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Global measures of biodiversity indicate consistent decline, but trends reported for local communities
are more varied. Therefore, we need better understanding of mechanisms that drive changes in
diversity of local communities and of differences in temporal trends between components of local
diversity, such as species richness and species turnover rate. Freshwater ecosystems are vulnerable to
multiple stressors, and severe impacts on their biodiversity have been documented. We studied species
richness and composition of local boreal waterbird communities in 1990/1991 and 2016 at 58 lakes
distributed over six regions in Finland and Sweden. The study lakes represented not only local trophic
gradients but also a latitudinal gradient in the boreal biome. While species richness tended to be lower
in 2016 than in 1990/1991, species turnover was relatively high. Within foraging guilds, local species
richness of diving ducks and surface feeding waterbirds decreased, whereas that of large herbivores
increased. The number of species gained in local communities was higher in lakes with rich vegetation
than in lakes with sparse vegetation. Conservation of boreal freshwater ecosystems would benefit from
recognizing that large-scale environmental changes can affect local diversity via processes operating at
finer scales.

Recent negative biodiversity trends have been documented for several taxa and for many terrestrial and aquatic
ecosystems'~. While global measures of biodiversity indicate consistent decline, and similar trends have been
documented for local communities*®, not all recent analyses indicate systematic biodiversity loss at this level®”.
Instead, local communities often show variable responses, and those responses may be due to species’ differ-
ential reactions to climate change, habitat loss or degradation, compensatory dynamics, or range expansion of
alien species’'°. Because large-scale changes in biodiversity should reflect the sum of processes operating at the
level of local communities, the discrepancy between global and local biodiversity trends is puzzling. Some of the
incongruity among studies focusing on local-scale diversity trends may be due to differences in the disturbance
history of local communities*!'2. At any rate, recent contradictory findings underscore the need for a better
understanding of mechanisms that drive changes in diversity of local communities and for identifying differences
in temporal trends among components of local diversity, such as species richness, species turnover rate, and
functional diversity®!3-1°,

Ever since MacArthur and Wilson'® developed the influential theory of island biogeography, which is based
on the observation that immigration and local extinction affect species richness and composition of local com-
munities, ecologists have acknowledged that diversity of such communities is not static but changes over time'’.
MacArthur and Wilson’s theory emphasized random extinction of small populations as part of natural change
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in community composition. In addition to this natural process, biological diversity is changing due to anthro-
pogenic stressors, notably habitat loss and degradation, and climate change>!8-2. For example, as a result of
logging of old-growth forests, animal species richness often decreases and species’ relative abundances change
due to decreased structural complexity?!. On the other hand, poleward shift and expansion of species ranges
in response to climate change®? may cause species turnover or even species increase in local communities. For
example, among birds in northern Europe, both range contractions of cold-dwelling species and expansions of
warm-dwelling species have occurred recently?. Similarly, the poleward shift in the mean weighted latitude of
density of birds breeding in Finland is faster in northern than in southern species®.

Eutrophication has been identified as a major threat to biodiversity in aquatic ecosystems worldwide
Freshwater ecosystems in particular are vulnerable to multiple stressors and severe impacts on their biodiver-
sity have been documented?~?’. For example, the proportion of cyprinid species in fish communities in north
European lakes has increased and that change has been attributed to eutrophication®. Changes have also been
documented in boreal waterbird communities at species level. Lehikoinen ef al.*! found that populations of three
of five waterbird species breeding in a wide range of habitats exhibited significant negative long-term trends in
eutrophic but not in oligotrophic wetlands in Finland. In this case, southern populations in particular showed
declining trends. The authors suggested that this was due to the environmental change caused by eutrophica-
tion, which has been more prevalent in southern Finnish lakes (exposed to both intensified agriculture and for-
estry)*** than in northern ones (affected mainly by forestry). Hence, we may expect long-term changes in the
diversity of waterbird communities in boreal lakes, both in terms of latitudinal gradient and trophic status of
lakes.

In this paper we study changes in species richness (alpha diversity) and species turnover (beta diversity; i.e.
changes in community composition over time)'* of waterbird communities at the local (lake) level between
two time periods, 1990/1991 and 2016. Assuming that population level changes translate into community level
responses, we formulated two hypotheses. First, based on the finding that southern waterbird populations in par-
ticular have decreased in Finland®!, we hypothesize that species richness has decreased more and species turnover
has been higher, in southern than in northern waterbird communities. Second, because population declines have
been found to be stronger in eutrophic lakes than in oligotrophic lakes®"**, we hypothesize that species richness
has decreased more, and species turnover has been higher, in eutrophic lakes than in oligotrophic lakes.

Luxuriance and extent of aquatic emergent vegetation in lakes depend on trophic status (including anthropo-
genic eutrophication), species richness and abundance of helophytes (e.g. Carex spp., Phragmites australis, and
Typha latifolia), and floating-leaved vegetation (e.g. Nuphar lutea) being highest in eutrophic and hypertrophic
lakes®. While indicating lake trophic status, luxuriance and extent of these vegetation types also largely determine
species richness and composition of boreal breeding waterbird communities***’. Based on the luxuriance of helo-
phyte and floating-leaved vegetation, Elmberg et al.*® developed a habitat structure index, which we used here as a
measure of lake trophic status (see Material and methods). In addition, because metrics based on species’ ecolog-
ical and functional traits are often more sensitive to environmental change than e.g. species richness per se, and
hence may reveal additional information about drivers of biodiversity change'®, we also studied differences in spe-
cies richness within foraging guilds in local waterbird communities between 1990/1991 and 2016. We here focus
on foraging guilds rather than functional groups®**’, because earlier findings suggest that foraging conditions in
particular have changed in boreal lakes with impacts on waterbirds*#1#2. For example, assuming that eutrophi-
cation has caused changes in fish communities in boreal lakes (see above), we may expect divergent responses in
piscivorous versus herbivorous waterbird species, as has been found in waterbird assemblages in winter®.

25,26

Results

Changes at community and guild levels. In general, species richness in local communities was lower
in 2016 than in 1990/1991, although the difference was not quite significant when controlling for multiple com-
parisons (Fig. 1a; Wilcoxon signed-rank test, Z= —2.263, p=0.024; the critical p-value using the B-Y method
is p=10.0219). Species turnover rate was relatively high (mean 48.7%), the number of species gained in local
communities ranging between 0 and 5 (mean = 1.3) and the number of species lost between 0 and 6 (mean =2.0).
When the four foraging guilds were analysed separately, opposing differences in change of species richness were
observed. Species richness of diving ducks (Fig. 1¢; Wilcoxon signed-rank test, Z=—2.971, p=0.003) and sur-
face feeding waterbirds (Fig. 1d; Wilcoxon signed-rank test, Z = —2.539, p=0.011) was lower in 2016 than in
1990/1991, whereas the species richness of large herbivores was higher (Fig. 1e; Wilcoxon signed-rank test,
Z=2.439, p=0.015). No significant difference was found in the species richness of piscivores between the two
study periods (Fig. 1b; Wilcoxon signed-rank test, Z=—1.603, p=0.109).

Contribution of guilds to community level changes. The contribution of guild level changes in species
richness to changes in the four community characteristics varied depending on the community characteristics.
Not surprisingly, because change in species richness at community level is the sum of changes in species richness
within the four foraging guilds, all the guilds contributed significantly to change in species richness, the relative
contribution (based on AIC values) being greatest for surface feeding waterbirds and smallest for large herbivores
(Table 1). Guild level changes in species richness of the four guilds were not associated with species turnover
rate (community level) (Tables 1 and 2). Number of species gained (community level) was explained by changes
(increase) in the species richness of large herbivores (sum of the w;: 1.000) and surface feeding waterbirds (sum of
the w;: 0.945), whereas the contribution of changes in the species richness of piscivores and diving ducks was not
significant (Tables 1 and 2). Finally, changes (decrease) in species richness of piscivores, diving ducks and surface
feeding waterbirds (sum of the w; for all guilds: 1.000) contributed to the number of species lost (community
level) while change in species richness of large herbivores did not (Tables 1 and 2).
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Figure 1. Box plots of total species richness (a) and species richness in four foraging guilds: piscivores (b),
diving ducks (c), surface feeding waterbirds (d), and large herbivores (e) in local waterbird communities in
1990/1991 and in 2016. Mean =+ SE are given; n=>58.

Community-specific changes in relation to latitude and habitat index. With respect to change in
species richness and species turnover rate between 1990/1991 and 2016 in relation to latitude and habitat, none
of the models including one or more predictors fitted the data better than the null model (i.e. the null model
was among the top models with AAIC. <2; Table 3). This implies that habitat index and latitude were not good
predictors of these community characteristics (Table 4). Nor were latitude and habitat index good predictors
of changes in species richness and species turnover rate between 1990/1991 and 2016 within the four foraging
guilds (Supplementary Table S1), with two exceptions worth mentioning. The models including latitude (see
Supplementary Table S1) indicate that species richness of surface feeding waterbirds decreased from 1990/1991 to
2016 more in northern communities than in southern communities, whereas species richness of large herbivores
increased more from 1990/1991 to 2016 in northern communities (Supplementary Table S2), although the model
including latitude did not fit data better than the null model for the latter guild (Supplementary Table S1).

The top models for number of species gained and number of species lost did not include the null model
(Table 3). Habitat index was included in all the top models for number of species gained, whereas lake size and
latitude only occurred in one of the models. The relative importance of predictors (sum of the w;) was 0.792 for
habitat index, 0.479 for lake size, and 0.306 for latitude. The association between habitat index and number of
species gained indicated that lakes with rich vegetation gained more species than lakes with sparse vegetation
(Table 4). As to number of species lost, lake size occurred in all the top models, whereas habitat index and latitude
occurred in two. Lake size was the most important predictor of number of species lost (sums of the w;: lake size
0.992, latitude 0.460, habitat index 0.453); number of species lost increased with lake size (Table 4). All in all, lat-
itude appeared not to play any role in affecting changes in community characteristics, whereas habitat index was
associated with changes in community composition, in particular the number of species gained.

Discussion

We studied changes in species richness and composition of local boreal waterbird communities between two
time periods, 1990/1991 and 2016. The lakes inhabited by the waterbird communities represented not only local
trophic gradients but also a wide latitudinal gradient within the boreal biome. We found that, while species rich-
ness in local waterbird communities tended to be lower in 2016 than in 1990/1991, species turnover rate was
relatively high, and both the number of species lost and the number of species gained varied considerably among
communities. In addition, different foraging guilds exhibited contrasting changes; while the number of diving
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Change in species richness

Piscivores 1.687 |0.319 |5.292 | <0.001 |234.5
Diving ducks 1.288 |0.314 |4.104 | <0.001 |242.9
Surface feeding waterbirds 1.151 | 0.140 |8.198 | <0.001 |212.4
Large herbivores 1.141 | 0.322 |3.546 | <0.001 |246.1
Species turnover rate

Surface feeding waterbirds 4 24.5 0.00 0.222
Null model (intercept only) 3 24.7 0.16 0.205
Number of species gained

Surfgce feeding waterbirds + Large 5 1552 | 0.00 0418
herbivores

Surfa'ce feeding Waterbirds +Large 6 1561 | 0.95 0261
herbivores + Piscivores

Surface feeding waterbirds + Large

herbivores + Diving ducks 6 1569 | 1.76 0.174
Null model (intercept only) 3 189.0 | 33.86 0.000
Number of species lost

Piscivores + Diving

ducks + Surface feeding waterbirds 6 161.6 ) 0.00 0.772
Null model (intercept only) 3 236.4 | 74.82 0.000

Table 1. Models of guild level changes in species richness used to explain change at community level in species
richness, species turnover rate, number of species gained, and number of species lost from 1990/1991 to 2016
in local (lake level) waterbird communities. Because change in species richness at community level is the sum
of guild level changes in species richness, a global model including all the guilds was not feasible. Therefore,
separate models including only one guild were fitted for change in species richness (parameter estimate ((3) and
its standard error together with test statistics are presented for each model). For species turnover rate, number
of species gained, and number of species lost, only models with AAIC, <2 (AAIC.= AIC; — AIC,,;,) are
presented together with the null model (see Material and methods).

Species turnover rate

Piscivores 0.02 —0.08 0.12
Diving ducks 0.01 —0.08 0.10
Surface feeding waterbirds 0.04 —0.01 0.09
Large herbivores 0.02 —-0.07 0.11
Number of species gained

Piscivores —0.21 —0.53 0.11
Diving ducks —0.12 —0.40 0.16
Surface feeding waterbirds —0.25 —0.42 —0.09
Large herbivores —0.94 —1.22 —0.67
Number of species lost

Piscivores 0.84 0.51 1.16
Diving ducks 091 0.62 1.20
Surface feeding waterbirds 0.76 0.59 0.93
Large herbivores 0.06 —0.23 0.34

Table 2. Model-averaged parameter estimates (3-values) and their 95% confidence intervals for guild level
changes in species richness used to explain change in species turnover rate, number of species gained, and
number of species lost from 1990/1991 to 2016 in local (lake level) waterbird communities.

duck and surface feeding species was lower in 2016 than in 1990/1991, the number of large herbivorous species
increased. Temporal changes in community characteristics did not show any association with latitude. Nor did
they show an association with the habitat index, except that the number of species gained in local communities
was higher in lakes with rich vegetation than in lakes with sparse vegetation (see below).

By and large, the observed decrease in species richness in local waterbird communities is in line with global
trends of overall decrease in biological diversity'~, including freshwater ecosystems*. At the same time, the high
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Change in species richness

Lake size 4 | 2546 0.00 0.378
Null model (intercept only) 3 |256.2 1.67 0.164
Lake size + Latitude 5 |256.4 1.80 0.154
Species turnover rate

Null model (intercept only) 3| 247 0.00 0.377
Habitat index 4 | 264 1.69 0.162
Number of species gained

Habitat index 3 1169.3 0.00 0.340
Habitat index + Lake size 4 11703 1.00 0.207
Habitat index + Latitude 4 |171.0 1.70 0.146
Null model (intercept only) 2 1744 5.13 0.026
Number of species lost

Lake size 312094 0.00 0.283
Lake size + Latitude 4 1209.6 0.14 0.264
Lake size + Habitat index 4 |209.6 0.23 0.252
Lake size + Latitude + Habitat index | 5 |210.2 0.76 0.193
Null model (intercept only) 2 2273 17.94 0.000

Table 3. Models used to explain change in species richness, species turnover rate, number of species gained,
and number of species lost from 1990/1991 to 2016 in local (lake level) waterbird communities. Only models
with AAIC, <2 (AAIC. = AIC — AIC,,,;,) are presented together with the null model (see Material and
methods).

Change in species richness

Habitat index 0.05 —0.58 0.67
Lake size 0.55 0.02 1.09
Latitude 0.19 —0.42 0.80
Species turnover rate

Habitat index —0.03 —0.11 0.04
Lake size 0.02 —0.05 0.10
Latitude 0.03 —0.11 0.17
Number of species gained

Habitat index 0.30 0.05 0.56
Lake size 0.19 —0.05 0.43
Latitude 0.09 —0.14 0.33
Number of species lost

Habitat index 0.18 —0.07 0.44
Lake size 0.36 0.18 0.55
Latitude 0.16 —0.05 0.37

Table 4. Model-averaged parameter estimates (3-values) and their 95% confidence intervals for predictor
variables used to explain change in species richness, species turnover rate, number of species gained, and
number of species lost from 1990/1991 to 2016 in local (lake level) waterbird communities.

species turnover in local waterbird communities found here echoes recent calls to pay more attention to changes
in the composition of local communities”®!*454¢_ Similarly, the finding that three foraging guilds showed con-
trasting changes in species richness goes hand in hand with the recent emphasis'® on how the study of changes
in functional and ecological community characteristics enhances the unravelling of the processes driving com-
munity change in response to environmental change. This view is supported also by our observation that changes
in species richness within the four foraging guilds contributed differently to two community characteristics, the
number of species gained and the number of species lost.

Historically, north European bird communities have been characterized by relatively high species turnover,
as demonstrated by Jarvinen and Ulfstrand®’ for the period 1850 to 1970. Eutrophic lakes in particular have been
colonized by several new species since the 19" century*”#%. According to more recent Finnish data®"*%, many
species and populations inhabiting eutrophic lakes are now in decline. This suggests that species richness in
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eutrophic lakes is also in decline. However, negative changes in breeding abundance do not seem to have occurred
at the community level, as we did not find strong associations between the habitat index and changes in species
richness and the number of species lost from local communities. On the contrary, the number of species gained
increased with the habitat index score (a proxy for trophic status of the study lakes), suggesting that the trend of
increasing species richness in eutrophic lakes is actually continuing*+*%. The association between the number of
species gained and the habitat index may be explained by higher food availability and a larger number of foraging
microhabitats in lakes supporting rich vegetation. If eutrophication goes on, more dramatic changes at the com-
munity level are to be expected and local species richness of waterbirds may decrease in the future (see below).
This is because current overall species richness of breeding waterfowl (order Anseriformes) in Europe peaks
north of 60°N*, and marked northward shifts due to climate change are possible only for a few species that breed
on eutrophic wetlands in central and southern Europe™.

Detailed species level considerations (e.g. which species are lost and which are gained) are out of the scope
of the current study and will be addressed elsewhere (Elmberg et al., in preparation). Anyhow, our finding that
different foraging guilds showed contrasting temporal change in species richness implies that ecological condi-
tions in boreal lakes have changed. In particular, the number of species in the local foraging guilds that are fully
or almost fully dependent on aquatic food webs (diving ducks and surface feeding waterbirds) was lower in 2016
than in 1990/1991 (although the corresponding difference was not significant in piscivores), whereas the number
of large herbivores (swans and geese), which use terrestrial habitats too for foraging, have increased in 2016 com-
pared to 1990/1991. These findings support the hypothesis that foraging conditions for waterbirds in many boreal
lakes have deteriorated due to anthropogenic impacts, as has been previously suggested for declining diving
waterbirds in eutrophic lakes***°!. As to the increase of large herbivores, it is possible that conditions in winter-
ing areas have improved (e.g. food limitation has decreased or ceased), augmenting numbers of breeding birds in
boreal lakes. It is perhaps worth noting that the change in species richness of large herbivores was not associated
with the habitat index, suggesting that large herbivores have increased in all types of lakes. On the other hand,
habitat index did not explain changes in species richness and species turnover rate in the other guilds either. In
general, because the number of species within the four foraging guilds is rather small (range 4-9), one should be
cautious when making conclusions about factors that could explain guild level changes in species richness and
species turnover.

The number of species gained increased with the lake-specific habitat index. Because overall change in species
richness was not associated with the habitat index, compensatory changes in the composition of local communi-
ties had probably taken place, although the number of species lost did not increase strongly with the habitat index.
Moreover, the contrasting changes of species number among foraging guilds suggest that compensatory changes
have occurred. Interestingly, it has been found in lakes in southern Sweden that, while naturally eutrophic lakes
supported more species than oligotrophic, anthropogenic eutrophication did not lead to higher species richness
in formerly oligotrophic lakes®. The first finding of that study is in line with our assertion that species richness
increases with lake trophic status as measured by the habitat index (see Material and methods and Supplementary
Fig. S1). Because that study did not investigate temporal change in species richness and community composi-
tion, it remains unknown if compensatory changes in species composition had taken place in those lakes that
were subject to anthropogenic eutrophication. Nevertheless, their finding that human-caused eutrophication did
not increase species richness suggests there is a threshold above which further eutrophication will not increase
species richness. We do not know whether the trophic status of our study lakes has changed between 1990/1991
and 2016. Hence, we cannot say whether the differences in community characteristics observed in the present are
due to a possibly continuing eutrophication or other anthropogenic stressors, many of which are associated with
global drivers such as climate change®**. We know, however, that previously large stands of Equisetum fluviatile,
a vegetation type that contributes to our habitat index’, have decreased in the study lakes®, implying that habitat
change in them has occurred over the time span of this study.

It was surprising to us that temporal changes in community characteristics did not show any clear pattern along
the south-north gradient, in particular considering the fact that shifts in range and mean distribution along this
gradient have been documented for several bird species breeding in northern Europe?***. One explanation for the
absence of such a latitudinal trend is that possible shifts in range or distribution have been compensatory among
species. Unfortunately, previous studies**? did not consider shifts in individual waterbird species so we cannot say
if compensatory shifts have occurred or not. However, because shifts in breeding distribution are typically only a
few kilometers per year?* (although that work considered mostly Passerines), and the south-north gradient cov-
ered in our study extends well over 1 000 km, we do not believe compensatory shifts have had major impact on the
results. If any such effects occurred, they were probably overridden by local factors, such as wetland trophic status.
Moreover, even though large scale population trends may suggest contrasting colonization-extinction dynamics
among species, such dynamics may not be realized at the level of the local community®.

Because our data are snapshots from two time periods 25 years apart, stochasticity may have affected the
results. However, we do not believe this is the case, partly because the changes in total species richness and guild
species richness found here are in line with species-specific population trends based on the long-term waterbird
monitoring data from Finland®** (Elmberg et al., in preparation). For example, the percentage changes in the
number of lakes occupied in 2016 compared to that in 1990/1991 (see Supplementary Table S3) are correlated
with annual population growth rates in Finland in 1986-2013 among 16 waterbird species occurring in the water-
bird communities studied here (see Supplementary Fig. S2). It is also noteworthy in this context that the number
of species lost increased with lake size. Considering that population sizes of waterbirds generally increase with
lake size®”?®, this finding suggests that stochastic local extinctions due to small population size alone do not
explain the number of species lost and hence the decrease of species richness in our data. Finally, it is unlikely that
possible changes in detection probability of individual species could explain the changes in guild and community
level characteristics between 1990/1991 and 2016 (see Supplementary Appendix S1).

SCIENTIFICREPORTS| (2019) 9:1725 | https://doi.org/10.1038/s41598-018-38167-1 6



www.nature.com/scientificreports/

In conclusion, species richness of local waterbird communities of boreal lakes was lower in 2016 than in
1990/1991, but changes in their composition were even more pronounced. In particular, species turnover rate
turned out to be high, and changes in the number of species between the two time periods showed opposite pat-
terns among different foraging guilds. We suggest that understanding changes in biodiversity of local communi-
ties in boreal lakes would benefit from simultaneous consideration of local processes and their large-scale drivers.

Material and Methods

Bird data. We repeated waterbird surveys carried out in a previous study® in which ten lakes were selected
in each of six study regions (i.e. in all 60 lakes) between 56° and 67°N in Finland and Sweden (see Supplementary
Table S4), to represent local gradients from eutrophic to oligotrophic conditions as indicated by the luxuriance
of aquatic vegetation®® (see also below). On each of the 60 lakes, waterbirds were counted in either 1990 or 1991
according to the methods described in our earlier study?®. In brief, two surveys of settling waterbird pairs were
done in April and May using the point count method®. The timing of surveys took into account differences in
spring phenology among the regions (see Supplementary Table S4). We repeated waterbird surveys in 2016 on the
same lakes using the same method and field protocol as in our earlier study?®, with the following exceptions. Point
counts were done only once in 2016 in region 1 (see Fig. 1 in the earlier study)®®. The date of this single count was
approximately in the middle between the dates of the two counts in 1990/1991. In addition, two lakes were subse-
quently excluded from the analyses; one from region 1 due to increased human settlement (i.e. disturbance), and
one from region 3, which did not have any bird observations in either study period. Consequently, the final sam-
ple size in the present study was 58 local communities. Waterbird observations were interpreted as pair numbers
using species-specific criteria®; as in our earlier study*®, a species was considered to be present in a community
in a given year if at least one breeding pair was observed in either of the two surveys. For further information on
waterbird surveys and data, see Supplementary Appendix S1.

Diversity measures. When considering temporal changes in diversity, a general recommendation is to use
more than one diversity index, as index choice may affect results®*¢!. We considered four community character-
istics that describe changes in species richness and composition in local communities from 1990/1991 to 2016:
1) change in species richness, 2) number of species gained, 3) number of species lost, and 4) species turnover
rate. We calculated species turnover rate in local communities between 1990/1991 and 2016 in percent of the
species pool®% turnover rate =100 X [(E+ H)/(C+ D)], where C is the number of species in 1990/1991, D is the
number of species in 2016, E is the number of species present in 1990/1991 but not in 2016, and H is the number
of species present in 2016 but not in 1990/1991. In addition to these community characteristics, we considered
change (between 1990/1991 and 2016) in the number of species in four waterbird foraging guilds: piscivores,
diving ducks, surface feeding waterbirds, and large herbivores. Each species was assigned to one of the four guilds
according to its principal foraging habit (see Supplementary Table S3).

Habitat index. We used a habitat structure index developed in our earlier study, based on the abundance of
helophyte and floating-leaved vegetation®®. In brief, we mapped vegetation in each of the 60 original study lakes in
July 1990/1991. We measured vegetation heterogeneity, the cover of floating vegetation, and the taxonomic com-
position, width and height of emergent shoreline vegetation (18 variables in all), and then used principal com-
ponent analysis to derive composite gradients of habitat structure along which the 60 lakes were placed. The first
principal component axis represented a gradient from lakes with low and narrow belts of sparse emergent vegeta-
tion (high negative scores on 1* axis) to lakes with tall, wide and heterogeneous emergent and abundant floating
vegetation (high positive scores on 1% axis) (see the original study’® for details). Lakes with a high positive score
typically had large stands of Phragmites australis, Equisetum fluviatile, Typha latifolia, Scirpus lacustris, and Carex
spp., whereas lakes with a high negative score instead had shores that were either stony or lined by bogs or open
fens (typically floating Sphagnum). We used each lake’s value on the 1% axis as an index (hereafter, ‘habitat index’)
of trophic status. This is biologically meaningful to use for studies of local waterbird communities, as exemplified
by the finding that the number of species in local dabbling duck guilds correlated positively with this habitat
index?®. Similarly, total species richness of local waterbird communities in the 1990/1991 data set correlated
positively with the habitat index (multiple regression controlling for a lake size effect; habitat index, 8 = 0.429,
SE=0.112, t=3.836, p < 0.001; lake size, 3 =0.349, SE=0.112, t=3.119, p =0.003; analysis based on values
standardized within regions; for a plot based on original values, see Supplementary Fig. S1). Moreover, the corre-
lation between total species richness and the habitat index was strong also in the 2016 bird data (Supplementary
Fig. S1), implying a robust association between species richness and habitat complexity in our data set.

Statistical analyses. We used the Wilcoxon matched-pairs signed-rank test to compare overall changes
in species richness at community level and within foraging guilds between the two time periods, 1990/1991
and 2016. We used the false discovery rate method developed by Benjamini and Yekutieli® (hereafter the B-Y
method) to control for multiple comparisons. Narum® gives critical values for the B-Y method for multiple tests
ranging from 1 to 100. The number of multiple comparisons in our study was five; hence, the critical p-value using
the B-Y method is p=0.0219. In Results we present unadjusted p-values and refer to the B-Y adjusted p-value
when assessing statistical significance.

We used generalized linear mixed-effects models to assess the contribution of guild level changes in species
richness to temporal changes in community characteristics and if temporal changes in community characteris-
tics were associated with latitude and habitat index. Because change in species richness is the sum of guild level
changes in species richness, a global model including all guilds was not feasible; therefore, we fitted separate
models including only one guild when assessing the contribution of guild level changes in species richness to
community level change in species richness. As the habitat index was correlated with lake size, and lake size in
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turn correlated with temporal change in some of the community characteristics (see Supplementary Table S5), we
included also lake size as a covariate. Lake-specific latitudes were included as decimal degrees. To check for mul-
ticollinearity we calculated the variance inflation factor (VIF) for each predictor by doing a linear regression with
the predictor of interest as the dependent variable and the other predictors as explanatory variables; using the
of that regression, VIF = 1/(1 — r*). Multicollinearity is generally considered a problem if VIF > 2.50. This was not
the case with the predictors of our study: latitude, VIF = 1.003; habitat index, VIF = 1.043; lake size, VIF = 1.047.
We used standardized (z-scores) values of the predictor variables to facilitate comparisons of 3-values®. To con-
trol for potential non-independence of lake-specific data at the regional level, we included region as a random
factor in the models.

For change in species richness and species turnover rate, we used Ime function from the package nlme®; nor-
mality of residuals was tested with the Shapiro-Wilk test and was found to be so for both response variables. For
number of species gained and number of species lost we assumed a Poisson distribution and made the analysis
with the glmer function from the package Ime4®. Analyses were performed using program R 3.4.0%. We fitted
all possible models (i; in total eight models, including a model containing only an intercept, i.e. the ‘null’ model)
to the data for each dependent variable (i.e. change in species richness, species turnover rate, number of spe-
cies gained, and number of species lost) and used Akaike’s information criterion corrected for small sample size
(AIC,) to assess model fit®. Specifically, differences in AIC, (i.e. AAIC.= AIC,; — AIC,,,;,) and model-specific
weights (Akaike weights, w;) were used to assess model fit; models with AAIC_ <2 have substantial support,
whereas models where AAIC, is greater have progressively less support®. We used the AAIC. < 2 criterion for
presenting competitive models, i.e. top models. As there was uncertainty in model selection (i.e. several compet-
itive models; see Results), we calculated unconditional model-averaged parameter values (3-values) and their
95% confidence intervals (CI) for the predictor variables using all the models®. Inference about the importance
of predictor variables was based on the 3-values (and 95% confidence intervals, i.e. ‘significant’ if the interval did
not include 0) and the sum of the w; that was calculated over all models for each predictor®.

Data Availability
The datasets generated and analysed in the current study are included in its Supplementary Information files or
are available from the corresponding author on reasonable request.

References
1. Butchart, S. H. M. et al. Global biodiversity: indicators of recent declines. Science 328, 1164-1168 (2010).
2. Loh, J. et al. The Living Planet Index: using species population time series to track trends in biodiversity. Phil. Trans. Roy. Soc. B 360,
289-295 (2005).
3. McRae, L., Deinet, S. & Freeman, R. The diversity-weighted Living Planet Index: controlling for taxonomic bias in global biodiversity
indicator. PLoS One 12(1), 0169156 (2017).
4. Murphy, G. E. P. & Romanuk, T. N. A meta-analysis of declines in local species richness from human disturbances. Ecol. Evol. 4,
91-103 (2014).
. Newbold, T. et al. Global effects of land use on local terrestrial biodiversity. Nature 520, 45-50 (2015).
6. Vellend, M. et al. Global meta-analysis reveals no net change in local-scale plant biodiversity over time. Proc. Natl. Acad. Sci. USA
110, 19456-19459 (2013).
7. Dornelas, M. et al. Assemblage time series reveal biodiversity change but not systematic loss. Science 344, 296-299 (2014).
. Magurran, A. E. How ecosystems change. Science 351, 448-449 (2016).
9. Supp, S. R. & Ernest, S. K. M. Species-level and community-level responses to disturbance: a cross-community analysis. Ecology 95,
1717-1723 (2014).
10. Thomas, C. D. Local diversity stays about the same, regional diversity increases, and global diversity declines. Proc. Natl. Acad. Sci.
USA 110, 19187-19188 (2013).
11. Gonzalez, A. et al. Estimating local biodiversity change: a critique of papers claiming no net loss of local diversity. Ecology 97,
1949-1960 (2016).
12. Murphy, G. E. P. & Romanuk, T. N. Data gaps in anthropogenically driven local-scale species richness change studies across the
Earth’s terrestrial biomes. Ecol. Evol. 6,2938-2947 (2016).
13. Hillebrand, H. Biodiversity change is uncoupled from species richness trends: Consequences for conservation and monitoring. J.
Appl. Ecol. 55, 169-184 (2018).
14. McGill, B. ], Dornelas, M., Gotelli, N. J. & Magurran, A. E. Fifteen forms of biodiversity trend in the Anthropocene. Trends Ecol.
Evol. 30, 104-113 (2015).
15. Mouillot, D., Graham, N. A. ], Villéger, S., Mason, N. W. H. & Bellwood, D. R. A functional approach reveals community responses
to disturbances. Trends Ecol. Evol. 28, 167-177 (2013).
16. MacArthur, R. H. & Wilson, E. O. The Theory of Island Biogeography. (Princeton University Press, 1967).
17. Magurran, A. E. & Dornelas, M. Biological diversity in a changing world. Phil. Trans. R. Soc. B 365, 3593-3597 (2010).
18. Foley, J. A. et al. Global consequences of land use. Science 309, 570-574 (2005).
19. Hanski, I. Habitat loss, the dynamics of biodiversity, and a perspective on conservation. Ambio 40, 248-255 (2011).
20. Pereira, H. M. et al. Scenarios for global biodiversity in the 21st century. Science 330, 1496-1501 (2010).
21. LaManna, J. A. & Martin, T. E. Logging impacts on avian species richness and composition differ across latitudes and foraging and
breeding habitat preferences. Biol. Rev. 92, 1657-1674 (2017).
22. Parmesan, C. Ecological and evolutionary responses to recent climate change. Annu. Rev. Ecol. Evol. Syst. 37, 637-669 (2006).
23. Tayleur, C. M. et al. Regional variation in climate change winners and losers highlights the rapid loss of cold-dwelling species.
Diversity Distrib. 22, 468-480 (2016).
24. Virkkala, R. & Lehikoinen, A. Patterns of climate-induced density shifts of species: poleward shifts faster in northern boreal birds
than in southern birds. Global Change Biol. 20, 1-9 (2014).
25. Tilman, D. et al. Forecasting agriculturally driven global environmental change. Science 292, 281-284 (2001).
26. Smith, V. H. & Schindler, D. W. Eutrophication science: where do we go from here? Trends Ecol. Evol. 24, 201-207 (2009).
27. Heino, J., Virkkala, R. & Toivonen, H. Climate change and freshwater biodiversity: detected patterns, future trends and adaptations
in northern regions. Biol. Rev. 84, 39-54 (2009).
28. Woodward, G., Perkins, D. M. & Brown, L. E. Climate change and freshwater ecosystems: impacts across multiple levels of
organization. Phil. Trans. R. Soc. B. 365, 2093-2106 (2010).
29. Vilmi, A. et al. Geography of global change and species richness in the North. Environ. Rev. 25, 184-192 (2017).

v

e

SCIENTIFICREPORTS| (2019) 9:1725 | https://doi.org/10.1038/s41598-018-38167-1 8



www.nature.com/scientificreports/

30.
31.
32.

33.
. Péysi, H., Rintala, J., Lehikoinen, A. & Viisinen, R. A. The importance of hunting pressure, habitat preference and life history for

35.

36.

37

39.

40.
41.

42.

56.
57.
58.
59.
60.

61.
62.

63.
64.
65.
. Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. nlme: Linear and Nonlinear Mixed Effects Models. R package version

66

67.

68.

69.

Olin, M. et al. Fish community structure in mesotrophic and eutrophic lakes of southern Finland: the relative abundances of percids
and cyprinids along a trophic gradient. J. Fish Biol. 60, 593-612 (2002).

Lehikoinen, A., Rintala, J., Lammi, E. & P6ysi, H. Habitat-specific population trajectories in boreal waterbirds: alarming trends and
bioindicators for wetlands. Anim. Conserv. 19, 88-95 (2016).

Ekholm, P. & Mitikka, S. Agricultural lakes in Finland: current water quality and trends. Environ. Monit. Assess. 116, 111-135
(2006).

Niemi, J. & Raateland, A. River water quality in the Finnish Eurowaternet. Boreal Environ. Res. 12, 571-584 (2007).

population trends of breeding waterbirds in Finland. Eur. J. Wildl. Res. 59, 245-256 (2013).

Toivonen, H. & Huttunen, P. Aquatic macrophytes and ecological gradients in 57 small lakes in southern Finland. Aquat. Bot. 51,
197-221 (1995).

Kauppinen, J. & Viisdnen, R. Ordination and lake classification of waterfowl communities in south boreal lakes. Finn. Game Res. 48,
3-23(1993).

. Holopainen, S. et al. Habitat use in ducks breeding in boreal freshwater wetlands: a review. Eur. J. Wildl. Res. 61, 339-363 (2015).
38.

Elmberg, J., Nummi, P., Poysd, H. & Sjoberg, K. Factors affecting species number and density of dabbling duck guilds in
NorthEurope. Ecography 16, 251-260 (1993).

Blaum, N., Mosner, E., Schwager, M. & Jeltsch, F. How functional is functional? Ecological groupings in terrestrial animal ecology:
towards an animal functional type approach. Biodiv. Conserv. 20, 2333-2345 (2011).

Blondel, J. Guilds or functional groups: does it matter? Oikos 100, 223-231 (2003).

Nummi, P,, Vadnédnen, V.-M., Rask, M., Nyberg, K. & Taskinen, K. Competitive effects of fish in structurally simple habitats: perch,
invertebrates and goldeneye in small boreal lakes. Aquatic Sci. 74, 343-350 (2012).

Sammalkorpi, I., Mikkola-Roos, M., Poysd, H. & Rask, M. Why conservation measures fail in wetlands? Linnut-vuosikirja 2016,
112-121 (2017).

. Robledano, E, Esteve, M. A., Martinez-Fernandez, J. & Farin6s, P. Determinants of wintering waterbird changes in a Mediterranean

coastal lagoon affected by eutrophication. Ecol. Ind. 11, 395-406 (2011).

. Dudgeon, D. et al. Freshwater biodiversity: importance, threats, status and conservation challenges. Biol. Rev. 81, 163-182 (2006).

. Pandolfi, . M. & Lovelock, C. E. Novelty trumps loss in global biodiversity. Science 344, 266-267 (2014).

. Vellend, M. et al. Estimates of local biodiversity change over time stand up to scrutiny. Ecology 98, 583-590 (2017).

. Jarvinen, O. & Ulfstrand, S. Species turnover of a continental bird fauna: Northern Europe, 1850-1970. Oecologia 46, 186-195

(1980).

. von Haartman, L. Changes in the Breeding Bird Fauna of North Europe in Breeding Biology of Birds (ed. Farner, D. S) 448-481

(National Academy of Sciences, 1973).

. Dalby, L., McGill, B. J., Fox, A. D. & Svenning, ].-C. Seasonality drives global-scale diversity patterns in waterfowl (Anseriformes) via

temporal niche exploitation. Global Ecol. Biogeogr. 23, 550-562 (2014).

. Huntley, B., Green, R. E., Collingham, Y. C. & Willis, S. G. A Climatic Atlas of European Breeding Birds. (Durnham University, 2007).
. Fox, A. D. et al. Recent changes in the abundance of breeding Common Pochard Aythya ferina in Europe. Wildfowl 66, 22-40 (2016).
. Nilsson, S. G. & Nilsson, I. N. Breeding bird community densities and species richness in lakes. Oikos 31, 214-221 (1978).

. Moss, B. et al. Allied attack: climate change and eutrophication. Inland Waters 1, 101-105 (2011).

. Solomon, C. T. et al. Ecosystem consequences of changing inputs of terrestrial dissolved organic matter to lakes: current knowledge

and future challenges. Ecosystems, https://doi.org/10.1007/s10021-015-9848-y (2015).

. Poysi, H. et al. Habitat associations and habitat change: seeking explanation for population decline in breeding Eurasian wigeon

Anas penelope. Hydrobiologia 785, 207-217, https://doi.org/10.1007/s10750-016-2922-4 (2017).

Poysd, H. et al. Recovering whooper swans do not cause a decline in Eurasian wigeon via their grazing impact on habitat. J. Orn. 159,
447-455, https://doi.org/10.1007/s10336-017-1520-1 (2018).

Savard, J.-P. L., Boyd, W. S. & Smith, G. E. ]. Waterfowl-wetland relationships in the Aspen Parkland of British Columbia: comparison
of analytical methods. Hydrobiologia 279/278, 309-325 (1994).

Suter, W. Overwintering waterfowl on Swiss lakes: how are abundance and species richness influenced by trophic status and lake
morphology? Hydrobiologia 279/280, 1-14 (1994).

Koskimies, P & Viisanen, R. A. Monitoring Bird Populations. A Manual of Methods Applied in Finland. (Zoological Museum, Finnish
Museum of Natural History, 1991).

Morris, E. K. et al. Choosing and using diversity indices: insights for ecological applications from the German Biodiversity
Exploratories. Ecol. Evol. 4,3514-3524 (2014).

Santini, L. et al. Assessing the suitability of diversity metrics to detect biodiversity change. Biol. Conserv. 213, 341-350 (2017).
Diamond, J. M. Avifaunal equilibria and species turnover rates on the Channel Islands of California. Proc. Natl. Acad. Sci. USA 64,
57-63 (1969).

Benjamini, Y. & Yekutieli, D. The control of the false discovery rate in multiple testing under dependency. Ann. Stat. 29, 1165-1188 (2001).
Narum, S. R. Beyond Bonferroni: Less conservative analyses for conservation genetics. Conserv. Gen. 7, 783-787 (2006).
Schielzeth, H. Simple means to improve the interpretability of regression coefficients. Methods Ecol. Evol. 1,103-113 (2010).

3.1-131, https://CRAN.R-project.org/Package=nlme (2017).

Bates, D., Michler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects models using. J. Stat. Softw. 67 1, Ime4, https://doi.
org/10.18637/jss.v067.i01 (2015).

R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing.
Vienna, Austria, https://www.r-project.org (2017).

Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference. A Practical Information-Theoretic Approach, 2"
edition. (Springer, 2002).

Acknowledgements

This study was supported by previous grants from the Swedish Environmental Protection Agency. We would
like to thank Suomalais-ruotsalainen kulttuurirahasto (Finnish-Swedish Cultural Foundation) for supporting a
workshop in Sweden to work on this manuscript. We also thank Maj and Tor Nessling Foundation (Finland) and
Letterstedtska Foreningen (Sweden) for grants to SH and JE, respectively. We thank Tony Fox, David Serrano and
two anonymous reviewers for suggestions that greatly improved the manuscript.

Author Contributions

H.P. conceived the study. All authors took part in data collection and compilation. H.P. and S.H. conducted
the statistical analyses. H.P. wrote the first draft of the paper and all other authors discussed the results and
contributed to the writing of the manuscript, including revisions.

SCIENTIFIC REPORTS | (2019) 9:1725 | https://doi.org/10.1038/s41598-018-38167-1 9


https://doi.org/10.1007/s10021-015-9848-y
https://doi.org/10.1007/s10750-016-2922-4
https://doi.org/10.1007/s10336-017-1520-1
https://CRAN.R-project.org/Package=nlme
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://www.r-project.org

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38167-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:1725 | https://doi.org/10.1038/s41598-018-38167-1 10


https://doi.org/10.1038/s41598-018-38167-1
http://creativecommons.org/licenses/by/4.0/

	Changes in species richness and composition of boreal waterbird communities: a comparison between two time periods 25 years ...
	Results

	Changes at community and guild levels. 
	Contribution of guilds to community level changes. 
	Community-specific changes in relation to latitude and habitat index. 

	Discussion

	Material and Methods

	Bird data. 
	Diversity measures. 
	Habitat index. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Box plots of total species richness (a) and species richness in four foraging guilds: piscivores (b), diving ducks (c), surface feeding waterbirds (d), and large herbivores (e) in local waterbird communities in 1990/1991 and in 2016.
	﻿Table 1 Models of guild level changes in species richness used to explain change at community level in species richness, species turnover rate, number of species gained, and number of species lost from 1990/1991 to 2016 in local (lake level) waterbird co
	Table 2 Model-averaged parameter estimates (β-values) and their 95% confidence intervals for guild level changes in species richness used to explain change in species turnover rate, number of species gained, and number of species lost from 1990/1991 to 20
	Table 3 Models used to explain change in species richness, species turnover rate, number of species gained, and number of species lost from 1990/1991 to 2016 in local (lake level) waterbird communities.
	Table 4 Model-averaged parameter estimates (β-values) and their 95% confidence intervals for predictor variables used to explain change in species richness, species turnover rate, number of species gained, and number of species lost from 1990/1991 to 2016




