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The recovery of crustacean zooplankton from acidification
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Acidification has harmed freshwater ecosystems in Northern Europe since the early
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has not been consistent. Generally, the recovery of flora and fauna has been doc-
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dynamics of biotic communities due to improved water quality are still lacking. This
study investigates a large biomonitoring dataset of pelagic and littoral crustacean zoo-
plankton (Cladocera and Copepoda) from 142 acid-sensitive lakes in Norway spanning
24 years (1997-2020). The aims were to assess the changes in zooplankton communi-
ties through time, compare patterns of changes across lake types (defined based on
calcium and humic content), and identify correlations between abiotic and biological
variables. Our results indicate chemical and biological recovery after acidification, as
shown by a general increase in pH, acid neutralizing capacity, changes in community
composition and increases in the total number of species, number of acid-sensitive
species and functional richness through time. However, the zooplankton responses
differ across lake types. This indicates that the concentration of calcium (or alkalinity)
and total organic carbon (or humic substances) are important factors for the recovery.
Therefore, assessment methods and management tools should be adapted to the di-
verse lake types. Long-term monitoring of freshwater ecosystems is needed to fully

comprehend the recovery dynamics of biotic communities from acidification.
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1 | INTRODUCTION In freshwater ecosystems, acidification has led to a decline and local

extinction of acid-sensitive species at different trophic levels (Keller
Acidification, caused by deposition of sulfur and nitrogen oxides, has & Pitblado, 1984; Muniz, 1990). In Europe and North America, the re-
impacted ecosystems and biodiversity in Europe and North America duction of acidic emission, induced by stringent national and interna-
since the early 1900s, and has emerged as an environmental problem tional regulations, prompted the recovery of surface-water chemistry
in China from the late 1970s (Larssen et al., 2006; Liu et al., 2020). from the late 1980s in several of the affected regions (Keller, 1992;
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Skjelkvale et al., 2005; Stoddard et al., 1999). In Europe, and espe-
cially in Norway and Sweden, large resources have been invested in
liming to enhance the water quality and enable a fast recovery pro-
cess; several liming projects are still running (Henrikcson et al., 1995;
Laudon et al., 2021). The recovery of surface-water chemistry has not
always been followed by an unambiguous recovery of biotic commu-
nities. The trajectories of biotic recovery after degradation depend
on several factors, e.g., the persistence of the key pressures that led
to degradation, the presence of environmental constraints and the
ability of populations to re-colonize the system.

Zooplankton plays a crucial role in lacustrine ecosystems by act-
ing as trophic link between microbes and phytoplankton and higher
trophic levels, such as macroinvertebrates and fish. Thus, it serves
as important food resource for several species of freshwater fish,
and it regulates phytoplankton growth (Declerck & de Senerpont
Domis, 2023). Zooplankton has been heavily affected by acidification
(Brett, 1989). Gray and Arnott (2009) showed that zooplankton re-
sponse to the recovery of surface-water chemistry could vary from
limited recovery of species richness in heavily acidified lakes to full
recovery in moderately acidified lakes. The recovery of zooplankton
from acidification seems to be more strongly affected by physico-
chemical variables, such as persisting low pH, calcium concentra-
tion (Ross & Arnott, 2022), and content of organic matter (Leach
et al., 2019), than by recolonization from external sources (Keller
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et al., 2002). Climate change has also been shown to affect several
facets of zooplankton communities, such as species distribution,
body size, abundances, diversity, food web interactions, and phenol-
ogy (Carter & Schindler, 2012; Vadadi-Fulop et al.,, 2012). Warmer
temperatures in late winter and spring cause earlier ice breakup
(Woolway et al., 2020), which has been associated with increases
in phytoplankton species richness and biomass in cold oligotrophic
lakes (Weyhenmeyer et al., 2013) with possible effects on zooplank-
ton communities. Thus, climate changes may also affect recovery dy-
namics after acidification, especially at high latitudes and elevations,
where climatic change is faster and affects a larger proportion of spe-
cies (Antao et al., 2022; Pepin et al., 2022; Previdi et al., 2021).
Studies of zooplankton recovery have mainly focused on pelagic
communities (e.g., Gray & Arnott, 2009; Jiang et al., 2023), with a few
exceptions including littoral communities (e.g., Walseng et al., 2003).
Littoral zooplankton, which represent ca. 70% of the crustacean
zooplankton diversity in a lake (Walseng et al., 2006), has also been
used as indicator of recovery but primarily in limed lakes (Hesthagen
et al,, 2011; Wervagen & Nilssen, 2003; Walseng et al., 2001;
Walseng & Karlsen, 2001). Large scale assessments of the long-term
dynamics of concurrent pelagic and littoral zooplankton communi-
ties in response to improved water quality are still lacking.
Understanding biological recovery from acidification is also
relevant within the context of the EU Water Framework Directive
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FIGURE 1 Geographical distribution
of the studied lakes. Colours correspond
to the lake types (see Table 1). Dots with

black circle show lakes of subset1 (i.e.,
with at least 20 years of monitoring).
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(2000/60/EC), where the assessment of ecological status should be
based on the deviation from reference conditions. For Norwegian
waterbodies, which have been subjected to acidification for a long
period, reference data for biota are generally lacking. Introduction
of freshwater types, based on a set of hydro-morphological (e.g.,
lake depth) and chemical parameters (e.g., calcium), which ensure
that lakes belonging to the same type are sufficiently similar under
natural conditions, is a method used when it is not possible to estab-
lish site-specific reference values. For Norwegian lakes and rivers,
the concentration of calcium (or alkalinity) and total organic carbon
(or humic substances) has been shown to be important structuring
factors for the biological communities, influencing both reference
conditions and the sensitivity to different environmental pressures
(Direktoratsguppen vanndirektivet, 2018; Hesthagen et al., 2008;
Schneider, 2011). Very low concentrations of dissolved ionic calcium
can limit crustacean zooplankton populations, as it is used for build-
ing and hardening their exoskeleton (Giardini et al., 2015). Humic
substances can reduce zooplankton production (Kelly et al., 2014)
but they can also buffer against the detrimental effects of alumi-
num in acidified water bodies (Besser et al., 2019; Herrmann, 2001;
Locke, 1991) and thus reduce the impacts of acidification on biota.
A better understanding of the long-term dynamics of zooplankton
communities at different lake types is needed to assess the recovery
from acidification and its interactions with climate change.

In this study we investigated a large biomonitoring dataset in-
cluding 142 Norwegian acid-sensitive lakes spanning 24 years (1997-
2020; Figure 1). By using different subsets of data (see Section 2),
we addressed three main aims. First, we aimed to assess the changes
in crustacean zooplankton (Cladocera and Copepoda; hereafter
zooplankton) communities, as described by species composition,
species richness, number of acid-sensitive species, and functional
diversity, over 24years. Second, we aimed to compare patterns of
changes across lake types (defined based on calcium and organic
matter concentrations). Third, we wanted to identify the correlations
between abiotic variables and zooplankton diversity metrics. In line
with previous assessments, we expected that physico-chemical re-
covery would lead to changes in zooplankton communities, namely,
increases in number of species, number of acid-sensitive species
and functional diversity. As calcium and organic matter concentra-
tion strongly influence zooplankton communities (Leach et al., 2019;
Ross & Arnott, 2022), we also expected the changes in zooplankton
communities to vary across the different lake types, with stronger

Subset1
(number of
Full dataset lakes with
Organic (total number 20years of
Lake type Calcium material of lakes) monitoring)
Type 1 Very low Clear 67 12
Type 2 Very low Humic 19
Type 3 Low Clear 26 4
Type 4 Low Humic 30

recovery at lakes with higher concentrations of calcium and mixed

responses at lakes with higher concentrations of humic substances.

2 | MATERIALS AND METHODS
2.1 | Study area and sampling scheme

All data included in this study are from national monitoring programs
that are performed by the Norwegian Institute for Nature Research
(zooplankton) and the Norwegian Institute for Water Research (water
chemistry) or from research projects (see Table S1 for references). Most
of the studied lakes are minimally affected by anthropogenic environ-
mental pressures besides acidification. The data span the period 1997-
2020, that is a period with reduced deposition of acid compounds and
most pronounced recovery of water chemistry. The frequency of the
samplings differed across the sampling programs but it was constant
through time for each lake: some lakes (n=234) were sampled in three
sampling occasions per year during the period June-September, while
the other lakes (n=108) were sampled only twice during the same pe-
riod. For all lakes, the sampling period was adjusted to the length of
the ice-free season of the lake. The lakes are oligotrophic with very
low phytoplankton biomass (mean Chla <2.5pg/L) and represent a
wide range in latitude (58.12° N-70.34° N), altitude (10-1400m), lake
surface area (0.02-43.83km?) and chemical conditions (Figure S1;
Table S1). None of the studied lakes has been treated with liming. All
lakes are acid-sensitive, low-alkalinity lakes (<0.2peq LY and include
unacidified reference lakes, naturally acidic lakes, anthropogenically
acidified lakes and lakes affected by both natural acidity and anthropo-
genic acidification. Lakes were classified into four lake types based on
inter-annual averages of the concentration of calcium and organic mat-
ter (Table 1; Direktoratsguppen vanndirektivet, 2018). Calcium input
to lakes derives primarily from chemical weathering and depends on
the geologic environment (Wright & Henriksen, 1978). For lakes with
more than 20years of data, the classification was based on inter-annual
averages for the period up to 2010.

2.2 | Bioticdata

At each sampling date, one pelagic sample and two littoral sam-
ples were collected during daytime. Pelagic samples were collected

TABLE 1 Number of lakes per lake
type. Low calcium: 1-4mgCalL%; very
low calcium: <1 mgCalL®; clear-water
lakes: <5mgC L% humic lakes: >5 mgC Lt
(Direktoratsguppen vanndirektivet, 2018).

Subset2
(number of
lakes with at
least 3years of
monitoring)

33
6

13
12
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vertically from just above the sediment up to the surface, using a
standard zooplankton net with mesh size of 90 pm and a diameter of
30cm. Littoral species were sampled horizontally at low speed, both
inside and outside the aquatic vegetation belt whenever possible,
using a net haul with mesh size of 90um and a diameter of 27.5cm.
All crustaceans except small copepodites and nauplii of copepods
were identified to species. Cladocerans were identified according to
Bledzki and Rybak (2016) and Fl6Rner (1972, 2000); copepods were
identified following Bledzki and Rybak (2016), Einsle (1993, 1996),
Kiefer (1978) and Sars (1903, 1913).

As the sampling method for zooplankton was semi-quantitative,
we used presence-absence data in the statistical analysis. We ob-
tained yearly presence-absence data by pooling all the littoral and

pelagic samples that were collected during each year.

2.3 | Abioticdata

Water samples for chemical analyses were collected and analyzed by
the Norwegian Institute for Water Research using national, accred-
ited methods: EN ISO/IEC 17025: 2005, with the exception of water
samples for the project INTERREG Enningdalselven (see Table S1),
which were collected by the Norwegian Institute for Nature Research
and analyzed by the analysis center of Trondheim municipality using
the same accredited methods. We computed yearly averages of the
physico-chemical variables that were most consistently recorded
at the studied lakes: pH, acid neutralizing capacity (ANC), nitrate
(NO,"), total organic carbon (TOC), calcium, and conductivity.

For each lake, we gathered monthly climatic data (monthly
average maximum temperature) from TerraClimate (Abatzoglou
et al., 2018) for the period from 1958 (i.e., the first year in the
TerraClimate dataset) to 2020. For each year, we computed the
average values of maximum temperature during the spring period
(March-May) and during the growing season (June to October). We
selected those two time periods because seasonal dynamics of com-
munity successions are influenced differently by climatic variables
(Bellier et al., 2022). Similarly, we computed the historical average
values of maximum temperature during spring and during the grow-
ing season for the period 1958-1990. We then expressed the yearly
average values of spring and growing season maximum temperature
of the studied period (1997-2020) as anomalies, that is, difference
between observed values and historical average values.

To avoid collinearity, we did not include the variables that were
highly correlated (|r|>.6) with others in the models. We excluded
ANC and calcium because they correlated with pH, altitude because
it correlated with conductivity, and latitude because it correlated
with longitude (Table S2).

2.4 | Data analysis

Based on the yearly presence of zooplankton data, we computed
four metrics for each lake and sampling year: species composition
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(SpComp), the total number of species (NSp), the number of spe-
cies sensitive to acidification (Acln), as defined by the Norwegian
classification system for the assessment of the ecological status
(Direktoratsguppen vanndirektivet, 2018), and functional richness.

For the species composition, we ran a principal component analy-
sis (PCoA) on the Jaccard dissimilarity between pairs of samples. The
Jaccard dissimilarity is suitable for binary data, such as presence-
absence data. We then extracted the first axis of the PCoA and used
it as proxy for species composition. We used the function vegdist
in the R package “vegan” (version 2.6.4; Oksanen et al., 2019), and
cmdscale in the R package “stats” (version 4.2.2; R Core Team, 2019)
for computing the dissimilarity matrix and PCoA.

For the functional richness, we gathered the following species-
specific trait data from the literature and expert opinion (Table S3):
body size (maximum size of females and males), habitat (littoral/pe-
lagic), and feeding habits (predator, omnivore, herbivore/macrofiltra-
tor, bacteriovorus/microfiltrator, detritivore, ectoparasite of Hydra).
Trait data were obtained for all dominant and common species (i.e.,
habitat and feeding habits: 96 out of the 104 studied species; maxi-
mum size of females: 76 species; maximum size of males: 72 species).
Based on the trait information and the community taxonomic com-
position (presence-absence data) of samples, we computed func-
tional diversity for each sample as functional richness (FRic), that is,
the volume of the convex hull that includes all species in the sample
in the multidimensional trait space, using the function dbFD in the
R package FD (version 1.0.10.1; Laliberté & Shipley, 2014). To allow
for comparisons across samples, we computed FRic based on the
global multidimensional trait space, that is, the trait space includ-
ing all species and traits sampled in the whole study area and study
period. As FRic is dependent on taxonomic richness, we computed
the standardized effect size of FRic (sFRic) by applying a null model
approach. We computed the null distribution of FRic after randomiz-
ing species identities in the community composition matrix (99 ran-
domization) and keeping the sample taxonomic richness (Kuczynski
et al., 2018). We then obtained sFRic as

FRic — mean(FRic,)
SD(FRiCnu">

sFRic =

where FRic is the observed functional richness of the sample and
FRic,,
ative sFRic value indicates that the observed FRic is higher (functional

is the null distribution of functional richness. A positive or neg-

over-dispersion) or lower (functional under-dispersion) than expected
for the taxonomic richness of that sample.

We used generalized additive models (GAM; Wood, 2006) and hi-
erarchical generalized additive models (HGAM; Pedersen et al., 2019)
to identify the trends of biotic metrics through time (GAM) and across
lake types (HGAM), and to identify correlations between biotic met-
rics and abiotic variables in the four lake types (HGAM). GAM and
HGAM are non-linear models and were fitted using the function gam
in the R package “mgcv” (version 1.8.41; Wood, 2012).

We used three different sets of data to address the three study
aims (Table 1). To identify the trends of biotic metrics through time,
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we ran a series of GAMs for the 20 lakes that were monitored for
at least 20years during the study period (hereafter “subset1”). A
GAM was run for each response variable (i.e., biotic metrics) and
included: (1) a smooth of year, (2) lake-specific random smooths to
account for the replicated sampling design, and (3) random effects
for year (as factor) to account for the year-to-year variation. We
chose the distribution family according to the distribution of the
data and that of the model residuals, which was obtained using the
function appraise in the R package “gratia” (version 0.8.1; Simpson
& Singmann, 2022). We used quasipoisson distribution for NSp,
scaled t distribution for Acln, pH, TOC, conductivity, calcium, and
temperature anomalies, gaussian distribution for SpComp, FRic,
sFRic, ANC, and NO;".

A series of HGAMSs was run to identify the trends of abiotic vari-
ables and biotic metrics through time in the four lake types. For this
purpose, we expanded the subsetl with additional 44 lakes that
were monitored at least for 3years (hereafter “subset2”) to increase
the number of lakes within the lake types. Those models were also
run for each response variable and included: (1) lake type as para-
metric term, (2) a type-specific smooth for year, (3) lake-specific ran-

dom smooths to account for the replicated sampling design, and (4)

(@ Species composition

random effects for year (as factor) to account for the year-to-year
variation.

Finally, HGAM were also used to identify correlations between
biotic metrics and abiotic variables in the four lake types, across the
full dataset (all lakes, n=142). As above, HGAM models were run for
each response variable separately and included: (1) lake type as para-
metric term, (2) type-specific smooths of each abiotic variable, and (2)
lake-specific random effects to account for the replicated sampling
design. For these models, TOC, NO,", and conductivity were log-
transformed to improve the distribution of model residuals, and all
abiotic variables were scaled to mean=0 and standard deviation=1.

Changes in the selected abiotic variables through time were as-
sessed using GAM and HGAMs, as described above for biotic met-
rics. The results are shown in the Data S1.

3 | RESULTS

Our dataset included 104 species, 31 of which are classified as sensi-
tive to acidification (Direktoratsguppen vanndirektivet, 2018). The

number of species per sample ranged between 6 and 48 (mean:
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FIGURE 2 Changesin (a) species composition (i.e., first axis of the PCoA), (b) number of species, (c) number of acid-sensitive species, and
(d) functional richness through time, at the lakes within subset1, as resulting from GAM. The y-axis represents the partial effect of “year” on
the response variable. The dots show the marginal residuals. The shaded areas indicate the 95% confidence intervals of the smoothers. All

smoothers are significant (p <.05; Table S4).
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23.0), and the number of acid-sensitive species ranged between O
and 17 (mean: 3.2).

3.1 | Temporal trends in yearly surveyed lakes

Between 1997 and 2020, we recorded a significant increase in pH
and ANC (Figure S2). The values of pH ranged on average from
5.6+0.5 (mean+SD) in the first 5years of survey to 5.9+0.5 in the
last 5years of survey. We also recorded a significant change in spe-
cies composition, a significant increase in the total number of species
(+12% on average between the first and last 5 years of the study) and
the number of acid-sensitive species (+43% on average between the
first and last 5years of the study; Figure 2a-c; Table S4). We found
that 24 species of Cladocera (out of 45 species occurring in lakes of
subsetl, i.e., 53%) and 11 species of Copepoda (out of 29, i.e., 38%)
were present in more lakes during the last 5years compared with
the first 5years of the study. Some of the acid-sensitive species oc-
curred regularly after they first were found (e.g., Dapnia longispina),

while other species occurred less regularly (e.g., Alona intermedia,

(a) Species composition

6071
% [oballChange Biology B4 LEYJ—

Paralona pigra, Leptodora kindti, Megacyclops gigas) (Figure S3).
Functional richness increased consistently with the number of spe-
cies (Figure 2d; Table S4), which resulted in no significant changes in
sFRic (Figure S4).

3.2 | Temporal trends in the four lake types

The values of pH and ANC significantly increased at all four lake
types (except pH at lakes of type 2; Figure S5): the values of pH
ranged from 5.6+0.5 (first 5years) to 6.0+ 0.4 (last 5years) at lakes
of type 1, from 5.0+0.2 to 5.3+0.2 at lakes of type 2 (not signifi-
cant change), from 5.9+0.4 to 6.3+0.1 at lakes of type 3, and from
5.6+0.4 to 6.2+0.4 at lakes of type 4.

Species composition significantly changed at lakes of types 1
and 3 (Figure 3; Table S5). The number of species significantly in-
creased at lakes of type 1 (+30% on average between the first and
last 5years), type 3 (+7%) and type 4 (+27%), as did the acid-sensitive
species (type 1: +128%, type 3: +47%, type 4: +77%). At lakes of

type 4, the described trends of the biotic metrics were evident up
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FIGURE 3 Changes in (a) species composition (i.e., first axis of the PCoA), (b) number of species, (c) number of acid-sensitive species and
(d) functional richness through time, at lakes that were sampled at least in 3years (subset2), as resulting from HGAM. The y-axis represents
the partial effect of “year” on the response variable. The dots show the marginal residuals. The shaded areas indicate the 95% confidence
intervals. Blue: significant smoother (p <.05); grey: non-significant smoother (p>.05; Table S5).
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until 2005 and plateaued afterwards (Figure 3). Functional richness
showed a positive trend at lakes of types 1 and 3 (Figure 3d), but the
standardized effect size of functional richness (sFRic) did not show

any significant trend through time in any lake type (Figure S6).
3.3 | Correlations between biotic metrics and
abiotic variables in lake types

The correlations between biotic metrics and abiotic variables varied
across lake types (Table 2; Figures S7-5S9).

At lake type 1, all biotic metrics increased with increasing pH,
TOC, and conductivity (except functional richness) and from east
to west (except functional richness; note that the lakes of types 1,
3 and 4 that are most to the east are also those that are most to
the north; Figure 1 and Table S2). All metrics showed a correlation
with NO,™ (non-linear correlation for number of species and acid-
sensitive species, negative correlation for species composition and
functional richness). Species composition changed with spring tem-
perature anomalies.

At lake type 2, biotic metrics showed no correlations with abiotic
variables.

TABLE 2 Correlations between metrics and abiotic variables in the four lake types as resulting from HGAM (full dataset).

Species Number of Number of Functional
composition species acid-sensitive species richness
Lake type Variable p d p d p d p d
Type 1 pH .031 + <.001 + <.001 + .014 +
Type 2 pH 123 .108 119 122
Type 3 pH .253 .004 + <.001 + 261
Type 4 pH .587 .292 <.001 3 .316
Type 1 NO,? .015 - <.001 -+ <.001 +- .050 -
Type 2 NO,? .673 .983 .390 .837
Type 3 NO,? 408 706 563 157
Type 4 NO,? .695 .826 .001 +- .872
Type 1 TOC? <.001 + <.001 + .015 + <.001 +
Type 2 TOC? 969 .899 717 .557
Type 3 TOC? <.001 + <.001 + .003 + .002 +
Type 4 TOC? .358 .707 .382 447
Type 1 Conductivity® <.001 + .001 + .048 + 11
Type 2 Conductivity® .752 .871 918 .954
Type 3 Conductivity® 186 .054 + <.001 + 144
Type 4 Conductivity® .082 .242 .027 4 .852
Type 1 Longitude <.001 - <.001 - .002 - .057
Type 2 Longitude .265 .756 .661 .183
Type 3 Longitude <.001 - .001 - .028 +- .003 -
Type 4 Longitude .641 .553 .281 .686
Type 1 TSpring .012 + .062 .281 404
Type 2 TSpring 751 461 143 .059
Type 3 TSpring .885 .812 .298 .539
Type 4 TSpring 451 .107 .149 .379
Type 1 TGrowing .659 144 714 .343
Type 2 TGrowing .102 .379 .862 .333
Type 3 TGrowing .552 .960 .340 .039 +
Type 4 TGrowing .028 + .022 + .046 4 .621
Lake code <0.001 <0.001 <0.001 <0.001
R?(adj) .88 81 .83 7
Deviance explained 89.60% 83.60% 76.30% 73.80%

Note: The statistical significance (p) and direction (d) of the smooths are shown (d: +, positive correlation; -, negative correlation; + -, non-monotonic

correlation).

*The variable was log-transformed. TSpring and TGrowing: temperature anomalies in spring and in the growth season.
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At lake type 3, species composition changed with TOC and lon-
gitude. The number of species and acid-sensitive species increased
with increasing pH, TOC, conductivity, and from east to west.
Functional richness increased with increasing TOC, with tempera-
ture anomalies in the growth season and from east to west.

Finally, at lake type 4, species composition changed with tem-
perature anomalies in the growing season. The number of species
and acid-sensitive species increased with increasing temperature
anomalies in the growth season. The number of acid-sensitive spe-
cies also increased with increasing pH and conductivity and showed
a non-monotonic correlation with NO;™.

4 | DISCUSSION

Our results document both chemical and biological recovery after
acidification in Norwegian lakes during the studied period (1997-
2020), as shown by a general increase in pH, acid neutralizing ca-
pacity, and all biotic metrics through time. Evidence of biological
recovery in Europe has been sparse (Gray & Arnott, 2009) and have
mostly focused on recovery after liming (Warvagen & Nilssen, 2003;
Walseng et al., 2001; Walseng & Karlsen, 2001), in contrast to our
study where recovery is primarily a result of the reduction of acidify-
ing compounds.

Our study, in addition to pelagic zooplankton, did also include
littoral species, constituting more than two thirds of the total num-
ber of crustacean zooplankton in a lake (Walseng et al., 2006); thus,
our results stand out as a robust document of recovery. Previous
studies have mainly focused on pelagic zooplankton (see Gray &
Arnott, 2009) and have been conducted within restricted geo-
graphical areas, primarily in systems that were acidified because of
local industrial activities (e.g., Jiang et al., 2023), rather than as a
result of long-range transboundary pollutions. For example, pelagic
zooplankton has been used to assess the degree of biological re-
covery in 46 lakes in Ontario (Killarney Park, Canada) after reduced
emissions over 30year (1971-2000) (Holt & Yan, 2003). That study
documented changes in species composition along a gradient from
strongly acidified to neutral lakes but no changes in species richness
were found. In contrast, our study, ranging over a shorter period,
could document recovery both as changes in species composition
and increase in species richness, mainly caused by acid-sensitive
species. The inclusion of both pelagic and littoral species when as-
sessing zooplankton recovery after acidification or, more in general,
when investigating changes in biodiversity, provides stronger sig-
nals than using pelagic species only (Walseng, 2002). In our study,
we used presence-absence data because the sampling method was
semi-quantitative. The use of quantitative data of species abun-
dance could have tracked more nuanced changes in the zooplankton
community, for example increases in the relative abundance of acid-
sensitive species or changes in species dominance, and thus it could
have strengthened our results further.

By expanding our dataset with lakes that had been surveyed
for 3years or more, we could also document recovery across four
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different lake types. For all lake types, the trend analysis showed a
significant increase in pH and/or ANC. Such an increase in pH was
associated with higher number of total species and acid-sensitive
species in all lake types except in humic lakes with very low calcium
concentration (type 2).

At lakes of type 2, the zooplankton communities showed no
changes through time and no correlations with abiotic variables. This
might be an artifact due to the limited representation of those lakes
in our dataset. However, the lack of biotic responses in those lakes
may also be caused by the persistent low pH (average values during
the last 5years of sampling: 5.3 +0.2, no significant increases during
the study period) and the combination of low calcium and high humic
content. Low calcium concentration has been shown to limit the re-
covery of zooplankton after acidification independently of improve-
ment in pH (Ross & Arnott, 2022) and, when associated with high
content of humic matter, it even causes declines in zooplankton bio-
mass (Leach et al., 2019). On the other hand, humic substances can
buffer against detrimental effects of aluminum (Besser et al., 2019;
Herrmann, 2001; Locke, 1991). Humic lakes may therefore have
been less impacted by acidification, and strong signs of recovery is
therefore not expected. While this seems to be the case in lakes of
type 4 (humic lakes with low calcium concentration), the low number
of species and acid-sensitive species at lakes of type 2 (Figure S10)
indicates little progress in recovery from acidification so far.

At clear-water lakes (i.e., types 1 and 3), browning (i.e., increase
in TOC) was associated with an increasing number of species, in-
cluding the acid-sensitive species. This association did not emerge
for humic lakes and is likely the consequence of increased food
availability. Browning causes shifts in dominant species and bio-
mass of phytoplankton, with positive effects on phytoplankton
biomass in clear-water lakes and negative effects in humic lakes
(Bergstrom & Karlsson, 2019; Isles et al., 2021). Browning can
also enhance the supply of essential fatty acids for zooplankton
(Lau et al., 2021). Increased TOC can also stimulate microbial ac-
tivity, increasing the number of heterotrophic bacteria (Jansson
et al., 2007), serving as an additional food source for microfil-
trators. The increase in lake productivity is also associated with
increased zooplankton functional diversity (Vogt et al., 2013). In
line with this, we found that the increase in species richness at
lakes of types 1 and 3 was associated with a consistent increase
in functional richness which resulted in no net changes in sFRic
(Figure S6), indicating that the newly established species intro-
duced additional traits into the communities. This suggest that
the newly established species filled empty ecological niches,
which may enhance ecosystem functions, without increasing
functional redundancy. In clear-water alpine lakes, as some of
our lakes within types 1 and 3, increased TOC-concentration may
protect zooplankton from damaging UV-exposure. Under those
conditions, browning can contribute to increased species richness
(Nevalainen et al., 2018), especially in the shallow littoral areas
where most of the species live.

In contrast to the other lake types, in humic lakes with somewhat
higher calcium concentration (type 4), the increases in total number
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of species and in acid-sensitive species were steeper at the begin-
ning of the study period and plateaued afterwards. This suggests
that those lakes recovered from acidification faster than the others.
Indeed, these lakes had the highest taxonomic richness, number of
acid-sensitive species and acid neutralising capacity (Figures S1 and
S10) across the studied lakes. As anticipated above, humic substances
can buffer against the detrimental effects of acidification (Besser
et al., 2019; Herrmann, 2001; Locke, 1991). Thus, zooplankton com-
munities in these lakes might have been less impacted compared to
other lake types. Moreover, in our study, lakes of type 4 are primarily
located in southeast Norway, which is the region with the most di-
verse species pool of zooplankton (Hessen et al., 2019). Therefore,
those lakes are likely exposed to a higher recolonization potential.
The combination of lower impacts from acidification, faster improve-
ments of physico-chemical conditions and higher recolonization po-
tential may have contributed to a fast recovery at those lakes.

The increases in the number of species at lakes of type 4 were
also associated with increases in temperature anomalies during
the growing season. In cold oligotrophic waters, as the studied
lakes, warming is associated with increases in primary productiv-
ity, which benefits organisms at higher trophic levels, at least until
a certain threshold where warming alters the nutritional quality of
phytoplankton, which in turn can affect zooplankton growth and
reproduction (Lau et al., 2021). Although a decline in food quality is
expected under climate warming, zooplankton growth is mostly con-
strained by food quantity in oligotrophic lakes (Persson et al., 2007).
Warming can also promote range expansion of warm-adapted spe-
cies and declines in cold-adapted species (Antdo et al., 2022), po-
tentially affecting zooplankton species composition, richness, and
functional diversity in lakes. Thus, the effects of warming could in-
teract with the effects of the recovery of water chemistry in shaping
zooplankton communities. Our results seem to support this predic-
tion, at least at lakes of type 4.

To conclude, our results showed that zooplankton communities
have been recovering after acidification, but recovery is slow at cer-
tain lake types. This indicates that assessment methods and man-
agement tools should be tailored to the specificity of the different
lake types. In Norway and worldwide, freshwater ecosystems and
their biodiversity and functions are threatened by several pressures
(Darwall et al., 2018). Lake acidification itself cannot be considered
a solved problem. Increasing concentration of atmospheric CO,
and brownification can cause increasing pCO, in lake surface water
(Couturier et al., 2022; Weiss et al., 2018), which can lead to pH de-
clines and thus to the re-acidification of lakes. Continuous monitor-
ing is needed to understand the trajectories of recovery and their

interplay with existing and emerging pressures.
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