon after ice- out and before the onset of 
stratification (i.e., mid to late May for boreal lakes in Värmland and 
Västerbotten, respectively; and early to mid- June for subarctic lakes 
in Jämtland and Abisko, respectively), once in the middle of sum-
mer when lakes were stratified, and once in early autumn before 
circulation. Sampling dates differed among the study sites because 
of differences in ice- out, stratification, and circulation periods of the 
lakes. During our sampling period, the study lakes varied in nutri-
ent (total dissolved N [TDN]): 62– 439 μg/L; DIN: 1– 26.5 μg/L; TP: 
3– 29 μg/L) and DOC (1.9– 20 mg/L) concentrations, and in molar 
log10DIN:TP ratios (0.2– 26.5; Table S1; Lau et al., 2021).

2.2  |  Climate, N deposition, and long- term lake 
monitoring data

Climate data from the years that the lakes were sampled were ob-
tained from the Swedish Meteorological and Hydrological Institute 
(SMHI; https://www.smhi.se). Mean annual air temperature and 
mean annual precipitation were: −2°C and 600 mm (Abisko, subarctic- 
north, 2016), 1°C and 700– 1,000 mm (Jämtland, subarctic- south, 
2017), 3°C and 500– 600 mm (Västerbotten, boreal- north, 2016), 
and 5°C and 500– 700 mm (Värmland, boreal- south, 2016). Annual 
N deposition data (total wet + dry deposition) for NO−

3
 and NH+

4
 from 

1997 to 2017 were obtained from the SMHI (https://www.smhi.se/
klima tdata/ miljo/ atmosfarskemi) for each of the study lakes and 
then averaged across sites to get annual N deposition estimates for 
each region. We standardised the data by using Z scores to compare 
relative trends in N deposition (see Isles et al., 2018).
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2.3  |  Lake sampling and analysis for 
physicochemical and biological parameters

Water temperature and photosynthetically active radiation (PAR) 
were measured at 0.5 m increments in the water column, using an 
YSI Pro- DO (YSI Incorporator) sensor and a spherical quantum sen-
sor (LiCOR Li- 250; Licor Biosciences). The light extinction coefficient 
(kd) was estimated as the slope of the linear regression between 
ln(PAR) and lake depth and was used as a proxy for light availability.

Lake physicochemical and biological parameters were measured 
using methods used in Bergström et al. (2018, 2020). Composite 
water samples from 0.5– 1.0 m depth were taken, and subsamples 
were used for analyses of nutrients, Chl- a, and seston C:N:P stoi-
chiometry. Unfiltered subsamples were frozen until analysis for TP. 
Unfiltered subsamples were also used for Chl- a analyses, which 
were kept in dark for 2– 3 h, after which 100 mL was filtered through 
Whatman glass- fibre filters (0.7 μm; Whatman Arbor Technologies, 
Ann Arbor, MI, U.S.A.) and then kept frozen (−20°C) until analysis. 
Filtered (0.45 μm; Sartorius AG) subsamples were kept frozen until 
analysis for concentrations of DIN (ammonium plus nitrate and ni-
trite), TDN, and DOC. Filtered water for DOC analyses was further 
acidified before freezing (100 μl 1.2 M HCl per 10 ml of sample).

Total dissolved N and DOC were measured using a TOC/TN anal-
yser (IL- 550, Lange; EVISA), and DIN and TP were measured using 
a flow- injection analyser (FIA- star 5000; FOSS Inc.; see detection 

limits in Bergström et al., 2013). Chl- a was extracted in 95% ethanol 
for 24 hr in the dark, then measured using a luminescence spectro-
photometer (LS- 55; Perkin Elmer) at 433 nm excitation and 673 nm 
emission wavelengths. Seston C:N:P stoichiometry was determined 
by filtering known volumes of prescreened composite water sam-
ples (filtered through a 50- μm net) onto pre- combusted (550°C, 
4 hr) and acid washed (1.2 M HCl) Whatman GF/F filters (Whatman 
Arbor Technologies). Seston C and N contents were measured using 
a Costech ECS 4010 elemental analyser (Costech International S. P. 
A.). Analyses for seston P were made according to Swedish standard 
(ISO 15681- 1, rev 4) using the molybdate blue method after hydro-
lysis with persulphate using a FIAstar 5000 (FOSS Inc.) following the 
procedure in Bergström et al. (2015).

Samples for zooplankton biomass were taken by vertical net 
hauling (100- μm mesh net) from the deepest point of the lake 
(starting 1 m above the lake bottom). Zooplankton biomass sam-
ples were preserved with Lugol’s iodine and taxa were identified 
and counted using inverted microscopy. Zooplankton biomass in 
dry weight (DW) was estimated using established length– weight 
regressions for individual taxa (Bottrell et al., 1976; Deininger 
et al., 2017b). Zooplankton samples for C:N:P analyses followed 
the same sampling procedure as for biomass, with the exception 
that several hauls (100- μm mesh net) were performed in order 
to collect sufficient amounts of zooplankton for C:N:P analyses. 
After collection, zooplankton bulk samples were transferred to 

F I G U R E  1  The location of the study sites (Värmland [boreal], Västerbotten [boreal], Jämtland [subarctic], and Abisko [subarctic]), and 
long- term trends in atmospheric DIN deposition (kg ha−1 year−1; in absolute rates and expressed as Z- scores)
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1512  |    BERGSTRÖM ET al.

plastic bottles and then left at 4°C and dark overnight (12– 24 hr) 
for gut evacuation. Zooplankton were then sorted and pooled into 
groups of cladocerans and calanoid/cyclopoid copepods, respec-
tively, and then analysed for C, N and P content. For analyses of C 
and N, samples from each group were freeze dried, homogenised 
and weighed into tin capsules. Samples were then analysed using 
a continuous- flow isotope ratio mass spectrometer (PDZ Europa 
20– 20; MedWOW Ltd.) at the Swedish University of Agricultural 
Sciences in Umeå. For P, each zooplankton group was transferred 
onto preweighed and acid- washed (1.2 M HCl) Whatman GF/C 
filters (Whatman Arbor Technologies), dried overnight (60°C), 
and then weighed again (Mettler Toledo MT5; resolution ±1 μg; 
Mettler- Toledo AB) to determine dry mass. The P content was an-
alysed according to Swedish standard (ISO 15681- 1, rev 4) using 
a FIAstar 5000 (FOSS Inc.) as described above. Relative standard 
deviations were <2% for zooplankton C and N, and 1.1% for P. The 
zooplankton C, N, and P content were reported as percent DW (for 
example: % C per DW = μg C per μg DW in zooplankton).

2.4  |  Nutrient imbalances and N:P recycling 
ratios of zooplankton

The ecological stoichiometric models by Sterner (1990) and 
Hassett et al. (1997) were used to estimate the molar N:P imbal-
ances between resources (seston) and consumers (zooplankton) 
and the molar N:P ratio of nutrients recycled by zooplankton. We 
judged that ecological stoichiometric models were suitable for 
estimating the N:P recycling ratio of zooplankton on this small 
body mass scale of the food chain, although evidence comparing 
organism groups across a larger scale suggests that differences in 
N:P recycling ratios and excretion rates are related to body mass 
(Allgeier et al., 2015). In the ecological stoichiometric models, a 
positive nutrient imbalance (N:Pseston > N:Pconsumer) indicates that 
zooplankton are feeding on resources with suboptimal P content 
relative to their nutrient demand, and the N:P recycling ratio of 
zooplankton is calculated as: ([N:Pseston –  N:Pzooplankton] × ac-
cumulation efficiency [AE])/(1 –  AE). A negative imbalance 
(N:Pseston < N:Pconsumer) indicates that zooplankton are feeding on 
resources with suboptimal N content relative to their nutrient de-
mand. The N:P recycling ratio of zooplankton is then calculated 
as: (N:Pseston × [1 –  AE])/(1 –  [AE × N:Pseston/N:Pzooplankton]) (Hassett 
et al., 1997). The N:P recycling ratio of zooplankton was estimated 
by assuming an identical AE of 0.75 for both N and P, and we also 
performed a sensitivity analysis by calculating the N:P recycling 
ratio of zooplankton using AE equal to 0.5 and 0.9 (Sterner, 1990). 
The N:P elemental imbalances and recycling ratios were calculated 
for all zooplankton combined (weighted means), using the respec-
tive measured N:P stoichiometry of calanoids, cyclopoids, and 
cladocerans multiplied by their relative proportions of the total 
zooplankton biomass (as in Bergström et al., 2015, 2018). We then 
assessed how the N:P recycling ratio of zooplankton changed with 
lake water DIN:TP and DOC among regions.

2.5  |  Data analysis

Linear regressions were used to determine if there were temporal 
trends in N deposition (estimated for absolute and Z- standardised 
values using the long- term monitoring data) that might influence lake 
DIN concentrations in each study site (see Bergström et al., 2020).

For all parameters and tests, we first calculated seasonal aver-
ages for each study lake, and then used the seasonal averages for 
comparisons among study sites, as the lake water chemistry showed 
much larger variations between study sites than between seasons 
(Lau et al., 2021). Comparisons were made between the north 
(Abisko [subarctic- north] and Västerbotten [boreal- north]) and the 
south (Jämtland [subarctic- south] and Värmland [boreal- south]) to 
assess the effects of low (north) versus high N deposition (south) 
on the lakes. All C:N:P stoichiometric calculations were expressed 
in molar ratios. We used the Chl- a:TP ratio as an indicator of the 
DIN fertilisation effect on phytoplankton biomass per unit of lake 
water TP (Bergström & Jansson, 2006). Lake water DIN:TP, Chl- 
a:TP, and seston and zooplankton C:N:P stoichiometry were log10- 
transformed for normal- distribution approximation and/or variance 
homoscedasticity before the seasonal averaging (Isles, 2020).

We compared relationships and differences among all four study 
sites or between the north (Abisko and Västerbotten) and the south 
(Jämtland and Värmland), of lake water characteristics (tempera-
ture, kd, DOC, DIN, TDN, TP, DIN:TP, Chl- a, Chl- a:TP), seston C:N:P 
stoichiometry, and zooplankton biomass using Pearson correlation, 
linear regression, one- way ANOVA and post hoc Tukey’s test (or 
Kruskal– Wallis test and Dunn’s test for non- normally distributed 
data), or two- tailed t- test (or Mann– Whitney test for non- normally 
distributed data; for predictions 1, 2, 3, and 4).

Nonlinear regression (Gaussian peak) analyses were used to 
test if Chl- a was unimodally distributed with lake DOC and kd (see 
Bergström & Karlsson, 2019; Isles et al., 2021). We compared these 
nonlinear models with the linear and null models, and the model 
with the lowest corrected Akaike information criterion (AICc) was 
selected as the best model (for prediction 2).

Non- metric multidimensional scaling (NMDS) was used to compare 
the zooplankton community composition, which was estimated by the 
biomass proportions of calanoid/cyclopoid copepods and cladocerans 
(see Table S3), among the four study sites. NMDS was based on Bray– 
Curtis dissimilarity and two dimensions. Differences in zooplankton 
community composition among study sites were further tested using 
permutational multivariate analysis of variance (PERMANOVA). To 
determine whether the zooplankton community composition was re-
lated to lake log10(DIN:TP) and DOC (for prediction 5), we fitted these 
environmental data on the NMDS ordination and tested their statis-
tical significance with random permutations. One- way ANOVAs with 
post hoc Tukey’s test were used to assess differences in C:N:P stoi-
chiometry in calanoid/cyclopoid copepods and cladocerans, and in all 
zooplankton (weighted means; for prediction 5).

Analysis of covariance (ANCOVA) was used to test whether lake 
DIN:TP and the N:P recycling ratios of zooplankton changed with 
lake DOC, and whether these relationships differed between the 
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    |  1513BERGSTRÖM ET al.

northern versus the southern regions, i.e., if there was an interaction 
between region (that is north and south) and lake DOC (for predic-
tions 1 and 6). Region was used as the fixed factor, with lake DOC 
as the covariate. When ANCOVA indicated significant effects of re-
gion, we used Student’s t tests for post hoc comparisons.

Non- metric multidimensional scaling, PERMANOVA and envi-
ronmental fitting were run using the vegan package in R (Oksanen 
et al., 2020; R Core Team, 2020). All other statistical analyses were 
conducted using Sigma Plot 14.0 (Systat Software Inc.) and JMP® 
version 14.01 (JMP, Cary, U.S.A.). Statistical significance was de-
fined at p < 0.05.

3  |  RESULTS

3.1  |  Long- term trends in N- deposition

There was a declining trend in N deposition in the long- term 
monitoring data in both regions, with steeper rates of declines 
in the boreal sites (slope = −16.2 kg N ha−1 year−1 in Värmland 
and − 10.6 kg N ha−1 year−1 in Västerbotten) than in the subarctic sites 
(slope = −8.4 kg N ha−1 year−1 in Abisko and − 7 kg N ha−1 year−1 in 
Jämtland). N deposition in Värmland (boreal- south) was higher than in 
Västerbotten (boreal- north), Jämtland (subarctic- south) and Abisko 
(subarctic- north; Kruskal– Wallis test and Dunn’s test, p < 0.001), 
decreasing from approximately: 655 to 433 kg ha−1 year−1 (−34%) in 
Värmland, 327 to 223 kg ha−1 year−1 (−32%) in Västerbotten, 289 to 
147 kg ha−1 year−1 (−49%) in Jämtland and 168 to 123 kg ha−1 year−1 
(−27%) in Abisko (Figure 1).

3.2  |  Physico- chemical characteristics of lake water

Surface water temperatures over the summer ranged between 
10.9 and 19.2°C with significant lower temperatures in Abisko 

(subarctic- north; 11.7°C) than in Jämtland (subarctic- south; 
14.0°C), Värmland (boreal- south; 16.0°C) and Västerbotten (boreal- 
north; 18.4°C; one- way ANOVA and Tukey’s test, p < 0.001). Most 
lakes in Abisko were unstratified over the sampling period (Isles 
et al., 2020). Log10DIN:TP ratios were lower in the northern (Abisko 
and Västerbotten) than in the southern (Jämtland and Värmland) 
lakes. Log10DIN:TP ratios were also lower in lakes with higher DOC 
(Tables 1- 2; Figure 2a) and poorer light conditions (with increased kd; 
r = −0.55, p < 0.001; Table S1). Based on the ANCOVA, there was no 
interaction between region (that is north and south) and lake DOC 
on log10DIN:TP (Table 2; Figure 2a).

Lake DIN concentrations were lower in the northern lakes 
(Abisko and Västerbotten; 4.2 μg/L) compared to the southern lakes 
(Jämtland and Värmland; 10.6 μg/L; two- tailed t- test, p < 0.001), 
whereas lake TDN concentrations did not differ between the 
northern (300 μg/L) and southern (287 μg/L) lakes (two- tailed t- 
test, p = 0.78). Lake TP was higher in Västerbotten (boreal- north; 
14.1 μg/L) than in Abisko (subarctic- north) and Jämtland (subarctic- 
south; 3.6 and 4.7 μg/L) but did not differ from lake TP in Värmland 
(boreal- south; 5.5 μg/L; Kruskal– Wallis test and Dunn’s test, 
p < 0.001). Lake DOC in boreal Västerbotten and Värmland (13 and 
11.3 mg/L) were significantly higher than in subarctic Jämtland 
and Abisko (5.2 mg/L for both; one- way ANOVA and Tukey’s test, 
p < 0.001). Abisko lakes (subarctic- north) had significantly lower kd 
(0.6 m−1) compared to lakes in Jämtland (subarctic- south; 1.0 m−1), 
Värmland (boreal- south; 2.0 m−1) and Västerbotten (boreal- north; 
2.2 m−1; Kruskal– Wallis test and Dunn’s test, p < 0.001). For all 
lakes combined, lake DOC was directly related to lake TP (r = 0.67; 
p < 0.05) and kd (r = 0.93; p < 0.001; Table S1).

3.3  |  Chl- a and seston C:N:P stoichiometry

The epilimnetic Chl- a ranged between 0.5 and 3.6 μg/L (Table S2) 
and did not differ between the northern (Abisko and Västerbotten; 

TA B L E  1  Linear regressions of lake dissolved inorganic nitrogen to total phosphorus ratio (log10DIN:TP; molar) with lake dissolved 
organic carbon concentrations (DOC; mg/L); log10Seston C:P (molar) and log10Seston N:P (molar) with log10DIN:TP, DOC, and kd; and 
log10Zooplankton N:P (molar) with log10DIN:TP and DOC. Regression analyses for all lakes combined with the exception for the regressions 
of log10DIN:TP with lake DOC where North and South denotes analyses for Abisko and Västerbotten (subarctic-  and boreal- north), and 
Jämtland and Värmland (subarctic-  and boreal- south) lakes combined, respectively

Variable Y Linear regression p r2 df F

log10DIN:TP (North) 0.659 –  (0.053 × DOC) <0.05 0.41 16,1 10.27

log10DIN:TP (South) 1.139 –  (0.054 × DOC) <0.001 0.57 15,1. 18.27

log10Seston C:P 2.568 + (0.145 × log10DIN:TP) <0.001 0.32 32,1 14.64

log10Seston N:P 1.529 + (0.145 × log10DIN:TP) <0.001 0.36 32,1 17.06

log10Seston C:P 2.696 –  (0.0077 × DOC) 0.07 0.11 32,1 3.62

log10Seston N:P 1.661 –  (0.0081 × DOC) <0.05 0.13 32,1 4.65

log10Seston C:P 2.678 –  (0.032 × kd) 0.10 0.08 32,1 2.86

log10Seston N:P 1.647 –  (0.037 × kd) <0.05 0.125 32,1 4.42

log10Zooplankton N:P 1.605 + (0.151 × log10DIN:TP) <0.05 0.18 32,1 6.64

log10Zooplankton N:P 1.547 –  (0.0005 × DOC) 0.94 0.00 32,1 0.00

Note: p values <0.05 are boldfaced.
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1514  |    BERGSTRÖM ET al.

1.10 μg/L) and southern (Jämtland and Värmland; 1.35 μg/L) lakes 
(two- tailed t- test; p = 0.16). For all lakes combined, lake Chl- 
a tended to increase with increased lake TDN (r = 0.53, p < 0.05; 
Figure 3a), but not with increased lake TP (r = 0.1, p = 0.57). Lake 
Chl- a was unimodally related with both lake DOC and kd (Gaussian 
peak model with DOC: r2 = 0.45, p < 0.05, AICc = 60.80; with kd: 
r2 = 0.44, p < 0.05, AICc = 61.27; Figure S1). These nonlinear models 
had lower AICc compared to the linear and null models whose AICc 
ranged from 70.66 to 75.29. The log10Chl- a:TP ratios (Table S2) were 
lower in northern than in southern lakes (two- tailed t- test; p < 0.05). 
Thus, higher lake DIN concentrations in the south (Jämtland and 
Värmland) tended to promote higher log10Chl- a:TP ratios, with more 
pronounced differences in lakes between boreal- north and - south 
(Västerbotten and Värmland) compared to the subarctic- north and 
- south (Abisko and Jämtland; Figure 3b).

Seston C and N (means for Abisko, Jämtland, Västerbotten and 
Värmland for C: 389, 425, 564, and 488 μg/L; and for N: 42, 48, 57, 
and 48 μg/L) did not differ between northern and southern lakes 
(one- way ANOVAs, p = 0.08 and 0.15), but Västerbotten (boreal- 
north) had higher seston P (4.3 μg/L) than the other study sites (2.2, 
2.6, and 2.6 μg/L; one- way ANOVA and Tukey’s test, p < 0.001). The 
log10Seston C:P and log10Seston N:P ranged between 2.42– 2.91 

(non- logged values within parentheses; 263– 812) and 1.34– 1.80 
(22– 63), respectively (Table S2). The log10Seston C:P and log10Seston 
N:P were significantly lower in the north (Västerbotten and Abisko: 
2.56 [363] and 1.51 [32]) compared to in the south (Värmland and 
Jämtland: 2.69 [489] and 1.66 [46]; two- tailed t- test; p < 0.001 for 
both). For all lakes combined, log10Seston C:P and log10Seston N:P 
tended to increase with increasing lake DIN:TP and decline with in-
creasing lake DOC and kd (Table 1).

3.4  |  Zooplankton biomass, community 
composition, and C:N:P stoichiometry

Zooplankton biomass ranged between 3.5 and 84 μg DW/L (Table S3) 
and was significantly higher in Abisko (subarctic- north: 53.5 μg 
DW/L) than in Värmland (boreal- south) and Jämtland (subarctic- 
south; 26.4 and 7.2 μg DW/L) but did not differ from Västerbotten 
(boreal- north; 40 μg DW/L; Kruskal– Wallis test and Dunn’s test, 
p < 0.001; Figure 3c). Zooplankton biomass was not related to Chl- a 
(p = 0.39). However, zooplankton biomass, and cladoceran biomass 
specifically, were negatively related to log10Seston N:P (r = −0.45 
and − 0.54; p < 0.05 for both) and log10Seston C:P (r = −0.40 

Variable
Sum of 
squares F1,29 p Student’s t Model r2

log10DIN:TP

Region 1.796 20.413 <0.001 South > north 0.585

DOC 2.231 25.367 <0.001

Interaction <0.001 <0.001 0.996

log10N:P recycling ratio

Region 1.691 37.721 <0.001 South > north 0.567

DOC 0.249 5.557 0.025

Interaction 0.003 0.068 0.796

Note: p values <0.05 are boldfaced. Post hoc Student’s t tests were used to compare the effects 
between region south and region north.

TA B L E  2  ANCOVA comparisons of 
lake dissolved inorganic nitrogen to 
total phosphorus ratio (DIN:TP; log10- 
transformed) and the N:P recycling ratio 
(log10- transformed) of zooplankton 
between region south (Jämtland and 
Värmland) and region north (Abisko and 
Västerbotten), and across the gradient 
in lake dissolved organic carbon (DOC) 
concentration

F I G U R E  2  (a) Lake dissolved inorganic nitrogen to total phosphorus ratio (DIN:TP; log10- transformed) and (b) the N:P recycling ratio 
(log10- transformed) of zooplankton against dissolved organic carbon (DOC) concentration in the study lakes. Data are averages over summer 
for each lake. Filled circles = Värmland lakes (boreal- south), open circles = Västerbotten lakes (boreal- north), filled triangles = Jämtland lakes 
(subarctic- south), and open triangles = Abisko lakes (subarctic- north). Lines of fit with 95% CI (shaded areas) are indicated for lakes in region 
south (green) and region north (blue), respectively. See Tables 2 for statistical results
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    |  1515BERGSTRÖM ET al.

and − 0.5; p < 0.05 for both; Figure 3d), whereas cyclopoid copepod 
biomass was negatively related to log10Seston N:P only (r = −0.42, 
p < 0.05). Calanoid copepod biomass was not related to log10Seston 
C:P or log10Seston N:P.

Zooplankton community composition also differed among 
study sites based on NMDS and PERMANOVA (F3,29 = 6.01, 
p = 0.002; Figure 4; Table S3). The NMDS ordination had a stress 
value of 0.03, which indicates an excellent configuration with a 
very low risk of false inference (Clarke, 1993). Calanoid copepods, 
which correlated well with the first NMDS axis, were the major 
contributor of the differences. There was thus a north- to- south 
separation in zooplankton communities, with a dominance of 
calanoid copepods in the north (Abisko and Västerbotten) and a 
dominance of cladocerans in the south (Jämtland and Värmland). 
Also, greater differences were found between subarctic study 
sites (Abisko and Jämtland) than between boreal study sites 
(Västerbotten and Värmland; Table S3; Figure 4). The north- to- 
south differences in zooplankton communities tended to be re-
lated to the increasing DIN:TP ratios toward the south (Figure 4), 
although this relationship was not significant based on permu-
tation tests (p > 0.05). For lakes in the south, there was also a 
tendency of increasing cladoceran dominance and decreasing 
cyclopoid copepods with increasing lake DOC (Figure 4), but this 
relationship was also not significant (permutation tests: p > 0.05). 
Overall, we found differences in zooplankton communities among 
our study sites that could not be explained by individual gradients 
in lake DIN:TP and DOC. The larger dissimilarities between sub-
arctic study sites than between boreal study sites suggest that in-
creases in lake DOC would reduce the differences in zooplankton 
community composition caused by declines in lake DIN:TP.

The C content (Table S4) of zooplankton (Värmland: 53.8%, 
Västerbotten: 54.2%; Jämtland: 52; Abisko: 54.4) was significantly 
lower in Jämtland (subarctic- south) compared to the other study 
sites (one- way ANOVA and Tukey’s tests, p < 0.05), a difference 

F I G U R E  3  Chlorophyll- a (Chl- a) 
concentration against (a) total dissolved 
nitrogen concentration (TDN) and 
(b) Chl- a concentration per total 
phosphorus concentration (Chl- a:TP; 
log10- transformed) against dissolved 
inorganic nitrogen (DIN) concentration 
in the study lakes. Zooplankton biomass 
against (c) dissolved organic carbon (DOC) 
concentration and (d) seston C:P (log10- 
transformed) in the study lakes. Mean 
concentration over summer for each lake. 
Filled circles = Värmland lakes (boreal- 
south), open circles = Västerbotten lakes 
(boreal- north), filled triangles = Jämtland 
lakes (subarctic- south), and open 
triangles = Abisko lakes (subarctic- north). 
For statistical relationships, see Results

F I G U R E  4  Non- metric multidimensional scaling (NMDS) 
results of the lake zooplankton communities based on Bray– 
Curtis dissimilarity. Solid and broken lines indicate convex hulls 
of individual subarctic and boreal study sites, respectively. 
Data of lake dissolved inorganic nitrogen to total phosphorus 
ratio (DIN:TP; log10- transformed) and lake dissolved organic 
carbon (DOC) concentration were fitted on the NMDS 
ordination, but they were not statistically significant based on 
permutation tests (p > 0.05). Filled circles = Värmland lakes 
(boreal- south), open circles = Västerbotten lakes (boreal- north), 
filled triangles = Jämtland lakes (subarctic- south), and open 
triangles = Abisko lakes (subarctic- north). Taxon abbreviations: 
Clad, cladocerans; Cal, calanoids; Cyc, cyclopoids
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1516  |    BERGSTRÖM ET al.

that was primarily driven by significantly lower C content among 
cladocerans in Jämtland (50.2%) compared to other study sites 
(Värmland: 52.6%, Västerbotten: 55.3%; Abisko 54%). The N con-
tent (Värmland: 10.3%, Västerbotten: 10.7%; Jämtland: 10.4%; 
Abisko: 10.6%) did not differ among study sites, and calanoid 
and cyclopoid copepods (10.1– 11.3%) were overall richer in N 
compared to cladocerans (8.6– 9.6%). The zooplankton P content 
(Värmland: 0.81%, Västerbotten: 0.64%; Jämtland: 1.01%; Abisko: 
0.54%) was significantly higher in Jämtland (subarctic- south) than 
in Abisko (subarctic- north) and Västerbotten (boreal- north), and 
higher in Värmland (boreal- south) than in Abisko (one- way ANOVA 
and Tukey’s test, p < 0.001). Higher P content in zooplankton in the 
south was an effect of high proportions of P- rich cyclopoid cope-
pods and cladocerans (Tables S3, S4).

There were some differences in zooplankton N:P stoichiometry 
among study sites. The calanoid copepod log10N:P did not differ 
among study sites (one- way ANOVA, p = 0.36), whereas the cyclopoid 
copepod log10N:P in Abisko (subarctic- north: 1.56) was higher than in 
Jämtland (subarctic- south: 1.33; one- way ANOVA and Tukey’s test, 
p < 0.05), but not different from boreal- south or - north (Värmland and 
Västerbotten: 1.47, 1.46; Tukey’s test, p > 0.05; Table S4). The cladoc-
eran log10N:P was significantly higher in the subarctic- north (Abisko: 
1.61) than in the south (Värmland and Jämtland: 1.38 for both; one- 
way ANOVA and Tukey’s test, p < 0.05), but not different from the 
boreal- north (Västerbotten 1.52; Tukey’s test, p > 0.05; Table S4). As a 
result, the log10ZooplanktonN:P ratio (weighted means) was higher in 
the north (Västerbotten and Abisko: 1.60 and 1.69) than in the south 
(Värmland and Jämtland: 1.49 and 1.37; t- test, p < 0.001; Table S4). 
For all lakes combined, log10ZooplanktonN:P was negatively related 

to log10DIN:TP ratios (r = −0.42, p < 0.05; Figure 5c), but not related 
to DOC (Figure 5d). Overall, the difference between the north and 
the south in log10Zooplankton N:P ratio was primarily the result of 
shifts in community composition from high proportions of calanoid 
copepods of high N:P in the north to high proportions of cladocerans 
of low N:P in the south (Figure 4), rather than the result of changes in 
N:P stoichiometry within individual zooplankton taxa across different 
regions (Tables S3, S4).

3.5  |  Nutrient imbalances and N:P recycling 
ratios of zooplankton

The differences in seston N:P and zooplankton N:P (Figure 5) re-
sulted in significantly lower nutrient imbalances (i.e., seston N:P 
–  zooplankton N:P) in the north (Abisko, Västerbotten: −12.3 
and − 10.4) than in the south (Jämtland, Värmland: 25.5 and 13; one- 
way ANOVA and Tukey’s test, p < 0.001; Table S4). Due to these dif-
ferences, the log10N:P recycling ratios of zooplankton were higher 
in the south (Värmland, Jämtland: 1.57 and 1.82) than in the north 
(Västerbotten, Abisko: 1.12 and 1.33; one- way ANOVA and Tukey’s 
test, p < 0.001; Table S4). Results from ANCOVA showed that the 
log10N:P recycling ratios of zooplankton were lower in the north and 
with higher lake DOC, but there was no interaction between region 
(that is north vs. south) and lake DOC on zooplankton N:P recycling 
ratios (Table 2; Figure 2b). Based on our sensitivity analyses, the 
effects of region (north vs. south) and lake DOC were only signifi-
cant when the AE was higher than 0.5 in the stoichiometric models 
(Table S5; Figure S2).

F I G U R E  5  Lake dissolved inorganic 
nitrogen to total phosphorus ratio 
(DIN:TP; log10- transformed) and 
lake dissolved organic carbon (DOC) 
concentrations against (a, b) seston 
N:P (log10- transformed) and (c, d) 
zooplankton N:P (log10- transformed) 
in the study lakes. Mean concentration 
over summer for each lake. Filled 
circles = Värmland lakes (boreal- south), 
open circles = Västerbotten lakes 
(boreal- north), filled triangles = Jämtland 
lakes (subarctic- south), and open 
triangles = Abisko lakes (subarctic- north). 
For statistical relationships, see Results
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4  |  DISCUSSION

We found that, while N deposition was declining in all study sites, 
there remained an N fertilisation effect in terms of enhanced lake 
DIN:TP in southern boreal and subarctic lakes (Värmland, Jämtland) 
compared to northern ones (Abisko, Västerbotten). For all lakes, 
there were similar declining rates in log10DIN:TP per mg/L increase 
of DOC (regression slopes were − 0.054 and − 0.053 for the south-
ern and northern lakes, respectively), but with a higher intercept for 
lakes in the south (y- intercept at log10DIN:TP of 1.14) than in the 
north (y- intercept at log10DIN:TP of 0.66; support for prediction 1). 
These similar declining rates support the fact that N deposition ac-
counts for most of the DIN inputs in small lakes (Isles et al., 2018), 
whereas lake TP to a large extent is related to catchment vegeta-
tion cover and the delivery of P associated with terrestrial dissolved 
organic matter (Hessen, 2013; Isles et al., 2020). These processes 
in combination set the levels and the declining rates in lake DIN:TP 
with increasing lake DOC (Bergström et al., 2018; Isles et al., 2018, 
2020).

Lake Chl- a tended to increase with increased lake TDN and be 
unimodally related with lake DOC and kd, in support of previous 
studies that recognised the widespread N-  to co- NP limitation of 
phytoplankton in Swedish lakes (Bergström et al., 2008;Bergström 
et al., 2020; Isles et al., 2020) and the trade- offs between light and 
nutrient availability with increased lake DOC on shaping lake primary 
production (Ask et al., 2009; Kelly et al., 2018; Olson et al., 2020; 
Vasconcelos et al., 2019) and phytoplankton biomass (Bergström & 
Karlsson, 2019; Isles et al., 2021). Although lake Chl- a concentra-
tions did not differ between lakes in the north and in the south, lake 
Chl- a:TP ratios were higher in the south than in the north, suggest-
ing a DIN fertilisation effect from higher N deposition on phyto-
plankton biomass per unit of P (Bergström et al., 2020; Bergström & 
Jansson, 2006) (support for prediction 2).

The N fertilisation effect induced by higher N deposition was 
related to seston mineral quality (support for prediction 3). Lake 
DIN:TP ratio clearly impacted seston mineral quality, which was 
lower (that is higher C:P and N:P) in both subarctic and boreal south-
ern lakes (Jämtland, Värmland). The ongoing N deposition declines, 
which ranged from −27 to −49% over the past 20 years (from 1997 to 
2017) and reflected a reverting of lakes closer to their natural state 
(cf. Bergström & Jansson, 2006), will probably be an important de-
terminant of future declines in the lake DIN:TP ratio and N limitation 
for phytoplankton in these lakes (see Isles et al., 2018, 2020). Since 
lake DIN:TP was directly related to seston C:P and N:P, increases in 
lake DOC, which at least partly are a consequence of climate change 
(Creed et al., 2018), are mitigating the reduction in seston mineral 
quality in these lakes. However, based on the slopes in the regres-
sion analyses, the antagonistic effect of increased lake DOC (slopes: 
−0.0077 [seston C:P[, −0.0082 [seston N:P]) on the reduction in 
seston mineral quality is much smaller than the enhancing effect of 
decreased lake DIN:TP (slopes: −0.145 for both).

In contrast to other studies (McCauley & Kalff, 1981) and our 
prediction 4, zooplankton biomass was not related to phytoplankton 

biomass, which might be due to preferential grazing of zooplank-
ton for certain phytoplankton in the lakes (Hessen et al., 1995). 
Phytoplankton biomass (Chl- a ranged from 0.5 to 3.6 μg/L, which 
is about 25– 180 μg C/L; see Ahlgren, 1983), was below to well 
above the estimated threshold of 50 μg C/L for maintenance me-
tabolism for some zooplankton (i.e., Daphnia and Eudiaptomus) 
(Andersen, 1997; Lampert, 1977; Sterner, 1997); yet, zooplankton 
biomass, and specifically the biomass of cladocerans and cyclopoid 
copepods, increased with increasing seston mineral quality (that is 
decreasing seston C:P and N:P), and were lower in southern lakes 
(Jämtland and Värmland) with higher DIN:TP (support for predic-
tion 4). In the southern lakes, seston C:P reached levels well above 
threshold elemental ratios for P- limitation in cladocerans (Daphnia 
200– 300; Sterner & Elser, 2002) and for some calanoid copepods 
(Eudiaptomus >300; Kibby, 1971; Hessen & Lyche, 1991), implying 
reduced growth rates in zooplankton due to poor mineral quality. 
Growth rates of Daphnia and calanoid copepods have been shown 
to be negatively related with seston C:P (Deininger et al., 2017b; 
DeMott & Gulati, 1999; Sterner et al., 1997; Vrede et al., 2002), al-
though zooplankton growth is also influenced by dietary polyunsat-
urated fatty acid availability (Müller- Navarra, 1995; Müller- Navarra 
et al., 2000) and by fish predation (Hessen et al., 1995). Fish were 
present in most study lakes except for one lake in Västerbotten 
(boreal- north) and three lakes in Abisko (subarctic- north). Still, our 
results are in line with Hessen (2013), suggesting that a lower seston 
C:P resulting from ongoing declines in N deposition will mitigate the 
negative impact of P limitation on zooplankton and higher trophic 
levels.

There was no relationship between zooplankton community 
composition and their somatic N:P with lake DOC (lack of support 
for part of prediction 5). Instead, log10ZooplanktonN:P ratios were 
negatively related with increasing log10DIN:TP (support for part of 
prediction 5). This result was due to community shifts in zooplank-
ton, with calanoid copepods of high somatic N:P dominating in the 
north (Abisko and Västerbotten) and cladocerans and perhaps cyclo-
poid copepods of low somatic N:P dominating in the south (Jämtland 
and Värmland). Thus, differences in zooplankton N:P stoichiometry 
among the study sites were not related to plasticity or within- group 
differences, which were generally low (in support of prediction 5), 
although cladocerans in Abisko in the subarctic- north had deviating 
values. It is possible that lower water temperatures in the Abisko 
lakes caused low growth rates and low requirement of ribosomal 
RNA (Bullejos et al., 2014; Elser et al., 2000; Vrede et al., 2004), or 
reduced ingestion rates due to increased water viscosity (Loiterton 
et al., 2004), causing lower P content in cladocerans in Abisko com-
pared to cladocerans in the southern lakes (Jämtland and Värmland). 
Still, within- group variability in N:P stoichiometry was only noted 
for cladocerans, and only for the Abisko lakes, which had very low 
proportions of cladocerans. Therefore, variation in zooplankton 
N:P among study sites was driven by their community composition 
changes.

The reduction of calanoid copepods toward the south might 
be related to differences in feeding modes among zooplankton. 
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Calanoid copepods have a stronger preference for phytoplankton 
over terrestrial organic particles and bacteria than do cladocerans, 
and for phytoplankton over microplankton (such as flagellates) than 
do cyclopoid copepods (Berggren et al., 2015). Thus, it is possible 
that when lake DIN:TP is high and lakes are more N- rich, the rapto-
rial feeding mode of cyclopoid copepods allows them to outcompete 
calanoid copepods for phytoplankton prey by additionally feeding 
on bacterivorous microplankton fuelled by terrestrial organic mat-
ter (Berggren et al., 2015), thereby suppressing calanoid copepod 
abundance and indirectly increasing the relative abundance of cla-
docerans. In this sense, lake DOC concentrations and lake DIN:TP 
ratios seem to interact in affecting zooplankton community compo-
sition and their N:P stoichiometry. To some extent, this is in line with 
other studies showing declining trends of calanoid copepods with 
increased nutrient and DOC concentrations (Pace, 1986; Patoine 
et al., 2000).

Changes in seston N:P and zooplankton N:P with higher lake 
DIN:TP coincided with higher N:P recycling ratios in the south 
(Jämtland and Värmland; 1.82 and 1.57; unlogged 66 and 37) com-
pared to in the north (Abisko and Västerbotten; 1.33 and 1.12; un-
logged 21 and 14; in line with prediction 6). The predicted nutrient 
imbalances were therefore positive in lakes in the south and negative 
in the north. This suggests that zooplankton in the south were feed-
ing on food resources with suboptimal P content relative to their 
nutrient demand and were therefore P limited, and zooplankton 
in the north were feeding on food resources of suboptimal N con-
tent relative to their nutrient demand and were therefore N limited. 
Zooplankton feeding on the available food resources in each study 
site might feedback and sustain dual NP-  to P- limitation in phyto-
plankton in the south (high N:P recycling ratio), and N limitation 
in phytoplankton in the north (low N:P recycling ratio) (Bergström 
et al., 2020; Isles et al., 2020).

However, the impact of these changes in zooplankton N:P re-
cycling ratios on phytoplankton nutrient limitation will depend on 
the magnitude in N:P recycling rates of zooplankton relative to other 
nutrient supplies, such as external nutrient loadings (Bergström 
et al., 2015) and internal sediment nutrient release (Levine & 
Schindler, 1992). The N:P recycling rates of zooplankton will in-
crease with increasing body size (Allgeier et al., 2015), biomass (Elser 
et al., 1988), and temperature (Allen & Gillooly, 2009). Since we 
picked primarily large specimens, the differences in body size among 
zooplankton taxa should be of lesser importance compared to differ-
ences in total zooplankton biomass among study sites. Zooplankton 
biomass was particularly low in Jämtland (subarctic- south), suggest-
ing lower N:P recycling rates of zooplankton and lower impacts on 
phytoplankton nutrient limitation regimes in Jämtland relative to 
the other study sites, especially in Abisko (subarctic- north), which 
had the highest zooplankton biomass. However, lower water tem-
perature in Abisko implies lower zooplankton metabolic rates, which 
could cause lower excretion rates of N and P (Alcaraz et al., 2013) 
relative to warmer, higher DOC lakes. This has been shown in labo-
ratory experiments, where the metabolism of zooplankton individ-
uals of similar body mass increased exponentially with increasing 

temperature, leading to increased excretion rates of N and P, with a 
declining trend in the N:P recycling ratios (Alcaraz et al., 2013). In ad-
dition, our results based on ecological stoichiometry models showed 
no interaction between lake region (i.e., north vs. south) and lake 
browning on the N:P recycling ratio of zooplankton.

In conclusion, our results suggest that ongoing declines in N 
deposition combined with increases in lake DOC are likely to reduce 
the N:P recycling ratios of zooplankton in both subarctic and boreal 
lakes, by lowering lake DIN:TP, improving phytoplankton mineral 
quality and zooplankton biomass, and shifting the zooplankton com-
munity toward greater dominance by calanoids, thereby potentially 
improving pelagic food web efficiencies.
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