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SUMMARY

1. Changes in cladoceran subfossils in the surface sediments of 54 shallow lakes were
studied along a European latitude gradient (36-68°N). Multivariate methods, such as
regression trees and ordination, were applied to explore the relationships between
cladoceran taxa distribution and contemporary environmental variables, with special focus
on the impact of climate.

2. Multivariate regression tree analysis showed distinct differences in cladoceran
community structure and lake characteristics along the latitude gradient, identifying three
groups: (i) northern lakes characterised by low annual mean temperature, conductivity,
nutrient concentrations and fish abundance, (ii) southern, macrophyte rich, warm water
lakes with high conductivity and high fish abundance and (iii) Mid-European lakes at
intermediate latitudes with intermediate conductivities, trophic state and temperatures.
3. Large-sized, pelagic species dominated a group of seven northern lakes with low
conductivity, where acid-tolerant species were also occasionally abundant. Small-sized,
benthic-associated species dominated a group of five warm water lakes with high
conductivity. Cladoceran communities generally showed low species-specific preferences
for habitat and environmental conditions in the Mid-European group of lakes. Taxon
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richness was low in the southern-most, high-conductivity lakes as well as in the two
northern-most sub-arctic lakes.

4. The proportion of cladoceran resting eggs relative to body shields was high in the
northern lakes, and linearly (negatively) related to both temperature and Chl 4, indicating
that both cold climate (short growing season) and low food availability induce high
ephippia production.

5. Latitude and, implicitly, temperature were strongly correlated with conductivity and
nutrient concentrations, highlighting the difficulties of disentangling a direct climate signal
from indirect effects of climate, such as changes in fish community structure and human-
related impacts, when a latitude gradient is used as a climate proxy. Future studies should
focus on the interrelationships between latitude and gradients in nutrient concentration

and conductivity.

Keywords: canonical correspondence analysis, ephippia, multivariate regression analysis, species

richness, zooplankton structure

Introduction

In recent years, the impact of climate on ecosystems
has received increasing attention due to the relatively
rapid increase in global warming (IPCC, 2007). Many
freshwater bodies are used for drinking water supply
and irrigation, and in the future the demand for water
resources is expected to increase, resulting in the risk
of eutrophication, salinisation and loss of species in
freshwater ecosystems (IPCC, 2007). Better knowledge
of the complex effects of global warming on freshwa-
ter ecosystems is therefore urgently needed.

Lake sediments contain a natural archive of remains
of various organisms and therefore offer an excellent
potential for studying the impact of climate on lake
ecosystems (Battarbee, 2000). In addition, this archive
serves as an accurate and cost-effective tool for the
assessment of species richness and community struc-
ture, integrating spatial and temporal community
heterogeneity (Jeppesen ef al., 2003; Brendonck & De
Meester, 2003; Vandekerkhove et al., 2005a,b). Cladoc-
eran subfossils have been used in a number of studies
to assess anthropogenic impacts on lake ecosystems,
including climate-driven effects (Amsinck, Jeppesen
& Verschuren, 2007). For example, temperature trans-
fer functions have been developed using cladoceran
subfossils (Lotter et al., 1997; Korhola, 1999; Duigan &
Birks, 2000) as a direct palaeo-temperature indicator.
Likewise, the ephippia to carapace ratio of Bosmina
(Jeppesen et al., 2003) and chydorids (Sarmaja-
Korjonen, 2004) may be a useful indicator of lake
temperature.

Climate affects salinity and changes in salinity can
be tracked directly by zooplankton using salinity
transfer functions (e.g. Bos, Cumming & Smol, 1999).
Consequently, the cascading effects of changed salin-
ity on lake ecosystems can be traced through changes
in the cladoceran species composition and community
structure (Verschuren et al., 2000; Amsinck, Jeppesen
& Ryves, 2003). Increasing temperature is also likely
to influence the primary production of the lakes as
well as the top-down control of fish (Jeppesen et al.,
2005, 2007; Smol et al., 2005). Changes in lake produc-
tion and trophic state also lead to changes in cladoc-
eran community composition and in the accumulation
of cladoceran subfossils (Korhola et al., 2002, Manca
et al., 2007). The expected changes in fish predation
pressure (Gyllstrom et al., 2005; Jeppesen et al., 2007)
can be traced through cladoceran-based transfer
functions of fish abundance (Jeppesen, Madsen &
Jensen, 1996; Amsinck, Jeppesen & Landkildehus,
2005), as well as by the size (dorsal length) of Daphnia
ephippia (Verschuren & Marnell, 1997; Jeppesen et al.,
2002) and the contribution of Daphnia ephippia to the
total sum of Daphnia and Bosmina ephippia (Leavitt
et al., 1994; Jeppesen et al., 2003).

Here we analysed cladoceran subfossils from sur-
ficial sediments of 54 intensively studied shallow
European lakes covering a wide range in latitude (36—
68°N), and thus including broad gradients in climate
(15 °C difference in mean monthly temperature of the
warmest month) and nutrient concentration (e.g. total
phosphorous: 6-470 pg L™"). Our overall aim was to
identify the key environmental factors, primarily
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climate factors, structuring the cladoceran community
composition, taxon richness, resting egg (ephippia)
production and body size structure along the north-
south transect. We expected cladoceran community
structure to be dominated by few smaller, predation-
resistant taxa due to increasing plankti-benthivorous
fish predation with increasing temperature (Dumont,
1994; Fernando, 1994; Gyllstrom et al., 2005). The
number of salinity resistant taxa was expected to
increase and taxon richness to decrease with increased
conductivity, especially in the southern-most lakes
(Beklioglu et al., 2007; Declerck et al., 2005; Van-
dekerkhove et al., 2005a). Finally, the ephippia to
body shield ratio was hypothesised to decline with
decreasing latitude due to a longer growing season
and thus a limited need for producing overwintering
resting stages (Jeppesen et al., 2003).

Methods
Study sites

The study was based on a subset of shallow inland
lakes included in various EU projects: ECOFRAME
(44 European lakes), BIOMAN (six south Spanish
lakes) and the EUROLIMPACS (four Greek lakes), for

which information on relevant environmental vari-
ables was also available. Lake surface sediment
samples were taken and environmental variables
measured in 2000 (ECOFRAME: one sediment sample
taken in 2003), 2000 or 2001 (BIOMAN) and 2005
(EUROLIMPACS). The 54 study lakes were located in
11 ecoregions in nine European countries (Fig. 1):
Sweden (northern SN, southern SS), Finland (FIN),
Estonia (EST), Poland (PL), Denmark (DK), United
Kingdom (UK), Germany (D), Greece (G) and Spain
(northern EN, southern ES). The lakes covered broad
north-south and east-west gradients across Europe,
with latitudes ranging from 36°N to 68°N and longi-
tudes from 7°W to 27°E (Fig. 1). Mean annual air
temperatures ranged from -3 to 16 °C (Table 1). In
each ecoregion four to six lakes were selected to cover
a eutrophication gradient (see Moss et al., 2003 and
Table 1).

Sampling and laboratory procedure

Surface sediment samples (top 0-3 cm, representing
the last c. 2-10 years) were taken from the deepest
part of the lake using a Kajak sediment corer.
Approximately 5 g (wet weight) of homogenised
surface lake sediment was heated in 50 mL of 10%

10W 5W 0 5E 10E 15E 20E 25E 30E
1 1 1 1 1 1 1 1 1
O ECOFRAME lake
Ze i man-
70N @ BIOMAN lake ; = 70N
* EUROLIMPACS lake
65N - - . 65N
= I 4
60N "' o - 60N
55N - ﬁ::. JK. - 55N
N ‘ . N
50 D 50
fi
45N r g 45N
40N - = . = 40N
Fig. 1 Geographical location of the 54 X a
European study lakes. Capital letters - S
denote country, suffix S = southern, 35N - a 35N
N = northern. Numbers of study lakes are ! ! ! !
given in brackets. 10W 5W 0 5E 10E 15E 20E 25E 30E
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Table 1 Summary statistics of environmental variables from the 54 European study lakes

25% 75%

Parameter Mean Median  percentile  percentile =~ Min Max N Transformation
Latitude (°N) 51 53 42 58 36 68 54  Logio x
Longitude (°E) 13 12 4 23 -6 27 54  Logio (x + 10)
Area (ha) 782 24 9 60 1 27000 54  Logio x
Mean depth (m) 1.92 1.60 1.20 2.50 0.47 6.00 54 Logiox
Total phosphorous (ug L) 107 71 32 141 6 470 54 Logio x
Total nitrogen (ug L™ 1936 1365 992 2690 239 7710 54 Logio x
Chla (pg L™ 47 24 8 58 1 331 54 Logio x
Secchi depth (m) 15 1.1 0.6 2.2 0.2 5.6 54  Logio x
Secchi‘imean depth 0.9 0.6 0.4 1.1 0.1 4.6 54 Logio x
Conductivity (uS cm™) 775 313 141 585 9 7229 54 Logio x
pH 8.0 8.1 7.7 8.4 5.1 9.5 54 -
PVI submerged plants (%) 15 5 1 14 0 87 44 Logio(x + 1)
Piscivorous fish (kg net™ night’l) 0.9 0.3 0 1.1 0 45 35 x5
Plankti-benthivorous fish 23 0.9 0.1 3.9 0 11.1 35 K0P

(kg net™! night’l)
Mean air temperature of the 18.8 17 16.5 21 12 26.4 54  «9°

warmest

month of the year (°C)
Mean annual temperature 8 8 6 10 -3 16 54 (x+10)°°

(1961-90) (°C)

KOH for 20 min and kept cold (4 °C) for maximum
two weeks until counting was performed. Identifica-
tion of cladoceran subfossils was undertaken by two
persons from the same lab (one trained by the other to
ensure comparable results) following Frey (1959),
Roen (1995), Flossner (2000) and Alonso (1996), using
binocular (100x, Leica MZ12) and inverted light (320x,
Leitz Labovert FS) microscopes. Subfossils retained on
a 140 pm mesh sieve were quantified for the entire
subsample. Subfossils retained on an 80 pm mesh
sieve were suspended in 100 mL de-ionised water and
subsampled, yielding a count percentage of 2.5-40%,
depending on subfossil density. Generally, the most
characteristic abundant part (carapace, head shield,
resting egg etc.) of each subfossil was counted and the
most abundant body parts found across all 54 lakes
were included in the analyses. Counts were adjusted
to represent individuals (e.g. number of carapace
halves?2, number of headshields/1).

Sampling of environmental variables (three phys-
ical and five chemical variables + macrophyte abun-
dance) followed a standardised protocol described in
detail by Moss et al. (2003) (ECOFRAME and EURO-
LIMPACS lakes) and Declerck et al. (2005) (BIOMAN
lakes). A further description of chlorophyll a (chl a)
and nutrient [total phosphorous (TP) and total
nitrogen (TN)] analyses can be found in Noges et al.

(2003). Water samples for chemical analyses were
taken once (EUROLIMPACS, BIOMAN) or twice
(ECOFRAME) from the centre of the lake during
summer with a depth-integrating tube sampler.
Water temperature and Secchi depth transparency
(20 cm disc) were recorded, and conductivity and pH
were measured on unfiltered water using electronic
field probes. Plant volume inhabited (Canfield et al.,
1984) by submerged macrophytes (PVIsub) was
measured in late summer by estimating macrophyte
coverage and height along transects from the lake
shore to the lake centre. A water glass was used to
estimate coverage. If visibility was low samples were
taken randomly along transects with a rake. At least
10% of the lake area was scanned for macrophytes.
Catch per unit effort (CPUE) of plankti-benthivorous
fish was obtained from average of gill net (14
different mesh sizes, 6.25-75 mm) catches overnight
in the littoral and pelagic zone (Moss et al., 2003;
Declerck et al., 2005). Data on annual mean air
temperature (Tann.mean) Were obtained directly from
meteorological records (1961-90) (New, Humble &
Jones, 2000), while mean air temperature of the
warmest month of the year (Tsymmer) Was calculated
according to Moss et al. (2003) or obtained from
the websites: http://www.inm.es and http://www.
hnms.gr.

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 2401-2417
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Pre-adjustment of data before analyses

Prior to the statistical analyses environmental data
were transformed (Table 1) to obtain the best approx-
imation to a normal distribution. For the ECOFRAME
data set, chemical variables consisted of the mean of
two measurements taken in July-August 2000. A
combined variable, SecDep, was created by dividing
Secchi depth with mean depth and used as a surro-
gate for the light exposure to the sediment and thus
benthic production and the potential importance of
benthic cladocerans. Accordingly, mean depth and
Secchi depth were excluded as environmental vari-
ables. In ordinations, input species data were log-
transformed concentrations of subfossils (number of
subfossils’lg dw sediment). Accumulation rates to
adjust for site specific sediment accumulation were
not available. Therefore, concentrations of subfossils
were converted into relative percentage abundance
and arcsin transformed to stabilise variance (Legendre
& Legendre, 1998) in multivariate regression tree
analysis (MRT).

Rarefied taxon richness (Legendre & Legendre,
1998) (hereafter referred to as standardised taxon
richness, STR) and taxon diversity estimated by Hill’s
N2 (Hill, 1973) were related to climate surrogate
variables, such as Tsymmer and latitude. The propor-
tion of sexual reproduction versus parthenogenetical
reproduction was estimated for Bosmina and Chydo-
ridae as 100% times the sum of ephippia divided by
the sum of parthenogenetic carapaces plus ephippia
according to Jeppesen et al. (2003). The ephippia
percentages were logjp+1 transformed, and linear
regressions were performed with Tannmeans Tsummer
and chl g, the latter used as a surrogate for lake
productivity. Multiple regression including Tann mean,
Tsummer, chl a, latitude, plankti-benthivorous and
piscivorous fish biomass was performed to explore
alternative explanatory variables on a subset of lakes
with fish data available (n = 35). Significance level
(P < 0.05) was adjusted by Bonferroni correction.

Ordinations

Redundancy (collinearity) among the environmental
variables was explored by standardised principal
components analysis (PCA) of the environmental
variables shown in Table 1 (except for mean depth,
Secchi depth, PVIsub and fish data) and by variance

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 2401-2417

inflation factors (VIF) (ter Braak, 1995) for all lakes
and for a subset of lakes with PVIsub data. Unimodal
ordination was applied when the gradient length of
axis 1 in detrended canonical correspondence analysis
(DCCA, detrending by segments) exceeded 3.0 stan-
dard deviation (SD) units of turnover; otherwise,
linear ordinations were applied (ter Braak, 1995).
Pearson correlation between sample scores of corre-
spondence analysis (CA) and canonical correspon-
dence analysis (CCA) were used to indicate how well
the environmental variables accounted for among-
lake variation in cladoceran taxonomic composition
(Leps & émilauer, 2003). CCA with forward selection
and partial CCA (pCCA) were used to identify the
most important environmental variables. Likewise,
for a subset of lakes (n = 44), investigated for PVIsub,
DCCA, redundancy analyses (RDA, standardised)
and partial RDAs (pRDA) were performed. After
excluding the most distinct groups of lakes as
revealed by MRT analysis (see below), additional
ordinations (DCCA, standardised RDA) were con-
ducted for the remaining lakes. As rare species may
have an unduly large influence in ordinations (ter
Braak & émilauer, 2002), ordinations were also per-
formed on reduced data sets comprising taxa occur-
ring in more than four lakes. These results are not
presented as they did not deviate markedly from
those of the total taxa community. Also ordination
analyses performed on arcsine transformed percent-
age species input data, as used in the MRT analysis,
showed similar results as for the log-transformed
concentration data. P-values of Monte Carlo permu-
tation tests, with 999 random permutations, were
Bonferroni corrected (significance level: 5%). All
ordinations were performed in CANOCO version 4.5
(ter Braak & émilauer, 2002).

Multivariate regression trees

Multivariate regression tree analysis (Déath, 2002)
was performed using the environmental variables
given in Table 1 (mean depth and Secchi depth were
replaced by SecDep). MRT forms clusters of species
and sites modelled from species and environmental
relationships by repeated splitting of the data. Each
split minimises the dissimilarity (sum of squared
Euclidian distances, SSD) of the species and sites
within clusters (Déath & Fabricius, 2000). The overall
fit of a tree is given by the relative error (RE: SSD in
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clusters divided by SSD in unsplit data), whereas the
predictive accuracy is specified as cross validated
relative error (CVRE) (Breiman ef al., 1984; Déath,
2002). The model with the minimum cross-validated
error (after 1000 cross validations) was selected as the
final tree (Déath & Fabricius, 2000). Species charac-
teristics for a given cluster defined by the MRT
analysis were identified using INDVAL (indicator
species index) calculated as the product of the relative
abundance and frequency of occurrence of each taxon
within the cluster (Dufrene & Legendre, 1997). An
INDVAL value of 1 indicates that the species is only
abundant in one particular cluster, whereas a value of
zero indicates a wide distribution among clusters.
Significance of taxa association to the cluster was
tested by permutation with 500 random iterations.
Taxa with an indicator value >0.25 and with P < 0.01
were considered as indicator species according to
Dufrene & Legendre (1997). MRT was carried out in R
(The R Foundation for Statistical Computing Version
2.2.0) using the mvpart package (Multivariate Parti-
tioning) and INDVAL analyses were performed
applying the labdsv package (Dynamic Synthetic
Vegephenomenology).

Comparisons between MRT clusters

Differences between groups of lakes (separated by
MRT analysis) were tested with aANova (P < 0.05,
Tukey’s test of multiple comparisons to separate
groups, transformation according to Table 1) on vari-
ables identified by MRT and ordination as having a
significant influence on the species distribution. In
addition, ephippia abundance (log-transformed), tax-
on diversity (square-root transformed) and standar-
dised taxon richness (STR) were analysed for
between-MRT group differences by ANOvA. Addi-
tionally, cladocerans were divided into three major
habitat groups (pelagic, macrophyte-associated and
macrophytesediment-associated + sediment-associ-
ated taxa, for taxa association see Fig. 2) and three size
classes: large (=1 mm), medium (between 0.5-1 mm)
and small (<0.5 mm) according to Alonso (1996),
Flossner (2000) and Reen (1995). The relative distri-
bution of between-MRT groups was tested by ANOVA
on arcsin-transformed percentage data for pelagic
taxa and small and large-sized taxa. Welsch’s ANOVA
was used when Bartlett's test of equal variance
indicated heterogeneity (Sokal & Rohlf, 1981).

Chydorus spp.
Ceriodaphnia spp.
Alona rectangula/guttata
Alona affinis *
Acroperus spp. | ]
Bosmina longirostris= *
Alona quadrangularis *
Graptoleberis testudinaria | ]
Eurycercus lamellatus | ]
Sida crystallina | ]
Alonella nana | ]
Leydigia leydigi | i
Camptocercus spp._ ]
Daphnia spp. |

Pleuroxus uncinatus_| | *
Alonellaexcisa [ ]A
Chydorus piger A

Leydigia acanthocercoides [seietsieteteieteieteteleteteleld] *
Disparalona rostrata
Pseudochydorus globosus
Pleuroxus truncatus
Leptodora kindti

Monospilus dispar |

Pleuroxus trigonellus_

Alonella exigua
Pleuroxus aduncus |
Simocephalus spp. |

Bosmina coregoni_
Alona costata
Bosmina longispina
llyocryptus spp.
Anchistropus emarginatus
Alona rustica
Alonopsis elongata
Alona intermedia
Oxyurella tenuicaudis
Ctenodaphnia spp.
Dunhevedia crassa
Drepanothrix dentata
Moina spp.
Rhynchotalona falcata
Tretocephala ambigua
Alona azoica

Alona protzi
Bythotrephes
Disparalona leei
Disparalona spp.
Kurzia latissima
Macrothrix spp.
Ofryoxus gracilis
Pleuroxus laevis
Polyphemus pediculus
Alonella dadayi [
Ephemeroporus margalefi
Eubosmina sp.
Limnosida frontosa
Macrothrix laticornis
Pleuroxus denticulatus
Triops sp.

N Pelagic ll
A Macrophyte-associated [
Macrophyte/sediment-associated
Sediment-associated [

A No available habitat preference
4 * Eutrophic taxa *
Oligotrophic/acidophil taxa &

0 20 40 60 80 100
% lakes

Fig. 2 Frequencies of taxa observations in the 54 European
lakes. Taxa are divided into four different groups of preferred
habitat according to Flossner (2000) and Alonso (1996). Taxa
indicative of eutrophic waterbodies are marked with a star,
taxa indicative of oligotrophic/acidic waterbodies with a
triangle.
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Results
Relations between environmental variables

Several of the environmental variables were strongly
correlated with the first PCA axis, indicating collin-
earity. The first PCA axis explained 89% of the
variation in the environmental variables, compared to
7% by the second PCA axis. Only SecDep was
correlated with the second PCA axis. On a subset of
data allowing inclusion of abundance of submerged
macrophytes, PVIsub (1 = 44 lakes), a similar pattern
was observed; the first and second PCA axes
explained 88% and 7.1% respectively. Both PVIsub
and SecDep were correlated with the second PCA axis
2.

Taxon richness and diversity

A total of 59 cladoceran taxa were identified in the
surface sediment of the 54 lakes. The most common
taxa were Chydorus spp. and Ceriodaphnia spp., occur-
ring in 54 and 53 lakes, respectively (Fig. 2). Bosmina
longirostris had the highest concentration as well as
the highest relative abundance, followed by Chydorus
spp. being the second most abundant taxon. Twenty-
one taxa were considered as rare (found in less than
five lakes) (Fig. 2), of which eight were found solely in
the southern lakes (EN, ES, G). Median STR was 12,

and a maximum STR of 19 taxa was observed in two
Polish lakes (PL_1, PL_6) and one Estonian (EST 1)
lake. The lowest STR (three taxa) occurred in two
southern lakes (G _4, ES 11). STR and Hill’s N2 taxon
diversity increased significantly with latitude (Fig. 3)
(square root-transformation of diversity measures:
(Pearson rgrr = 0.54, P < 0.0001, n = 54 and Pearson
Tdiversity = 0.45, P = 0.0006, n = 54) and decreased with
Tsummer (Pearson rgr = —0.57, P = 0.0001, n = 54 and
Pearson 7giversiy = —0.56, P < 0.0001, n =54 respec-
tively), but the relationships tended to be weaker at
higher latitudes.

Ordinations — all 54 lakes

Correlation between sample scores of an uncon-
strained CA and constrained CCA showed that the
11 environmental variables explained most of the
among-lake variation in cladoceran community com-
position (CALCCA axis 1: Pearson correlation: site
score r = 0.91, species score r = 0.78; CAACCA axis 2:
site score r =0.78, species score r=0.71, all P’s
<0.0001). In total, 37% of the variance was explained,
of which CCA axis 1 explained 12% and axis 2
another 8% (4; =0.270, 4, = 0.163). Latitude was
highly correlated with Tsymmer (VIF = 30 and 16, for
the others only 2-8) and was therefore excluded from
further analysis. Axis 1 correlated positively with

¢ Group1 oGroup2 + Group3 e Group4 = Group5
(a) (b)
o 207 . 20
3 R é +
& 16+ R £16+
O_ ® | : +® . 2 =
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Fig. 5.
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conductivity, Tsymmer and Tannmean. Partial CCA
showed that these two variables and longitude
explained significant amounts of the variance (indi-
vidually the three variables explained between 4%
and 6%, combined they explained 23%). Total N, TP
and pH correlated significantly with these variables
(Fig. 4). The majority of the northern lakes grouped in
the top-left quarter and the southern lakes in the top-
right quarter of the CCA ordination, indicating the
importance of gradients in Teummer aNd Tannmean
(Fig. 4).

Ordinations — all 44 lakes with macrophyte data

RDA (4 = 0.101, 4, = 0.075) conducted only on the
subset of lakes for which PVIsub data were available
(DCCA gradient length 2.4 SD) showed that conduc-
tivity, Tsummer and longitude contributed significantly
and PVIsub marginally to the variation in cladoceran
community composition (latitude was excluded due
to high VIF), explaining in total 21% of the variation
(conductivity 7%, longitude 6%, Tsummer and PVIsub
each 4%). PVIsub correlated positively with Tsummer
and conductivity, but negatively with SecDep. All
significant variables correlated with RDA axis 1,
except longitude which correlated with RDA axis 2.

MRT analyses — all 54 lakes

MRT analyses including 10 environmental variables
(latitude excluded) showed that a three-leaved tree
had the highest accuracy (CVRE = 0.914) (Fig. 5a),
explaining 67% of the variation in among-lake taxo-
nomic composition. The first split separated seven
lakes having low conductivity (<46 pS cm™) (SN3,
SN5, FIN1, FIN2, FIN3, EST4, UK5) (Fig. 5a). These
lakes were also characterised by low pH (<7), low
Tannmean (<4.5 °C) and relatively low nutrient level
concentrations (median TP =11.4 pg L™, median
TN =362 pg L', median Chl a = 4.9 ug L™"). Several
taxa associated with oligotrophic and/or acidic water
[e.g. Bosmina longispina (Leydig, 1860), Alonella excisa
(Fischer, 1854), Alona rustica (Scott, 1895), Alona
intermedia (Sars, 1862)] were among the indicator taxa
for these lakes.

The second split was also defined by conductivity,
separating five mainly warm water lakes with con-
ductivity above 2210 uS cm™! (ES7, ES9, ES10, ES12,
UKB3) (Fig. 5a). Three of these lakes were productive

(TP > 142 pg L™, Chl a > 150 pg L"), whereas two
(TP <33 pug L™, Chl
a <7 pg L™"). Macrophyte-associated taxa dominated
this group, whereas indicators for the remaining 42
lakes consisted of pelagic or benthic species [B.
longirostris (Muller, 1785), Leydigia leydigi (Schoedler,
1858) and Pleuroxus uncinatus (Baird, 1850)] (Fig. 5a).

were less  productive

Ordination and MRT — high and low conductivity
lakes excluded

An additional ordination was conducted to investi-
gate whether grouping occurred among the remaining
42 lakes with intermediate conductivity (REST). The
environmental variables explained in total 39% of the
taxa variation; Tsymmer longitude and Chl a contrib-
uted significantly, and explained in total 17% of the
variation (7%, 6% and 4% respectively).

The best predictive mode of MRT on cladoceran
data from the 42 lakes did not reveal a split. In
accordance with Breiman et al. (1984), the rule of
selecting the most complex tree within 1 standard
error of the best predictive tree was applied with the
constraint that the smallest resulting group included
more than three lakes. The resulting three-leaved
MRT (CVRE = 1.04) (Fig. 5b) explained 69.4% of the
community variance. The first split divided the lakes
according to conductivity (threshold: <344 pS cm™).
Tannmean Was less than 7.9 °C, except for three EN
lakes. Alonella nana (Sars, 1862) was significantly
associated with these 23 low-conductivity lakes
(Fig. 5b).

The second split, attributed to longitude (Fig. 5b),
separated six East European lakes with overall lower
Chl a, lower pH and higher SecDep from the remain-
ing lakes. Indicator taxa for these lakes were mostly
large-sized pelagic cladocerans, whereas the smaller
pelagic species B. longirostris was significantly associ-
ated with the remaining group of lakes. These lakes
were characterised by relatively high Chl 2 and low
SecDep. Similar results were revealed when excluding
taxa occurring in less than three lakes.

Ephippia to carapace ratios

Bosmina were the most abundant ephippia, occurring
in 46 of the 49 lakes inhabited by this taxon, and
Chydoridae ephippia were found in 50 out of the 54
lakes. The proportion of ephippia compared to body
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Fig. 5 Multivariate regression tree based on cladoceran remains from 54 European lakes (a) and with the exclusion of low- and
high-conductivity lakes (groups 1 and 2) (b). Showing the tree with greatest cross validated accuracy (a) and the three-leaved tree
within 1 standard error (b). Number of lakes per group (1) and indicator taxa are given for each group and deviance (SSD) is given
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2005; Moss et al., 2003; authors’ unpubl. data), are shown beneath each group.

shields was highest in the two northern-most lakes
(33% and 40% for Bosmina and 10% and 15% for
chydorids), and generally low in the more southern
lakes (<1% for Bosmina primarily in G, PL, D, and UK
lakes and <0.5% for Chydoridae primarily in ES, G
and UK lakes). Intermediate to high ephippia ratios
for chydorids (>1%) were found primarily in SN, SF
and DK lakes and for Bosmina (>2%) in SN, SF, EST

and UK lakes as well as in three EN lakes. Ephippia
percentages of both Bosmina and chydorids showed a
weak but significant negative relation to climate
variables: Tsummer (F = 15.14, r* =0.24, P = 0.0003;
F=2413, =032, P <0.0001 respectively) and
Tannmean (F = 20.82, * = 0.31, P < 0.0001; F = 32.51,
* = 0.38, P < 0.0001 respectively) as well as to Chl a
(F =22.67, ¥* =033, P <0.0001; F =1159, r* = 0.18,
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P =0.0013 respectively). Multiple linear regression,
including several potential variables controlling
ephippia production: Chl a (food source), Tannmean
Tsummer (climate) and plankti-benthivorous and
piscivorous fish biomass (predation) identified
Tannmean @S a significant variable for both Bosmina
and chydorids (t-value = -3.65, P = 0.0011; t-va-
lue = —4.87, P <0.0001 respectively), while Chl a
was only marginally significant (t-value = -2.43,
P =0.0221; t-value = -2.16, P = 0.0393 respectively).

Characteristics of the different MRT groups of lakes

Lake groups identified by MRT differed most notably
in conductivity (Fig. 6). Low conductivity lakes were
characterised by cold climate, low nutrient and Chl a
conditions, as well as by low PVIsub. Fish biomass
was low and piscivorous species prevailed. Corre-
spondingly, the cladoceran community was domi-
nated by large-sized pelagic taxa and ephippial
production was high. In contrast, high conductivity
lakes were characterised as warm-water lakes (except
for UK-3), generally with high submerged macro-
phyte coverage ranging from 34% to 100% (mean
72%,
(TP = 462 pg L") with no fish and two being meso-
trophic (30-32 pg TP L™") with high plankti-benthi-
vorous CPUE (>4610 kg net™' night™) (Fig. 6a-h).
Unfortunately, PVIsub was only measured for one of
these lakes (6% in UK-3), making tests including
PVIsub impossible. Within this group the cladoceran
community was dominated by small and medium-
sized macrophyte-associated and macrophytesedi-
ment-associated taxa (Fig. 6m-o). The three remaining
groups (REST) differed significantly in conductivity
(Fig. 6a), but not in temperature (Tannmean) and TP
(Fig. 6b—d). However, group 5 (including D, PL, EST,
DK and all G lakes) tended to have high Chl 2 and low
Secchi depth as well as low PVIsub, and this group
deviated clearly from group 3 and 4 by having low
taxon diversity and a predominance of pelagic taxa
(Fig. 6e-g,j,p). Also, the proportion of Bosmina ephip-
pia was generally low (Fig. 6k). The cladoceran
community of group 3 and 4 resembled each other
with respect to preferred habitats of the cladocerans.
Indeed, the only significant variable separating these
groups was conductivity, although tendencies to
lower Chl a4 and higher SecDep and PVIsub were
observed in group 4 (Fig. 6a—f).

n=3 ES lakes), one being hypertrophic

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 2401-2417

Discussion

We found clear differences in cladoceran community
structure, taxon richness and ephippia to body shield
percentage along the European latitude gradient
studied here. However, latitude, and therefore also
temperature, correlated with lake conductivity and
nutrient concentrations, precluding a clear extraction
of a direct climate signal. For example, ordination
showed that temperature and conductivity explained
almost equal amounts of variation in the entire
cladoceran species data set. Similarly, MRT indicated
correlation between conductivity, pH, temperature
and nutrients.

The MRT analysis divided the 54 European lakes
into three major groups. The first group, consisting of
seven mainly northern low-conductivity lakes, was
characterised by acid-tolerant species (Roen, 1995;
Flossner, 2000) (Fig. 5). Similarly, de Eyto et al. (2003)
found pH and latitude to be the most important
variables determining contemporary littoral chydorid
communities in a study of 59 European lakes, of
which 44 are included in the present study. Moreover,
these authors found a significantly negative correla-
tion between pH and the abundance of five species,
three of which (Alonopsis elongata, A. excisa and Alona
rustica) were indicator species of the acidic, low
conductivity lakes in our study. Low conductivity
lakes were also nutrient poor, with high light pene-
tration (high SecDep) but low macrophyte abundance
(PVIsub). High transparency likely results in high
benthic production of algae and mosses (Liboriussen
& Jeppesen, 2003; Vadeboncoeur et al., 2003), which
may explain the relatively large abundance of macro-
phyte- and sediment-associated taxa despite the low
PVIsub. Moreover, the lakes had a low abundance of
planktivorous fish, explaining the proportionally high
abundance of large-sized species, as has been noted
from other studies of contemporary data and clado-
ceran subfossils in Faroese lakes (Amsinck et al., 2005).

The second group, consisting of five lakes with high
conductivity located mainly in southern-most Spain,
was characterised by the absence of Bosmina and the
presence of small eutrophic and macrophyte-/sedi-
ment-associated taxa such as Dunhevedia crassa (King,
1853), Oxyrella tenuicaudis (Sars, 1862) and Pleuroxus
aduncus (Jurine, 1820) (Fig. 4a,b). The lakes were
meso- to hypertrophic, had an overall high percentage
of macrophyte cover and were dominated by small



2412 R. Bjerring et al.

@ F=108.93, P<0.0001, df = 4 (@ F =5.44, P=0.0032, df = 3 (m) Welch's F = 6.23, P=0.0037, df = 4
8000 - =1089.P200001.dI=4 100 - ned , 1004 H
c —
~ n © _ ——
£ 6000 _ 8 g %
) _ —
o £ 60+ n=23 SE 60-
= 4000 3 SE
S S 40+ . o & 40
S 2000 - & 5 =
8 A 20— n=7 n=9 'g K] 20
o
04 _— = < & 0- l = o 0+ i . I . é . i

(b) (h) (n)
F=1.74, P=0.1802, df =3
20 — F=12.94, P<0.0001, df =4 8+ =100
g _ NS n=5 nea N 2100 ? E
- T = _
. 15 — ﬁ n'J_E 6 n=20 A 80 E
< o5 K Re)
- 10+ Q o ¢ c S 60
3 2 44 =
s 5 2% 35 40
L £5 2 g Eg
O—1-J------------------------- 32 n=6 °© R 8 204
o z° g
=5 ; ; ; ; ) 0 ; ; ; ) S 04 ; ; ; ; .
(C) 30— Welch's F = 5.85, P=0.0067, df = 4 (I) 20 - Welch's F = 5.40, P=0.0084, df = 4 (0) 100 — Welch's F = 4.19, P=0.0240, df = 4
D — e — ) —r—
S g g g
G 257 § 157 g %7
S o SE
(72} o
e Se 5 £ 60
2 20+ ; @ 8 10+ ‘_g 0
€ O o — o 40
F 15 5% 5 g~
i - ST
2
o+ o+ F =8 & g T
(d) {1)] (P
500 F =384, P=0.0086, df = 4 15+ F=12.97, P<0.0001, df = 4 v F = 18.89, P<0.0001, df = 4
[ C
400 4 § —— S 100 e
= o
T, 300 8 2 10- g 80- E
% 200 e § § < 60
= N S o
o 8% 5 é ﬁ 40+
100 l 3 2 20
0+ — 0- ———— %% 0 - T &
(e) (k) ()]
350 - F=8.12, P<0.0001, df = 4 40 4 Welch's F = 8.58, P=0.0027, df = 3 4 1004
[%]
r ©
- © .
. 300 g a0l T o 80
7, 250+ £ 85
g 2009 € 50 e £8 %7
1504 —*— - g8 Sg 40-
§ 100 % 3 104 §° 4o
50 g @ ﬁ £
04 ; 04 = _ S 04
(f) (U] 0]
3.0 4 F =517, P=0.0015, df = 4 204 Welch's F = 3.54, P=0.0331, df = 4 100+
————— .
c 2.5 o * — 1] |
3 So154 T Q4 80
£ 20- £05 £s
2 as =S 60
g 154 5 5 10 ]
= o O
= = O = 5 40
o 1.0 S O ®
3 22 54 £7° 5
@ 0.5 E 5 ? @
0- 0+ = = = 0 =
Gr. 1 |Gr.3|Gr.5|Gr.4|Gr.2| Gr.1|Gr.3|Gr.5|Gr.4 Gr.2 Gr. 1 |Gr.3|Gr.5|Gr.4|Gr.2‘
. + o ® O . + o ® O . + o ® O
Low High Low High Low High
_— _— _—
cond. cond. cond. cond. cond. cond.

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 2401-2417



European climate gradient and zooplankton structure 2413

Fig. 6 The distribution (median, 25 and 75 percentiles [boxes] 10 and 90 percentiles [whiskers]) of selected variables divided into lake
groups defined by MRT, group numbers and symbols refer to those in Fig. 5. (a) conductivity, (b,c) mean annual (1961-90) and
monthly air temperature of the warmest month (°C), (d) total phosphorus (TP), (e) chlorophyll a, (f) Secchi depth, (g) volume of
submerged macrophytes (PVIsub), (h) CPUE of plankti-benthivorous fish (kg net™" night™"), (i) standardised taxon richness, (j) Hill's
N2 taxon diversity, (k) the percentage of Bosmina ephippia relative to Bosmina ephippia + body shields, (I) the percentage of chydorid
ephippia relative to chydorid ephippia + body shields, the relative contribution of (m) large-sized cladocerans (>1 mm), (n) medium-
sized cladocerans (0.5-1 mm) and (o) small cladocerans (<0.5 mm), the relative contribution of (p) pelagic cladocerans, (q) macro-
phytesediment-associated + sediment-associated cladocerans, and (r) macrophyte-associated cladocerans. F denotes ANOVA test
where variance heterogeneity occurred, Welch's F-test was applied. *Significant difference (o = 0.05) between groups (Tukey’s
multiple comparisons). NS = no significant differences between groups. Arcsin-transformation was applied to percentage data before

statistical tests. Where observation numbers deviate from those given in Fig. 5, numbers (1) are given above the box.

cladoceran taxa. Dominance of small forms despite
high macrophyte abundance agrees with the recent
findings that aquatic macrophytes do not provide
adequate refuge to zooplankton in Mediterranean
(Castro, Marques & Goncalves, 2007) or subtropic
shallow (Meerhoff et al., 2007a) lakes because of high
fish density (Gyllstrom et al., 2005) even within
macrophyte beds (Castro et al., 2007, Ortega-Maya-
goitia, Armengol & Rojo, 2000; Blanco et al., 2003;
Romo et al., 2004; Meerhoff et al., 2007b). That fish are
strong predators in these lakes is supported by data
from two fishless, hypertrophic lakes in southern
Spain (ES); these two lakes had the highest observed
relative abundance of large-sized Ctenodaphnia (2%
and 10%). Species belonging to the Ctenodaphnia
group (D. magna, D. mediterranea) are recognised as
being tolerant of high salinity and nutrient concentra-
tions (Boronat, Miracle & Armengol, 2001; Goncalves
et al., 2007) but disappear in lakes where fish are
abundant (Jakobsen et al., 2003).

Conductivity was an important predictor of zoo-
plankton community composition even when low and
high conductivity lakes were excluded (MRT group 1
and 2) (Fig. 5b). Our findings support those of Hobaek,
Manca & Andersen (2002), who showed conductivity
to be a key predictor of both zooplankton species
composition and richness in a Norwegian regional
lake study as well as in a study of 123 lakes covering a
European gradient from Norway to Spain. We found
three groups in this mid conductivity dataset. An
indicator species of group 3 (Fig. 5b), characterised by
relatively low conductivity, temperature and TP, was
the small sized A. nana. According to Flossner (2000)
and Brodersen, Whiteside & Lindegaard (1998) this
species is associated with medium TP levels (25-
40 pg L") and often with high PVIL. The remaining 19
high-conductivity lakes (MRT group 4 and 5)
(Fig. 5b), separated by longitude, differed with re-

© 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 2401-2417

spect to Chl 2 and turbidity. The lakes with low Chl a
(group 4) were characterised by planktonic as well as
macrophyte-sediment-associated taxa and tended to
have a slightly higher percentage of large-sized taxa
than group 5 (Fig. 6). The more nutrient rich and
turbid group 5 lakes were dominated by small pelagic
B. longirostris (Fig. 5b), known to be abundant in
nutrient rich temperate lakes with high plankti-
benthivorous fish predation pressure (Dahl-Hansen,
1995; Jeppesen et al., 1996).

PVIsub was positively correlated with Tummer and
Tann.mean, thus providing increased habitat availabil-
ity, in particular for substratum-dwelling cladocerans,
and increased species richness (Declerck et al., 2007)
in warmer lakes. A positive relationship between
PVIsub and temperature was also obtained in the
constrained ordination based on the subset of 44 of the
study lakes, and supports findings from other studies
(Durate & Kalff, 1987; Rooney & Kalff, 2000). Low
water depth (Beklioglu, Altinayar & Tan, 2006) and
high fish grazing on periphyton (Meerhoff et al.,
2007b; Teixeira-de Mello et al., 2009) and high tem-
perature may favour macrophyte growth in the
southern-most lakes and potentially result in in-
creased taxon richness of cladocerans as an indirect
climate response through increased macrophyte cover
and water filled volume. However, the lowest STR
occurred in the southern-most and warmest lakes (G,
EN or ES lakes) despite high macrophyte coverage or
PVIsub in these lakes. This finding agrees with a
comparative study of the biodiversity in Danish,
Belgian/Dutch and Spanish lakes (Declerck et al.,
2005). These authors found a positive relationship
between taxon richness of cladocerans and sub-
merged macrophyte percentage coverage in Danish
and Belgian/Dutch lakes, whilst low taxon richness
and no correlation to macrophyte coverage were
found for Spanish lakes. High conductivity and high
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fish predation are likely the reasons for low taxon
richness in arid areas, indicating that taxon richness in
European lowland lakes peaks at intermediate lati-
tudes. However, low diversity can result from low
evenness in the population. A comparison between
sites based on taxon richness in samples may, there-
fore, be biased by variance in evenness. Overall,
strong evidence of a latitudinal gradient exists,
showing increasing species richness in freshwater
systems towards the equator (Mittelbach et al., 2007).
This was also the general finding of a meta-analysis of
species richness and latitudinal gradients including
almost 600 studies, although the gradients were
weaker for freshwater than for marine and terrestrial
studies (Hillebrand, 2004), perhaps because the spe-
cies richness of lakes is modulated by conductivity
and fish predation as well as by landscape barriers
and possibly greater heterogeneity among limnic
compared to marine waters.

We found the proportion of Bosmina ephippia to
body shields in the two northern-most sub-arctic
lakes to be high (33% and 40%) but similar to the
mean percentage (34%) of arctic and sub-arctic lakes
from Greenland (Jeppesen et al., 2003). The southern-
most lakes generally had a low ratio, in particular
for Bosmina. Multivariate regressions revealed that
Tsummer Was the most important variable determin-
ing variations in the ephippia:body shield ratio. For
Bosmina, however, Chl a also seemed important. The
northern-most lakes (S_N, SF, EST) generally had
both the lowest Chl a and the lowest mean Tsummer
and Tannmean- Therefore, climate (length of growing
season) and low food availability could both induce
the high proportion of resting ephippia. Analysing
data from Greenland to Spain, Jeppesen et al. (2003)
found summer air temperature to explain a large
proportion of variation in the ratio for Bosmina.

In summary, the species composition of cladoceran
subfossils in the surface sediments of 54 shallow lakes
and environmental characteristics changed signifi-
cantly with latitude. In the northern lakes, large-sized
pelagic cladoceran taxa dominated (occasionally sup-
plemented with acid tolerant species), whereas small
and benthic-associated taxa prevailed in the southern
lakes. Conductivity was an important predictor of
differences in community composition, but nutrient
state (and predation) and, indirectly, habitat avail-
ability were also important. In addition, a clear
relationship between taxon richness and latitude

was revealed, being low in the two northern-most
lakes as well as in the southern-most productive and
vegetation-rich lakes. Moreover, the proportion of
ephippia was higher in northern lakes, where the
season is shorter, and also related to the nutrient state.
However, the correlative nature of the wvariables
highlighted the difficulties of disentangling a strict
climate signal from the indirect effects of climate and
human-related impacts (such as nutrient enrichment
and salinisation through cultivation) when the Euro-
pean latitude gradient is used as a climate proxy.
Therefore, future studies using a similar approach
should aim to include more study sites along a
latitudinal gradient, but with nutrient concentration
and conductivity gradients nested within ecoregions.
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