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Abstract This paper deals with climate-driven changes
of the species composition of the bottom and near-bottom
megafauna of the Dogger Bank (central North Sea), which
was sampled each summer with a 2-m beam trawl on a
yearly basis since 1991. The station grid consists of 37
stations, covering an area of approximately 17.000 km?>. A
selection of commoner species is analysed and correlated
with temperature data gained during the research period.
Temperatures are derived from our own measurements,
combined with CTD data from the International Council
for the Exploration of the Sea. The results show a decrease
in biodiversity and a clear regime shift around the begin-
ning of the 21st century, combined with rising mean bot-
tom temperatures. In addition, details are given about the
Dogger Bank hydrography and the climate sensitivity and
abundance of the main species caught with the beam trawl.
Our long-term study reveals the changes in the community
structure of the megafauna of the Dogger Bank over a
period of almost two decades. It suggests a link between
changes in species composition/abundance and changes in
the environment, especially the marine climate.
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Introduction

The important role of climate-induced changes in the
ecology (not only) of the marine environment is, in some
cases, well documented (Ottersen et al. 2001; Stenseth
et al. 2002). Climate-driven regime shifts of planktonic
species have been observed in the past (Reid et al. 2003).
The main driving force seems to be the continuous increase
in the North Atlantic Oscillation Index, causing higher
means in sea surface temperatures (SST) as well as milder
winters in the northern hemisphere (Hurrell 1995; Stenseth
et al. 2002). Although the influence of changing SST on the
different marine trophic levels is rather complex (Kirby
and Beaugrand 2009), former as well as recent studies
revealed the effects of changing SST’s—especially in
winter—on the abundance and distribution of endobenthic
(Beukema 1992; Buchanan and Moore 1986; Kroncke et al.
1998; Reiss et al. 2006; Wieking and Krdncke 2001;
Ziegelmeier 1970) and epibenthic species in the North Sea
(Neumann et al. 2008, 2009a).

In this study, climatic influences on faunal assemblages
caught with the beam trawl have been our main focus.
They mainly include epibenthic, but also demersal and
endobenthic species, as well as three pelagic fishes and one
hyperbenthic cephalopod (Fig. 7). Our research area, the
Dogger Bank, is a sandbank in the central North Sea,
covering an area of approximately 21,000 km?, with a
depth range around 12-40 m. Our research grid is located
within the 30 m depth contour and lies in the exclusive
economic zones of three countries: UK, the Netherlands
and Germany. The Dogger Bank builds the northern end of
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a “southern” species community cluster with its northern
edge being adjacent to faunal assemblages typical for the
northern North Sea (Frauenheim et al. 1989, Jennings et al.
1999a). As introduced and summarised in Sonnewald and
Tiirkay (2011), several detailed and ongoing studies con-
cerning the infauna of the Dogger Bank have been under-
taken ever since, but concerning the typical faunal
assemblages caught by beam trawl, only sparse information
was available.

The main focus of this study is to check the Dogger
Bank (epi)benthic animal communities for changes in
biodiversity, as well as whether there are species affected
by changes in climate over the last two decades.

Materials and methods
Sampling procedure

Since 1991, numerous beam trawl samples have been col-
lected at the Dogger Bank (North Sea) covering an area of
approximately 17,000 km” on a yearly basis (with three
exceptions due to interfering projects in 1998, 2000 and
2007) during summer (July/August). The location of the
research area with the station grid is shown in Fig. 1 and
covers 37 stations. If possible, all stations were sampled once
a year, except station 40, which was sampled with 16 tows in
a48-h period since 1994. In some years, we could not sample
all stations due to gales (7 bft and above, see Table 1). On
each cruise (except 2002), temperature was measured at all
sampling sites using different methods. Together with the
effective sampling effort per year, these are listed in Table 1.
Furthermore, salinity [ppm] was measured constantly on all
cruises (except 2002) and at all sites. In 2002, temperature
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Fig. 1 Dogger Bank bathymetry map including the station grid,
enhanced after Sonnewald and Tiirkay (2011). Stations 1, 2 and 19
were abandoned after the first cruise in 1991 due to coarse sediments,
being unsuitable for beam trawl sampling
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and salinity records were not usable due to a calibration error.
In addition, current velocity and direction were measured
with a RCM9 probe in 2009.

After recording the environmental conditions, a 2-m
beam trawl with a mesh size of 1 cm? was deployed and
towed for one nautical mile at two knots on each site. Once
aboard, the fauna was sieved using three different mesh
sizes (10 mm, 5S mm and 300 pm), and the fractions
smaller than 1 cm?® were separated. The megafauna
(>1 cm, corresponding to the mesh size of the net) was
then identified to species level, and the individuals were
counted on board ship. The fine fractions (<1 cm), as well
as undetermined or rare faunal elements, were preserved in
5% formaldehyde in seawater (rarely in EtOH 99%) for
laboratory determination.

Diversity and distance analyses

By combining the ship and laboratory datasets, a time-lined
species abundance dataset consisting of 185 species was
generated. This list (with a few exceptions) was published
in Sonnewald and Tiirkay (2011). Only a part of all
determined species was considered as generating a quan-
titative dataset. If a species met one or more of the fol-
lowing criteria, it was omitted from the list because it was
considered inappropriate for statistical analysis.

e Species is not quantifiable or recorded only with
relative abundances (sessile animal colonies)

e Number of individuals does not exceed 10 on any
cruise

e Species is only detected on one cruise, and number of
individuals is below 10

Using these restrictions, 126 of 185 species were omit-
ted from the list, leaving 59 species, considered to be
common enough and thus relevant for quantitative analysis
and called SpL hereafter.

In order to determine diversity changes within the research
period, the Shannon-Wiener Index (H') (Spellerberg and
Fedor 2003) and the Simpson Index (D) (Simpson 1949) were
calculated, using the SpL data of all cruise years.

The total abundance of each SpL species per cruise was
4th root transformed, and a multidimensional scaling plot
(MDS) was generated for distance analysis, using a simi-
larity matrix after Bray and Curtis (1957) in the software
package Primer v6, in order to obtain additional informa-
tion on the degree of similarity of the species composition
at all cruise years.

Temperature analyses

To provide the best possible temperature resolution, sur-
face and water column temperature data collected on our
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Table 1 Methods and range of temperature records, including sampling effort

Year Samples Gear Range Year Samples Gear Range
1991 37 (+0) Dtp su 2001 37 (+15) Dtp su
1992 37 (+0) Dtp su 2002 37 (+8) RCM -
1993 24 (4+0) Dtp su, sed 2003 37 (+16) CTD wce
1994 37 (+8) Dtp su, sed 2004 37 (+14) Dtp su
1995 37 (+18) Dtp su, [sed] 2005 22 (+0) CTD wc
1996 37 (+16) Dtp su, sed 2006 37 (+16) CTD we
1997 37 (+15) Dtp, CTD su, we 2008 37 (+3) CTD we
1999 37 (+15) Dtp, CTD [sul, we 2009 37 (+16) Dtp, RCM su, we

Columns 1 and 5: cruise years. Columns 2 and 6: number of samples per cruise. Curved brackets indicate the number of additional sampling
passes (48-h sampling) on station 40. Columns 3 and 7: gear used (Dtp = Digital temperature probe; CTD = CTD probe; RCM = RCM9
probe). Columns 4 and 8: range of water body where measurement was taken (su surface, sed sediment, we water column). Box brackets indicate
where only a minor part of stations was probed (1995 sed—11:37; 1999 su—15:37)

cruises were combined with publicly available CTD data
provided online by the International Council for the
Exploration of the Sea (ICES). This combined dataset
(123.798 entries) was converted and analysed with the aid
of the programme Ocean Data View (ODV).

The mean temperature of the water column during
summer was estimated by generating a section from the
north-east to the south-west of the sandbank, including the
values for all years (1991-2010) from July 01 to August
31. This technique resulted in the detection of a thermo-
cline at approximately 15 m. This depth was used to sep-
arate the surface and bottom layer of the water column.
Thus, temperature means were calculated for the surface
and bottom layer during each summer (July 01-August 31)
and each year.

Correlation analysis

A Spearman’s rank correlation analysis was performed,
comparing the yearly abundance of each species with the
mean summer bottom water temperature. The species were
sorted by their Spearman’s indices, from high to low.

Results
Diversity and distance analyses

The Shannon-Wiener index (H') and the Simpson index
(D), used as diversity indicators in Fig. 2, both show a
significant diversity decrease in the mean since the year
2002 (P < 0.0001). The curves are not completely con-
gruent (obvious in 1996 and 2003) due to differing calcu-
lation formulas.

This obvious biodiversity decrease is further supported
by an MDS plot (Fig.3), showing a considerable
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Fig. 2 Shannon-Wiener index (H') and Simpson index (D) of
biodiversity for all cruises, based on the list of species defined as
quantitatively relevant. The graphs show the deviation from the mean
(H' = 2.12, D = 0.19). For congruence of the indices means, the
right y-axis was inverted and the means for both indices were matched
to each other. The solid (grey and black) lines depict the linear trends
of both indices. No data are available for the years 1998, 2000 and
2007
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Fig. 3 MDS plot of all summer cruises, based on the total species
abundances per cruise. 4th root transformed abundance data. The
labels represent the cruise years
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separation of the cruises in the 1990s from those in the
2000s, regarding species composition and abundance of
each cruise.

Temperature analyses

A temperature section from the north-east to the south-west
of the Dogger Bank was generated with the software ODV
(Figs. 4, 5) on the basis of the combined temperature
dataset mentioned in “Material and Methods.”
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Fig. 4 Ocean Data View section across the research area. Length
~100 nm and width ~ 16 nm. See Fig. 5 for further details

Temperature

Pressure

Fig. 5 Water column temperature profile of the section in Fig. 4.
Interpolation of data from July 01 to August 31, years 1991-2010.
Combination of ICES and own CTD data
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A temperature gradient is visible from the surface to the
bottom layer, with mean temperature values around a
pressure of 15 dBar (~ 15 m). This threshold was used to
separate surface and bottom temperatures, resulting in the
mean temperatures, respectively, for summer and total
year, of the surface (0-15 dBar) and the bottom layer
(15-33 dBar), shown in Fig. 6.

All trend lines in Fig. 6 show an upward trend in the
mean temperatures on a small degree scale, with the mean
summer bottom temperature (MSBT) trend being signifi-
cantly non-zero (P = 0.026) in a linear regression.

Correlation analysis

The SpL species, sorted by their associated Spearman’s
indices (as explained above), are shown in Fig. 7. The
confidence intervals for P = 0.01 and P = 0.05 after Zar
(1972) are included as well. The result shows the degree to
which the change in abundance of the respective species is
correlating with changes in the MSBTs, ranging from 0.74
to —0.51. The major part (32 species) shows positive
correlation, while 27 of the SpL species show a negative
Spearman’s index.

Considering the species at the top-end of Fig. 7, a pat-
tern of increased abundance values per cruise can be
observed in years with peaks in the water temperature
means, not only concerning the MSBT. The opposite trend
shows up considering species at the bottom-end of the
graph. Examples are given in Fig. 8, including six species
with a significant positive correlation index and one species
with a significant negative correlation index.

Discussion
Diversity and distance analyses

The diversity indices in Fig. 2 exhibit a clear downward
trend, at least since the year 2002. This result is further
supported by a previously detected decrease in species
richness across the research period (Sonnewald and
Tiirkay 2011). Although species richness is not totally
identical with biodiversity (Spellerberg and Fedor 2003),
it is—together with species abundance—an important
measurable key factor. Disregarding the driving forces,
these results show that a decrease in biodiversity could
have negative effects on the ecosystem of the Dogger
Bank. Although controversially discussed by Lehman and
Tilman (2000), a reduction in biodiversity could reduce
the ecosystem productivity and temporal stability, which
may result in an increased vulnerability regarding fish-
eries, invasive species and changing environmental
conditions.
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Fig. 6 Mean surface and
bottom temperatures per year 209 .
and during summer (July 01 to :
August 31), derived from the 18 i
combination of ICES CTD data
and our own CTD data. The
vertical broken lines mark the
years where sampling has taken
place. The linear slopes show
the general trend of the mean
temperatures (P values—yearly
means: surface 0.13, bottom
0.66; summer means: surface
0.21, bottom 0.03.)
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Temperature analyses

As described in Kroncke and Knust (1995), the Dogger
Bank hydrography is influenced by different water bodies.
In summer, the south-west of the bank is characterised by
an influx of warmer water from the southern North Sea and
the English Channel, while the north-eastern part of the
bank is under the influence of cooler water from the north.
In Fig. 5, these summer temperature anomalies, the so-
called “eddies” (Kroncke and Knust 1995), are visible near
the bottom layer in the west (2°E-2.5°E) and in the east
(3°E to beyond 4°E). The western temperature anomaly is
caused by warmer water coming from the southern North
Sea and the British Channel. The eastern anomaly is caused
by the influx of cooler water from the north. The fauna
reacts to this distribution of water bodies in establishing
distinct communities as explained in Frauenheim et al.
1989. As shown by the distribution of animal communities
through cluster analysis, the Dogger Bank is situated at the
crossroad of these water bodies.

The resolution of the mean temperature per year in
Fig. 6 lacks absolute accuracy, because temperature data
were unavailable for some months, resulting in imprecise
yearly means. Instead, the more dense summer CTD data
of ICES, also supported by our own CTD data, were taken
for the statistical analysis of trends.

All temperature means shown in Fig. 6 (excluding the
MSBTs), only show an upwards trend but fail to pass a
significance test by a linear regression. The most conclu-
sive factor for a weak trend seemed to be the time frame of
our observation. There must have been a major temperature
rise of the SST just before the 1990s (O’Brien et al. 2000).
For our study area, the temperatures before 1991 were not
taken into account due to very sparse data availability from
ICES and the lack of own CTD data. Nevertheless, clear
temperature anomalies have also been detected at selected
stations at the southern and northern North Sea since the
beginning of the 1990s (Hughes et al. 2010), thus the

Summer mean

Yearly mean

[-*- Tsurface =T bottoml

observed upwards trend in our dataset seems meaningful,
although some trends were non-significant.

Correlation analysis

When correlating the mean yearly water temperatures with
species abundance, the first step is to verify the relevance
of yearly temperature means for growth and reproduction
of marine species. Literature provides several examples of
marine animals showing a “reaction” to annual means in
temperature. Neumann et al. (2009b) used temperature
anomalies derived from mean surface and bottom temper-
atures for a conclusive Spearman’s rank correlation with
mean species abundance. Taylor (1958) showed a positive
correlation of cod size/lifespan and annual means of the sea
surface temperature. Perry et al. (2005) showed that tem-
perature means are good proxies, even if winter and sum-
mer values are calculated separately, and have an effect on
the distribution range of several fish species. This makes
clear that isolated summer and winter values cannot
explain the whole distribution characteristics. Some
authors also use a restricted time frame for the analysis of
specific questions, like O’ Brien et al. (2000), who used the
mean sea surface temperature in the period of February to
June to explain cod recruitment. Again, winter to summer
months are included in the period used for analysis, which
shows that different times of the year have to be taken into
account when discussing marine climatic influences on
organisms. In consequence, we use yearly mean tempera-
tures for our correlation analysis, as these reflect the tem-
perature range of an entire year.

Figure 7 demonstrates that there is a distinction between
species correlating positively and species correlating neg-
atively with increasing temperatures, as well as a central
cluster of species, showing no significant correlation with
the MSBTs concerning their abundance. The animal with
the most positive Spearman’s correlation index is Luidia
sarsi. In the study area, this species was first observed with
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Fig. 7 Correlation indices after Spearman. The number of individ-
uals was correlated with temperatures (sum of summer and yearly
temperatures, surface and bottom layers) after Spearman. The vertical
lines represent the confidence intervals (P = 0.05: £0.259; P = 0.01:
+0.337) after Zar (1972)
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a sudden and high abundance in the year 2003, where we
also observed a temperature peak in the summer and yearly
means (Figs. 6, 8). Maybe this comparatively warm year
was one among other factors facilitating the establishment
of L. sarsi at the Dogger Bank. Its yearly abundance
decreased again in the following years, with a smaller peak
in 2009, correlating with a smaller rise in temperatures than
in 2003. Concerning its further distribution, this species is
not uncommon to the North Sea, but according to Frau-
enheim et al. (1989), it is common in the northern regions
but rare in the southern ones of the North Sea. This is
supported by observations on benthic material sampled
North Sea wide on the ZISCH Cruises by RV Valdivia
(Frauenheim et al. 1989). It is most likely that L. sarsi
formerly used the northern introduction route into the
North Sea (Shetlands/Orkneys), because it is not found
until today at the eastern British Channel and the area south
of the Dogger Bank. In addition to the west coast of the
British Isles, the species is reported from the Mediterranean
and the Azores (Hayward and Ryland 1998; Mifsud et al.
2009). Even if this species correlates with comparatively
higher temperatures, there is no clear indication that tem-
perature is the only driving force promoting the establish-
ment of L. sarsi on the Dogger Bank.

Luidia sarsi is followed by Liocarcinus depurator, a
swimming crab with a distribution range from the east
Atlantic coast of North-West Africa to the Hebrides, being
common in the North Sea and the Mediterranean (Chris-
tiansen 1969; d’Udekem d’Acoz 1999). In our studys, it first
appeared in 1999 on the Dogger Bank. Since then, its
abundance tended to go up with a first peak in 2003 and a
second one in 2009, but in summer 2010, its abundance
decreased again remarkably. One possible reason is the
effects of the cold winter of 2009/2010.

The echinoderm Psammechinus miliaris has been com-
mon at the Dogger Bank since the beginning of our study,
but its abundance also seems to positively correlate with
temperature peaks, at least in 2003 and 2009, where it was
recorded with a high number at several stations.

The flatfishes Arnoglossus laterna and Buglossidium
luteum are two of the main faunal elements of the Dogger
Bank, usually being present on all stations. The yellow sole
B. luteum dominates most of the catches, on average being
13 times as numerous as A. laterna. Both flatfishes corre-
late with elevated temperatures, maybe due to a better food
supply caused by a higher primary production in the food
web in warmer years (Kirby and Beaugrand 2009). In
addition, A. laterna shows a significant (P = 0.0001)
increase in the number of individuals per year over the
research period.

The species with the most negative Spearman’s rank, the
lesser sandeel Ammodytes marinus, shows an inverted
abundance trend. This species is common in the North
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Fig. 8 Species abundance per cruise year. No. 1-3: species with the
most positive Spearman’s rank correlation to the temperature data.
No. 5 and 7: species positively correlated with temperature data,

Atlantic up to eastern Greenland, Iceland, the Barents Sea
and the North Sea (Kaschner et al. 2008). After an initial
period of high abundance during the first years
(1991-1997) of our long-term research, this species van-
ished from our catches. In contrast to the increasing
abundance of some southern fish (Beare et al. 2004), the
sandeel A. marinus showed the opposite trend during our
study period. Its disappearance correlates with rising tem-
peratures, but the effect of commercial fisheries on
A. marinus as a target species cannot be disregarded
(Pedersen et al. 1999). In the east of the Dogger Bank, this
species was recorded via echosounder acoustic data by Van
der Kooij et al. (2008) in the years 2004, 2005 and 2006.
We cannot confirm these data obtained by echosounding
through our sampling efforts. Since 1999, we were not able
to catch any individuals of A. marinus. This corresponds to
a dramatic decrease in sandeel landings, reported by ICES
(2010, Fig. 6.4.21.2). During the period in question, we
only detected a few specimens of Ammodytes tobianus, a
close relative of A. marinus. The overall picture shown
through the analysis of catch data confirms the negative
correlation of sandeel abundance with rising temperatures.

General discussion

A number of kinds of impacts have been discussed in the
ecological literature as possible structuring features for the
epibenthic and near-bottom communities. These will be
discussed here in detail with reference to the Dogger Bank.

selected because of their status of being the most abundant fish
species in the mean. No. 59: species with the most negative
Spearman’s rank correlation to the temperature data

Trawling disturbance

Little is known concerning trawling (or fishing) efforts at
the Dogger Bank. Overall, only an estimation of trawling
frequency seems possible for the Dogger Bank area. The
works of Jennings and Kaiser (1998) and Jennings et al.
(1999b, 2000) characterise the Dogger Bank as a med-
ium- to less-affected fishing zone compared with other
areas of the North Sea, with a slight decrease in trawling
effort from 1990 to 1995. As mentioned in Jennings et al.
(1999b), the trawling data of Belgium and France are not
included in these reports due to unavailability. Jennings
et al. (2001) also examined two areas adjacent to the
Dogger Bank (Hills and Silver Pit) and correlated sam-
pled biomass with trawler sightings by fishery protection
flights in a 5-year time frame. This study revealed a
trawling intensity of up to 6,5 times a year, resulting in
highly significant decreases in bivalve and spatangoid
infauna. For the epifauna, no significant correlation of
trawling and biomass was detected in their work.
Kroncke (1992) states that for benthic community chan-
ges at the Dogger Bank, damage by fishery is an unim-
portant factor. Even the sandeel fishery is regarded as an
exercise with light gear, seasonally restricted to spring,
resulting in weak sea floor damage. We conclude that the
possible effect of trawling cannot be stronger for the
epifauna than the endofauna. Therefore, we cannot see
any serious impact that could be used for the interpre-
tation of our data.
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Fig. 9 Echichthys vipera. Number of individuals caught in a 48-h
time frame at station 40, during summer of the years 1991-2010 (no
data available for the years 1998, 2000 and 2007)

Low winter temperatures

Severe winter temperatures can have direct effects on
specific epibenthic species or whole faunal assemblages, as
demonstrated by Neumann et al. (2009a). For the Dogger
Bank, the example of the lesser weever, Echiichthys vipera,
exemplifies species directly affected by water temperature.
We compared the species’ summer abundance data at our
permanent station (station 40), where sampling takes place
for every 3 h during a 48-h period (Fig. 9). Echiichthys
vipera is a species that was always present at the western
part of our research area since the beginning of our studies
in 1991. The species was not present before 1994 at the
north-eastern tail end, which has cooler yearly mean water
temperatures as compared to the west. After 1994, the
number of individuals caught on station 40 increased and
generally followed the trend of the mean water tempera-
tures in winter across the entire Dogger Bank (February
water temperature data averaged from the ICES CTD
dataset). On a research cruise with RV Heincke in February
2010, after a severe and long winter, we measured a mean
temperature of 4,00°C (own CTD data taken across the
research area) and caught only one specimen. The assumed
scarcity of the weever was in good accordance with the
results in summer 2010, where only two juvenile individ-
uals of E. vipera were caught at station 40 in contrast to
4-14 individuals (average value = 8.5) in former years
(2001-2009).

Another example is the bivalve Arctica islandica. The
growth rings of its shell are a good index for climatic
events, impressively demonstrated by Schone et al. (2003,
2005). Additionally, the shell of A. islandica together with
the shells of Mya truncata and Chamelea striatula can be
used to show sediment re-suspension strength due to
storms, as shown by Witbaard et al. (2005).
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Conclusions

The results of this study show clearly that water tempera-
ture is a significant factor for explaining species abun-
dances and composition of the bottom fauna of the Dogger
Bank. In our study area, factors like fishing pressure seem
to play a minor role compared to long-term temperature
shifts. It was apparent that species appearance and disap-
pearance (presence-absence events) do not constitute the
totality of observable changes, but there are clear positive
and negative correlations of the abundance of individual
species with a particular temperature regime. Appearance
and disappearance of species would thus be the extreme
ends of a scale of increase and decrease. These correlations
were detected by the analysis of long time series, and it will
be of great interest to see how the species with a positive or
negative correlation towards warmer temperatures will
move on the scale and when they will possibly drop out or
get more abundant. These events can only be followed up
by ongoing long-term monitoring.
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