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Are perch (Perca fluviatilis L.) getting larger or smaller in
Swedish lakes?
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. A | Space-for-time approaches are often used to indicate current or future changes
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Drottningholm, Uppsala, Sweden over time. A European gillnet standard facilitates spatial-scale comparisons of fish
communities in European lakes. Fish size was generally lower and densities higher in
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i’ 52'178 93 Drottningholm, Uppsala, trends were similar in southern and northern regions. We analysed mean length and
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Email: kerstin.holmgren@slu.se occurrence or relative abundance of size classes from the smallest (<100 mm) to the

largest individuals (2350 mm), and length at 1 and 5years. The large data set was used
to find general trends over time within regions, and within-lake trends were tested
for 40 time-series lakes. The mean length of perch decreased in the southern and
increased in the northern region. The proportion of the smallest perch increased
in the southern, but not in the northern region. The most general trend was an
increasing occurrence and proportion of the largest-sized perch in both regions in
the large dataset. The average trends in the southern region of the large dataset also
appeared as predominant trends within time-series lakes, although opposite trends
occurred within some lakes in each region. This study also revealed that perch size at
age 1 often increased within lakes over time, while more variable trends were found
for size at age 5. The duration of the growth season has generally increased during the
time frame of the present study, while other changes may differ between lakes in the
same region. We recommend more studies based on time series of fish monitoring,
including studies on possible reasons for the increased occurrence of very large perch

in Swedish lakes.
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1 | INTRODUCTION

The size structure of fish communities and their populations varies
between lakes, depending on species composition as well as local
and regional environmental factors (Arranz et al., 2016; Emmrich
et al.,, 2014; Holmgren & Appelberg, 2000). The size distribution at a
certain time is a result of dynamic processes, including recruitment,
survival, individual growth and maturation (Brett, 1979; Perrin &
Rubin, 1990). Such processes depend on species-specific life-history
traits, but also on species-specific and size-specific optima and tol-
erance in environmental gradients. Abiotic factors include water
temperature, pH, oxygen, light, spawning substrate and shelter, and
important biotic factors are food availability, predators and compet-
itors. According to Arranz et al. (2016), there are negative correla-
tions between mean length and intraspecific and interspecific fish
density, indicating that competition for resources is a key driver for
the size structure. Some case studies report changes in mean size
and growth over time, interpreted as at least partly influenced by a
warming climate (e.g. Jeppesen et al., 2012).

Coldwater species, for example salmonids, are decreasing in
abundance or disappearing in southern parts of their distribution
area due to warming temperatures (e.g. Hein et al., 2012; Jeppesen
et al,, 2012), but changes may also involve size distributions of more
widespread and tolerant species. Time-series data indicate domi-
nance shifts from larger to smaller species in a warming climate, as
well as increased dominance of young and small fish within popula-
tions (Daufresne et al., 2009). Such patterns have been explained by
the temperature-size rule (Atkinson & Sibly, 1997), where individuals
are expected to mature at a smaller size in a warmer climate, and
sacrifice growth to larger adult body sizes to ensure reproductive
success. In recent years, relationships between fish size and tem-
perature have often been studied by using a space-for-time sub-
stitution approach (e.g. Arranz et al., 2016; Emmrich et al., 2014;
Jeppesen et al., 2010; Van Dorst et al., 2019), facilitated by stan-
dard sampling of fish in many lakes within gradients of temperature,
nutrients, watercolour and other lake characteristics. Such studies
revealed significant relationships between different measures of
size (size metrics) and environmental gradients. Most notably, the
mean length of fish generally decreases in warmer lakes, both for
the total fish community (Emmrich et al., 2014) and within some of
the most commonly occurring species (Arranz et al., 2016), including
European perch (Perca fluviatilis L.), hereafter perch.

Besides water temperature, several anthropogenic stressors cur-
rently affect freshwater ecosystems and size distributions of fish, for
example eutrophication, acidification, resource exploitation, habitat
alterations, spread of invasive species and global warming (Dudgeon
et al.,, 2006; O'Reilly et al., 2015; Vorosmarty et al., 2010). These
stressors are intertwined; for example international agreements to
reduce emission of sulphur and nitrogen (causing acidification of
lakes in some regions; c.f. Grennfelt et al., 2020) was followed by
decreased weathering, sometimes leading to critically low calcium
concentrations in lakes in North America and Europe (Jeziorski
et al, 2008). In addition, increased concentration of dissolved

organic matter and browner water in some northern lakes have been
explained by recovery from acidification, afforestation or a wetter
climate (De Wit et al., 2016; Kritzberg, 2017; Monteith et al., 2007).

Perch has its native distribution in large parts of Europe and
northern Asia (Kottelat & Freyhof, 2007), and it is the most com-
monly occurring fish species in Swedish lakes (Tammi et al., 2003).
This species can be categorised as a cool water fish (sensu Magnuson
et al., 1979), that is with preference for intermediate temperatures
(21°C-25°C). Juvenile growth of perch, and other percid fish spe-
cies, generally increases with temperature, along latitudinal gradi-
ents (Galarowicz & Wahl, 2003; Heibo et al., 2005) or between years
in the same lake (Tolonen et al., 2003; Uphoff et al., 2013); however,
total biomass can decrease with increasing temperatures (Van Dorst
et al., 2019). Perch feed predominantly on increasingly larger prey,
from zooplankton and benthic invertebrates to fish during differ-
ent life stages (Mittelbach & Persson, 1998). In order to grow large,
it also needs good light conditions to efficiently feed on other fish
(Radke & Gaupisch, 2005). Slower growth in browner water might be
due to less efficient feeding on small zooplankton and larger inverte-
brates (Estlander et al., 2012). Along with pike (Esox lucius L.), perch
is the most frequent species in catches of recreational freshwater
fisheries in Sweden (Sande, 2020). If the fishery removes substantial
amounts of perch from a lake, the size structure will shift towards a
higher dominance of smaller fish (Olin et al., 2017). On the contrary,
a higher mean and maximum size of perch have been observed after
decreased landings by anglers (Skov et al., 2017).

Sweden has a long history of extensive monitoring of lake fish
by using gillnets (Holmgren et al., 2016). The current European
standard (CEN, 2015), that is sampling of fish with Nordic mul-
timesh gillnets, was introduced in some Swedish lakes in 1993. It
has increasingly been used, for example for assessment of ecolog-
ical status according to the European Water Framework Directive
(European Commission, 2000). During 1996-2021, more than 150
Swedish lakes where sampled with Nordic multimesh gillnets every
single year (Holmgren, 2021). Geometric mean length of perch is one
of the metrics used as part of a multi-metric index for fish in lakes
(Holmgren et al., 2018), but so far no metric focussing on the largest
fish in the catch has been used in the large-scale programmes for
monitoring and assessment of fish in Swedish lakes.

The present study aimed at testing whether perch are generally
becoming larger or smaller in Swedish lakes, and whether average
trends differ between lakes in southern and northern regions. The
approach was to test for temporal trends in different size metrics of
perch, calculated from catches in extensive monitoring with stan-
dard gillnets. Metrics represented mean size and occurrence or rela-
tive abundance of both the smallest and the largest individuals, and
for some lakes also perch size in two age groups. Based on previous
space-for-time studies, we expected a decrease in mean length of
perch, related to the observed average increase in air temperature
(SMHI,  https://www.smhi.se/en/climate/climate-indicators/clima
te-indicators-temperature-1.91472). Decreased mean size was ex-
pected to be reflected by an increased proportion of small individu-
als (<100mm), due to increased early growth and survival of young
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fish. Expectations were less clear about general trends in occurrence
or proportion of very large perch (2350mm), due to complex inter-
actions influencing growth to large size. The question was whether
extensive data from standard sampling would support reports from
anglers, that is on recently more very large perch in lakes of northern
Sweden. We primarily analysed overall yearly average values from
many lakes sampled in 1996 to 2021, and then, we used 40 time-
series lakes to see whether large-scale trends could also be observed

when repeatedly sampling in the same lakes.

2 | MATERIALS AND METHODS
2.1 | Study area and lake data selection

This study relied on extensive data from sampling of fish with Nordic
multimesh gillnets (CEN, 2015), more specifically data from Swedish
lakes stored in the National Register of Survey test-fishing (NORS,
Kinnerback, 2022). We primarily selected data from 1996 to 2021, a
period when perch was caught and individual length was measured
in more than 100 lakes each year. Sampling was performed during
summer, using standard benthic gillnets (1.5m height, 12 3m long
panels with 5-55mm mesh bar). The benthic gillnets were set
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overnight (ca 12hours including dusk and dawn) in different depth
strata to represent the whole lake. The number of gillnets per lake
and year depended on lake area and depth (CEN, 2015). Some of the
deeper lakes were also sampled with pelagic gillnets (6 m height, 11
3m long panels with 6.25-55mm mesh bar), set at the deepest part
of the lake.

In total, perch were caught in 4714 fish sampling events in 2121
lakes. More than half of the lakes (1276) were sampled only once,
40 lakes for at least 10years and 12 lakes annually for 26 years. In
general, the same gillnet locations were used from year to year in the
time-series lakes. Each lake was assigned to one of two geographical
regions (Figure 1), to reveal any difference in trends of perch size
between southern and northern parts of Sweden. The division be-
tween south and north is at latitude 60°N in the western part until
this latitude reaches the catchment of River Daldlven. Then, it fol-
lows the southern limit of the catchment until it reaches the Baltic
Sea, according to the regulation used in Swedish water management
(HaV, 2017). A few southern lakes in our large data set were situated
in a lowland area north of 60°N, overlapping in latitude with some of
the inland lakes at higher elevation of the northern region, but there
was no such overlap for the time-series lakes (Figure 1). In every sin-
gle year, more lakes were sampled in the south, but at least 19 lakes
per year were sampled in the northern region (Figure 2).
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FIGURE 1 Spatial distribution of i
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FIGURE 2 Number of perch lakes sampled per year, in the south and north regions.

Southern region

Northern region

TABLE 1 Characteristics of the perch
lakes sampled during 1996-2021 (1580
lakes in the south and 541 lakes in the

Lake descriptor Mean Min. Max. Mean Min. Max
. north), shown as mean, minimum and
(1) Latitude (WGS84-N) 57.62 55.49  60.40 62.34  60.01 67.88 maximum values.
(2) Longitude (WGS84-E) 14.64  11.27 19.22 16.72 12.22 23.48
(3) Elevation (m) 135 0 336 264 1 832
(4) Lake area (ha) 206 1 17,863 191 1 6531
(5) Maximum depth (m)? 11.2 1 75 13.9 1 71
(6) Highest coastline (1=above, 0.71 0 1 0.58 0 1
O=below)
(7) Mean air temperature (°C) 6.4 4 8 29 -1 6
(8) N fish sampling dates 2.4 1 26 1.8 1 26
(9) Npue-Total (N per gillnet and 43.7 0,1 608 29.1 0,8 297
night)
(10) Bpue-Total (g per gillnet and 1543 10 9993 1545 20 7311
night)
(11) N fish species 5.0 1 15 4.2 1 13.5
(12) Npue-Perch (N per gillnet 19.8 0.1 466 16.1 0.1 106
and night)
(13) Bpue-Perch (g per gillnet 634 6.5 5505 924 0.5 6553
and night)
(14) Mean length (mm) 116 56 366 142 59 456
(15) % Occurrence of perch 55.6 52.8
2350mm
(16) % Individual perch <100mm 35.4 0 94,64 21.4 0 100
(17) % Individual perch 54.5 0 100 57.6 0 100
100-199 mm
(18) % Individual perch 2200 mm 10.1 100 21.0 0 100
(19) % Individual perch 2350mm 11 0 100 1.5 0 100

Note: Descriptors 1-7 are based on one fixed value per lake, and descriptors 8-19 are based on

mean values of one or more sampling years per lake.
Maximum depth was available only for 1571 lakes in the south and 534 lakes in the north.

All lakes had records of some lake characteristics available in the and mean air temperature during the standard period 1961-1990

NORS database, that is latitude, longitude, elevation, lake area, po- (Table 1). With a few exceptions, there was also a record of lake max-

sition above or below the highest coastline after the last glaciation imum depth. The air temperature represented climatic differences
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between lakes rather than temperature levels experienced by the
fish in specific years. Data on surface water temperature were avail-
able for most studied years in 14 of the time-series lakes, covering
most of the latitude range of lakes in the large dataset. From the year
2000, temperature loggers set at 1-1.5 depth recorded temperature
four to six times per day. Temperature was measured at 0.5m depth,
in the middle of each month from May to September, at least until
year 2012. By calculating mean temperature during May-September
for both types of measurement, mean temperature at 1-1.5m depth
could be estimated for years without, or with malfunctioning, tem-
perature loggers.

Lakes in both regions covered similarly large ranges in lake area,
maximum depth and local species richness, but the northern lakes
were on average situated more east, at higher elevation and in a
colder climate (Table 1, Figure A1 in Appendix 1). The subsets of
time-series lakes of both regions were on average similar to other
lakes in the large data set. A few perch lakes in the large dataset
were however smaller and larger, and shallower and deeper, than any
time-series lakes, probably explaining a higher range in observed fish
species richness in the large dataset. On average, the surface water
temperature during May-September increased about 1°C (from 16
to 17°C) during 1994-2021 (Figure A2), but differences between
years sometimes exceeded 2°C within the same lake.

For all lakes and years when perch was caught, we extracted re-
cords of numbers and biomass (g) per unit effort (Npue and Bpue)
in benthic gillnet catches, for perch and for the total of all species
caught. Npue and Bpue were simply expressed per gillnet and night,
because the area of the standard gillnet is fixed at 45 m?. The num-
bers of species in the total catch, of benthic and pelagic gilinets were
taken as a measure of fish diversity. Data on individual length of
all perch were also extracted, from the combined catch in benthic
and pelagic gillnets. Individual mass (g) was generally not measured.
Exceptions were 64 lakes (including 33 time-series lakes) where sub-
samples (ca 70 perch) were weighed and samples were taken for age
determination, using sagittal otoliths and operculum bones, and for
back-calculation of length after completed growth seasons accord-
ing to Holmgren and Appelberg (2001).

2.2 | Perch size metrics

For each lake and vyear, six different metrics were calculated to
represent different aspects of perch size structure (no. 14-19 in
Table 1). The average size of perch was expressed as mean geometric
length (mm), hereafter mean length. As an arbitrary size limit of very
large individuals, we chose 350mm to roughly represent perch
larger than 500g. This was based on a length-weight relationship
[weight (g)=2.975x 10 °x length (mm)>238], based on 24,803 aged
perch in the database. For each fish sample, perch was recorded as
present or absent, and it was used for calculation of % of samples
with very large perch within each year and region. The remaining

four metrics were % of perch individuals within the following size
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groups: <100mm, 100-199 mm, 2200 mm and 2350 mm (a subset of
>200mm).

Two additional growth-related metrics were calculated for 33 of
the time-series lakes with regular ageing of ca 70 perch per year of
sampling; back-calculated length after the first and the fifth com-
pleted growth seasons. Here, we selected individuals with estimated
ages between 1 and 6 (caught in the middle of their second to sev-
enth growth seasons), to avoid older individuals with potentially less
accurate age. All selected individuals allowed estimation of length at
age1(L

but back-calculated length at age 5 (Lages) was only used

,and L

agel)’

for perch caught at age 5 or 6. Mean values of L 5 were

age age

taken for each lake and year of birth.

2.3 | Dataanalysis

Temporal trends on perch size metrics were tested by using two
datasets, differing in geographical coverage and analysis approach.
Firstly, a large dataset (4714 samples in 2121 lakes during 1996-
2021) was used to test for general trends over time. With fairly high
numbers of lakes within each year and region (94-198 in the south
and 19-61 in the north), we assumed that within-region estimates
of annual mean values were approximately normally distributed.
Secondly, a smaller time-series dataset (40 lakes sampled in 10-
26vyears during 1996-2021) had only one estimate per size metric
and year, and we made no assumption on their error distributions.

For the large dataset, we ran linear regression analyses to test
for temporal trends within regions (south or north), in seven perch
metrics (no. 12-14 and 16-19 in Table 1) and eight other lake- or
sampling-specific descriptors (no. 3-7 and 9-11 in Table 1) that
might potentially confound conclusions on observed trends for
perch. Each of the metrics (one at a time) was used as dependent
and year as independent variable. Most of the dependent variables
were transformed (see footnotes in Table 2 and Table A1) before
analysis, in order to normalise residuals of the regressions. Logistic
regression was used for the binomial metric occurrence of perch
>350mm. Raw p-values were Bonferroni-adjusted, that is multiplied
with the number of metrics compared within each region. Adjusted
p-values <.05 were interpreted as significant trends. The estimated
annual means and their 95% confidence limits were also visually ex-
plored in graphs.

For time-series lakes, all available years sampled with Nordic gill-
nets were included in tests for temporal trends, including lakes sam-
pled in 10-28years during 1994-2021. Back-calculation of Lagel and
L
seasons before the first sampled year, and no estimates for the last

ages’ by definition revealed some estimates for completed growth
years with aged subsamples. For harmonisation with other time se-

ries, we used only mean values of estimated Lagel and L for years

age5
1994 and later. Trends for metrics of perch size and fish density
were analysed lake-by-lake. The non-parametric Kendall's correla-
tion test was used to test for monotonic trends over time. Results

were summarised by numbers of positive, negative and insignificant
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TABLE 2 Average trends in perch size metrics during 1996-2021, in most cases after transformation of values according to the footnote.

Perch size metric Region Regression (a+b‘year) Pt Raw p-value Adj. p-value
Mean length (mm)? North 2.130+0.0016%ear 11.61 <.001 .0054
South 2.074-0.00022%ear 37.27 <.001 <.001
Occurrence of 2350 mm” North -0.70+0.061%ear 40.44 <.001 <.001
South -0.16+0.032%ear 47.49 <.001 <.001
% Individuals <100 mm? North 1.11—0.0012dyear 0.24 .623 1.000
South 1.35+0.0048%ear 24.3 <.001 <.001
% Individuals 100-199 mm North 64.23—0.53dyear 25.45 <.001 <.001
South 58.45—0.26dyear 26.85 <.001 <.001
% Individuals 2200 mm? North 1.005+0.013dyear 43.79 <.001 <.001
South 0.895-0.003%ear 9.8 .002 .014
% Individuals 2350 mm® North 0.29+0.0208%ear 58.42 <.001 <.001
South 0.46+0.0081%ear 42.31 <.001 <.001

Note: Year 1996 was set to year O in the regression analyses. The estimated intercept (a), or its back-transformed value, then represents the estimated
metric year 1996, and the slope (b) estimates the annual rate of change. F-values of the ANOVAs are given along with raw and adjusted p-values
(Bonferroni, m=6 comparisons per region). Significant tests are marked in bold.

?Log-transformed before analysis.

PLogistic regression was used and the value in column ‘F1:df res’ shows Wald chi-squared value.

“Transformed by fourth root before analysis.

9969 Residual degrees of freedom in the north and 3741 in the south, respectively.

trends (significance when p <.05). Any predominance of negative or
positive trends was evaluated by testing the null hypothesis that the
median value of Kendall's tau (N=40 lakes) was equal to 0, by using
one-sample Wilcoxon rank sign test and Bonferroni adjustment for
number of tested metrics.

Data selection, graphs and analyses were performed using IBM®
SPPS® Statistics (version 27, release 27.0.1.0), except for regression

models and transformations, which were run in SAS 9.4 TS level 1 Mé.

3 | RESULTS

3.1 | Large data set—based on 2121 lakes

Each of six perch size metric appeared to increase or decrease signifi-
cantly over time in the large data set (Table 2), except for the proportion
of the smallest perch in the northern region. Mean length of perch was
generally larger in the northern than in the southern region (Figure 3a),
and there was an increasing trend over time in the north but a decreas-
ing trend in the south. The proportion of small perch (<100mm) was
higher in the southern region (Figure 3b). The annual mean values in-
creased in the southern region, but there was no trend over time in the
northern region. The occurrence of very large perch (2350 mm) was on
average lower in northern than in southern lakes in the earlier years
(Figure 3c). The average occurrence of very large perch increased in
both regions. During the first half of the study period, the average oc-
currence of very large perch was always below 60% in both regions,
and most often less than 40% in the northern regions. In contrast, at
least one very large perch was caught in more than 60% of the lakes
sampled in both regions in the most recent years. The overall average

proportion of large individuals was only 1.1% in the southern and 1.5%
in the northern region (Table 1), but the proportion of large individuals
increased over time in both regions (Figure 3d), although less clearly in
the south. Intermediate-sized perch (100-190mm) on average made
up more than 50% of the perch catch (Table 1), with significantly de-
ceasing trends in both regions (Table 2). Larger perch (2200 mm) gener-
ally contributed more to the catch in the north than in the south, and
this size group increased in the north while it more slowly decreased
in the south.

There were also some apparent trends in other lake character-
istics (Table A1). Compared with the perch size metrics, there were
relatively fewer trends in lake elevation, area, maximum depth and
mean air temperature. However, significant slopes in regressions for
air temperature in the north, and for lake area in the south, indi-
cated some artificial differences between years, depending on how
lakes were selected for fish sampling. In addition, there was a weak
positive trend in observed species richness in the southern region,
and positive trends in perch numerical densities in both regions, and
for perch biomass in the north. Numerical density of all fish also
increased in both regions, while no trends appeared for total fish
biomass. Just as for the perch size metrics, the trends in the other bi-
ological metrics might reflect real trends in average values over time,
which in this study approach cannot be disentangled from possible
effects of not sampling the same set of lakes in all years.

3.2 | Time-series data—based on 40 lakes

Most of the lakes with time-series data were situated in the south-
ern region (32 lakes) and only eight in the northern region (Figure 1).
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FIGURE 3 Annual mean values+95% confidence intervals of perch size metrics within the southern (yellow) and northern (blue) regions;
(a) mean length (mm); (b) % individuals <100 mm; (c) % of lakes with at least one individual 2350 mm; and (d) % individuals >350mm.

TABLE 3 Number of trends over time for five perch size metrics and four fish density metrics (Kendall's tau, significance when p <.05),
within 40 time-series lakes (32 in southern and eight in northern regions, 10-28 years per lake).

Perch size or density

metric Negative Positive

Mean length of perch 10 (10; 0) 4 (4;0)

% Individual perch 2(1;1) 7 (5; 2)
<100mm

% Individual perch 3(3;0) 1(1;0)
100-199 mm

% Individual perch 11 (9; 2) 6(5;1)
>2200mm

% Individual perch 1(1;0) 10(8; 2)
2350mm

Npue-Perch 2(1;1) 7(6;1)

Bpue-Perch 5(3;2) 8(8;0)

Npue-Total 6(5;1) 4(4;0)

Bpue-Total 9(8;1) 6(5;1)

Adjusted

Insignificant Median tau Raw p-value p-value
26 (19; 8) -0.123 .048 432

31 (26; 5) 0.149 .003 .027
36(28;8) -0.056 .085 765
23(17; 6) -0.124 .098 .882
29 (23; 6) 0.123 <.001 <.001
31 (25; 6) 0.153 .001 .009
27 (21; 6) 0.053 .285 1.000
30(23;7) 0.062 455 1.000
25(19; 6) 0.004 732 1.000

Note: Figures within brackets are lakes in the southern and northern regions, respectively. Median tau, raw and adjusted p-values (Bonferroni, m=9
comparisons) are given for tests of H,: median trend=0 (one-sample Wilcoxon signed rank test, N=40 lakes).

Significant p-values are highlighted in bold.

Both negative and positive trends were found in at least one lake
each, for each of five perch size metrics and four fish density metrics
(Table 3, Figure 4), although no significant monotonic trends were
found in most of the lakes. There were more negative than positive
trends for mean length of perch, and all significant trends occurred

in lakes in the southern region. In contrast, positive trends more fre-
quently occurred for the relative contributions of both the smallest
(<100 mm) and the largest (2350 mm) perch, and the positive trends
were found in lakes in both regions. Positive trends were also more
frequent than negative trends for the numerical density (Npue) of
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FIGURE 4 Distributions of the test statistic tau in trend tests within 40 times-series lakes (N=10-28years per lake, median 22),

for perch size metrics; (a) mean length, (b) % individuals < 100 mm, (c) % individuals 100-199 mm, (d) % individuals 2 200mm and (e) %
individuals > 350 mm, and for density metrics; (f) Npue of perch, (g) Bpue of perch, (h) total Npue and (i) total Bpue. The red vertical line
separates negative and positive values. Tau is significant («=.05) at values above |.265-.551|, depending on N.

perch, but median trends were not significantly different from zero
for perch biomass (Bpue), or for number or biomass of the total fish
catch.

Age and back-calculated length at previous ages were available
for perch in 25 of the time-series lakes in the southern region and
for all of the eight lakes in the northern region. Mean length at age 1
(L,4e1) tended to increase over time in most of the lakes, with a signif-
icantincrease within 12 lakes and only one lake of the northern lakes
had a decreasing trend (Figure 5a, Table 4). In contrast, there was no

general trend in mean length at age 5 (Lages, Figure 5b). Most lakes
had insignificant trends, but some positive and some negative trends

appeared in lakes of both the southern and the northern regions.

4 | DISCUSSION

Our primary focus was on revealing any general or predominating
temporal trends in the size structure of perch, by using a unique
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FIGURE 5 Distributions of the test
statistic tau in trend tests within 33
times-series lakes, for (a) mean length at
age 1 (N=13-28years per lake, median
27) and (b) mean length at age 5 (N=8-
28years, median 23). The red vertical line
separates negative and positive values.
Tau is significant (¢=.05) at values above
|.265-.643|, depending on N.
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TABLE 4 Number of trends over time in back-calculated length of perch at ages 1 and 5 (Kendall's tau, significance when p <.05), within
33 time-series lakes (25 in southern and 8 in northern regions, 8-28 years per lake).

Perch length metric Negative Positive
Mean length at age 1 1(0;1) 12 (10; 2)
Mean length at age 5 7(3; 4) 6(4;2)

Adjusted
Insignificant Median tau Raw p-value p-value
20(15;5) 0.232 <.001 <.001
20(18; 2) -0.020 454 .908

Note: Figures within brackets are lakes in the southern and northern regions, respectively. Median tau, raw and adjusted p-values (Bonferroni, m=2
comparisons) are given for tests of H,: median trend=0 (one-sample Wilcoxon signed rank test).

Significant p-values are highlighted in bold.

large dataset of many Swedish lakes sampled one or more times
during a period of 26years. With a subset of far fewer time-series
lakes, we found that some of the general trends in the large data set
were also prevailing within lakes sampled in at least 10years. One
main result was that the expected decrease in mean length of perch
and increase in the numerical proportion of small perch (<100 mm)
were observed in the southern, but not in the northern region. The
most general overall trend was an increasing occurrence and propor-
tion of the largest-sized perch (2<350mm) in both regions in the large
dataset. The average trends in the southern region of the large data-
set also appeared as predominant trends within time-series lakes,
although opposite trends were observed within some lakes in each
region. This study also revealed that perch size at age 1 generally
increased within lakes over time, while more variable trends were
found for size at age 5.

The ongoing global warming has already increased water tem-
peratures and other thermal characteristics in European lakes (e.g.
Arvola et al., 2009). Our data from some of the Swedish perch lakes
confirm increasing water temperature as a general trend, although
with large between-year variation compared with the average trend
during 1994-2021 (Figure A2). The general idea that global warm-
ing benefits the small species and individuals in aquatic ecosystems
was previously supported by a meta-analysis of time series of fish
in French rivers, in the North Sea and in the Baltic Sea (Daufresne
et al., 2009). Such observations inspired several studies using fish
sampling with standardised methods and large-scale temperature
derived from gridded maps of sea surface temperature for marine
fish (e.g. Audzijonyte et al., 2020) or air temperature for freshwater
fish (e.g. Arranz et al., 2016; Emmrich et al., 2014). The marine study
relied on standard diving surveys with reef fish size observations at

large scales for both space and time. They found that 55% of the
species were smaller in warmer water, while the rest were larger,
and that the temperature response through space was generally
consistent with the temperature response with time at any given
site (Audzijonyte et al., 2020). To our knowledge, there is so far no
similar study for freshwater fish in lakes. Sampling of lake fish with
multimesh Nordic gillnets has been a European standard method
since 2005. The standard has been used in many European lakes,
and data were collated in a joint database for development of fish-
based assessment methods (Argillier et al., 2013). This dataset was
used in several research studies using a space-for-time approach
(see e.g. Mehner et al., 2017), because most lakes were sampled
only once and most of them within a relatively short period of about
10years. Our present study on perch size in Swedish lakes fills some
of the previous gap, by covering a fairly large geographical varia-
tion (Figure 1, Table 1) and many different lakes sampled in any year
during a period of 26 years.

Here, we focused entirely on temporal changes in perch size, in
order to search for general trends in as many Swedish lakes as pos-
sible, independent of what environmental changes (except for the
general climate change) were actually occurring over time in spe-
cific lakes. We know that many lakes were sampled for physical and
chemical parameters, but in most cases not consistently measured
and at the same frequency through space and time. Many of the
perch lakes have been treated with limestone to mitigate negative
effects of acidification (Holmgren et al., 2016), but liming status
was not known for all lakes in the present study. Concentrations of
sulphate have decreased as response to decreasing airborne acid-
ification, along with increasing trends in pH and total organic car-
bon (Futter et al., 2014). The previous brownification of Swedish
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lakes has possibly levelled off in recent years, as recently reported
for running waters (Eklof et al., 2021). Total phosphorous has gen-
erally decreased, and relatively more in already nutrient-poor eco-
systems (Huser et al., 2018). Just a few of the present perch lakes
were previously severely affected by eutrophication, with some of
them biomanipulated as one of the tools to mitigate nuisance algal
blooms (Bernes et al., 2015). Introduction and range expansion of
exotic and translocated species is an increasing problem in many
European lakes and reservoirs, although fish species non-native to
Sweden are rarely occurring in Swedish lakes (Trochine et al., 2018).
Translocation of native species to new lakes is more often reported
in northern Europe (Tammi et al., 2003), but most translocations
occurred many decades before the first year of fish sampling in
the present study. Most of the lakes may be used for recreational
fishing to some extent, in most cases by private fishing rights own-
ers. They have no obligation to document and report their catches,
and it was hard to get quantitative information on catches, even for
the most intensively studied time-series lakes (Holmgren, 2003).
However, most Swedish lakes do not achieve good chemical status
(EEA, 2018), mainly because mercury concentrations exceed criti-
cal thresholds. This fact might have reduced the public interest for
fishing of perch for human consumption in most of the lakes in the
present study.

Based on the large dataset, the mean length of perch decreased
over time in the southern region, and also in many of the time-series
lakes, as expected in a warming climate. A previous space-for-time
analysis of European lakes found a negative correlation between
mean length of perch and air temperature, and an even stronger neg-
ative effect of perch density on the mean size (Arranz et al., 2016). In
this study, we found increasing abundance of perch in both datasets,
and of all fishes in the large dataset, indicating that increased com-
petition might contribute to the decreasing size. A lower mean size
of perch and a higher total fish abundance might also indicate more
eutrophic conditions, for example when using a Swedish-Norwegian
fish index for assessing ecological status (Holmgren et al., 2018). This
seems to be a less probable explanation for the presently observed
trends over time, as oligotrophication is more generally occurring in
Swedish lakes (Huser et al., 2018). Our results also revealed higher
proportions of small perch (<100mm) over time in the southern
region, indicating a higher recruitment or higher survival of young-
of-the-year fish possibly resulting from less predation from larger
predatory fish, including cannibalistic perch (Persson et al., 2000).
The predominance of increasing perch size at age 1 indicated im-
proved growth conditions for young perch, perhaps related to lon-
ger periods with near optimum temperature for growth. Increasing
trends in perch size at age 1 were already indicated in shorter time
series for a subset of the present lakes (Jeppesen et al., 2012), where
the size at age 1 was positively correlated with the mean surface
water temperature from May to September.

Perch lakes in the northern region displayed a somewhat un-
expected increasing trend in mean length of perch (opposite to

the southern region), and there was no significant change in the

proportion of small perch (<100mm) in the large data set. Instead,
there was a high variation between adjacent years in the average
proportion of small perch in the north. Such a pattern might appear
if strong year classes occur due to synchronised occurrence of more
favourable weather conditions, especially in the northern region.
We have previously found higher between-year variation in recruit-
ment of perch in the northern compared with the southern region,
in some of the present time-series lakes (Appelberg et al., 2020;
Holmgren, 2007). The proportion of intermediate-sized perch (100-
199 mm) decreased in both regions, while the proportion of larger
sizes (2200mm) increased in the northern and decreased in the
southern regions. In combination with increasing perch density over
time, in both numbers and biomass, the changed size structure in
northern lakes might indicate improved conditions for survival to
higher age and more individuals growing to larger size. The causes
and consequences of winter mortality differ between fish species,
size classes and local environmental conditions in complex ways
(Hurst, 2007). Differences in winter mortality might contribute to
the diversity of observed trends in perch size metrics within time-
series lakes in both regions. Searching for lake-specific reasons is,
however, out of the scope of the present study. In winter times lakes
in northern Sweden are covered by ice and snow for considerably
longer periods than in the southern region (Hallerback et al., 2022),
but ice break-up date has become earlier during the time period of
the present study. Shorter periods in dark and cold water will prob-
ably favour all sizes of cool water species like perch, but the small-
est individuals suffer more from winter starvation than larger fish
(Heermann et al., 2009).

The most novel result of the present study was the increasing
occurrence and proportion of very large perch (2350mm) over
time in both regions. Larger perch is highly evaluated by anglers
(e.g. Lott & Sundvall, 2010), but they are usually not used as in-
dicators in assessment of ecological status in lakes (Ritterbusch
etal., 2022). According to the Water Framework directive (European
Commission, 2000), an acceptable high or good status is achieved
when age structure of the fish community is not indicating failure in
reproduction of particular species. Assessment is therefore based
on age or size metrics related to occurrence or abundance of small
fish. Larger perch are, however, used as an indicator in coastal fish
assessment (Bergstrom et al., 2016), because of their high value in
recreational and commercial fisheries. In that case, larger perch is
defined as those above 250mm, that is below, our present defi-
nition of very large perch. It is very challenging to estimate abun-
dance or relative proportion of the largest fish, simply because they
occur in much lower numbers than smaller fish. The largest fish in
the lakes may also not be efficiently caught in the standard gillnets
(Smejkal et al., 2015), but this issue is probably not relevant when
perch is the targeted species. In the present study, one or more very
large perch were caught in 55% of the 2121 lakes sampled at least
once during 1996-2021, and their numbers were on average 1.2%
of the total catch of perch. It is in practice not possible to detect

within-lake changes in the largest perch from 1year to another, or

85Us017 SUOWWID 8AIIEa1D 3|qedtjdde ays Aq peusencb a1e 9ol VO ‘88N JO S9INI 10} A%Iq1T 8UIIUQ AB]IM UO (SUONIPUOD-PUR-SUB)LID A3 1M ARIq 1 BU1|UO//ST1Y) SUOIIPUOD PUe SWLB | 811 88S *[£202/0T/2T] Uo ARiqiT8uljuo (1M 'seousios eininonby JO AISIBAIUN USIPeMS AQ 6T22T" HB/TTTT'OT/I0p/L00™ A8 imAiqijeuljuo//:sdiy wolj pepeojumod ‘v ‘€202 ‘€£90009T



KERSTIN and PETERSSON

to find significant differences between specific lakes. The detection
of positive trends of very large perch in the present study was only
possible because many lakes were sampled in each of 26years in a
standardised way, with no serious change over time in the type of
lakes sampled. The positive trend was further supported by more
positive than negative trends in a reasonably high number of time-
series lakes. There is unfortunately a large knowledge gap on trends
over time in recreational fishing for very large perch. We might cur-
rently just hypothesize that the habit of catch-and-release of trophy
fish has increased in many of the Swedish lakes, as in other parts of
the world (Sass & Shaw, 2020).

The overall pattern of decreasing mean length along with in-
creasing number of fish might indicate increased intra- and interspe-
cific competition over time, as suggested by Arranz et al. (2016). The
growth of one or more life stages will decrease with increasing fish
density, unless there is also a sufficiently increased food production
during longer growth seasons in a warming climate. We had no data
on potential prey for all life stages of perch in our study lakes. In
contrast to space-for-time studies (e.g. Arranz et al., 2016; Van Dorst
et al., 2019), we could not even include temperature, water colour,
acidity or nutrients measured at relevant scales on a lake and year
basis in our data sets. The predominance of increasing size at age 1,
but no general trend in size at age 5, in the time-series lakes, is pos-
sibly indicating a greater influence of warming than of browning (van
Dorst et al., 2019). Increasingly browner water was the most plau-
sible explanation for decreasing growth of 1- and 2-year-old perch
during a 20-year period in a Finnish lake (Rask et al., 2014). Many
Swedish lakes and streams became browner when acidity decreased
in the first part of the present time series (Futter et al., 2014), but
both of these trends seemed to diminish in more recent years (Ekl6f
et al., 2021). Our study will hopefully stimulate more research based
on our long time series of fish monitoring. We would specifically rec-
ommend more directed studies on explanations for the increased

occurrence of very large perch in Swedish lakes.
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APPENDIX 1

TABLE A1 Average trends in factors potentially influencing observed trends in perch size metrics during 1996-2021 (see Table 1), after
transformation of values according to the footnote. Year 1996 was set to year O in the regression analyses. The back-transformed intercept
(a) in each linear regression then represents the estimated descriptor in year 1996, and the slope (b) estimates the annual rate of change.
F-values of the ANOVAs are given along with raw and adjusted p-values (Bonferroni, m=9 comparisons per region). Significant tests are
marked in bold. Descriptors in italics are fixed values per lake, and any apparent trend therefore indicates a bias over time in the annual
selection of sampled lakes.

Lake descriptor Region Regression (a+ bdyear) Fig¢ res_d Raw p-value Adj. p-value
Elevation (m)? North 16.26-0.054%ear 5.95 .015 134
South 11.32-0.015%ear 3.51 .061 .550
Lake area (ha)° North 3.051-0.004%ear 0.58 448 1.000
South 2.75+0.014%ear 25.15 <.001 <.001
Maximum depth (m)° North 1.15-0.0023%ear 3.36 .067 .604
South 1.03-0.00079%ear 1.31 .253 1.000
Mean air temperature (°C)© North 11.29-0.119%ear 12.05 <.001 .005
South 40.60+0.0027%ear 0.02 .880 1.000
Npue-Total (N per gillnet and night)® North 1.24+0.0066%ear 18.49 <.001 <.001
South 1.42+0.0028%ear 10.81 .001 .009
Bpue-Total (g per gillnet and night)® North 2.91+0.011%ear 57.12 <.001 <.001
South 3.00+0.0033%ear 20.03 <.001 <.001
N fish species® North 0.694-0.00083%ear 1.05 .305 1.000
South 0.708+0.0017%ear 16.14 <.001 <.001
Npue-Perch (N per gillnet and night)® North 1.06+0.0052%ear 12.2 <.001 .004
South 1.14+0.0030%ear 14.07 <.001 .002
Bpue-Perch (g per gillnet and night)® North 2.62+0.015%ear 66.48 <.001 <.001
South 2.64+0.0016%ear 3.77 .052 470

aSquare-root-transformed before analysis.

bLog-transformed before analysis.

‘Square-transformed after conversion to Kelvin.

4969 degrees of freedom in the north and 3741 in the south, except for maximum depth (961 in the north and 3732 in the south).

TABLE A2 Geographical position and characteristics of 14 time-series lakes, with estimated mean water temperature at 1-1.5m depth
during May-September (WT May-Sep) in all or most years during 1994-2021.

Area Max. depth WT May-Sep
Lake Region Latitude Longitude Elevation (m) (ha) (m) (°C) Nyears
Jutsajaure North 67.05897 19.94362 422 112 9 11.60 25
Remmarsjon North 63.86204 18.27264 234 131 14 13.76 26
Kallsjon North 61.63310 16.73538 232 24 17 14.82 27
Tryssjon North 60.44061 15.08802 344 30 20 14.97 25
Stensjon North 61.64275 16.57529 268 59 9 15.48 28
Ovre Skirsjén South 59.83709 15.55028 219 169 32 15.93 28
Stengardshultasjon South 57.55778 13.80204 224 489 27 16.34 27
Fiolen South 57.09199 14.52957 226 156 10 17.24 26
Fracksjon South 58.14815 12.18118 56 28 15 17.45 28
Stora Envattern South 59.11495 17.3535 62 38 11 17.50 26
Brunnsjon South 56.59719 15.72807 98 10 13 17.61 28
Allgjutten South 57.94794 16.09632 126 17 38 17.69 26
Stora Skarsjon South 56.67118 13.06582 60 32 12 18.06 26

Note: The lakes are sorted from lowest to highest mean values of WT May-Sep throughout all covered years (Nyears). The time series of WT May-
Sep are shown in Figure A2.
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FIGURE A1 Factors potentially influencing observed trends in perch size metrics, within regions (north and south) and groups of lakes
sampled in less than 10years (Non-TS) and time-series lakes (TS-lakes). Selected factors are longitude, elevation, lake area, maximum depth,
annual mean air temperature and number of observed fish species. The full range of values within-lake groups is shown as (1) boxplots (left)
with boxes representing interquartile range and median value as thick horizontal line and (2) error bars with mean value + 95% confidence

interval.

FIGURE A2 Time series of mean water
temperature at 1-1.5m depth during
May-September, in 14 of the time-series
lakes (see lake description in Table A2).
The overall mean trend is indicated by the
thick (loess fit) line.
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