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ABSTRACT

The consequence of elevated ocean temperatures on
commercial fish stocks is addressed using time series of
commercial landings (1906-2004) and juvenile survey
catch data (1904-2006) collected around Denmark.
We analyze (i) whether warm-water sole (Solea solea)
has increased relative to Boreal plaice (Pleuronectes
platessa) and (ii) whether two related warm-water spe-
cies (turbot, Psetta maxima and brill, Scophthalmus
rhombus) show similar responses to increasing tempera-
ture or, alternatively, whether turbot (which has a
broader juvenile diet) has been favored. Since the
early 1980s, both sole and turbot have constituted an
increasing part of the commercial landings and survey
catches, as compared with plaice and brill, respec-
tively. These changes in species composition were
linked to sea surface temperatures, Northern Hemi-
sphere temperature anomalies (NHA) and the North
Atlantic Oscillation. NHA was closely related and
explained 43% of the observed variation in sole survey
catches relative to the plaice catches and almost 38%
of the observed variation in the sole landings relative
to the plaice landings. For the less common species,
turbot and brill, none of the global change indicators
explained more than 15% of the variation, although
all showed a positive relationship. Survey catch per
unit effort increased significantly for both sole and tur-
bot around the early 1980s, whereas catch per unit
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effort for plaice and brill remained constant. The
results indicate that the abundance of warm-water spe-
cies is likely to increase with increasing temperature
but also that species with similar life histories might
react differently according to degree of specialization.

Key words: Baltic Sea, descriptor, indicator, Kattegat,
Marine Strategy Framework Directive, North Sea,
regime shift

INTRODUCTION

Global warming has already affected many parts of the
biosphere (Rosenzweig et al., 2008) and will continue
to do so with the anticipated increase in temperature
(IPCC, 2007). This represents a challenge for science
to provide predictions on issues such as changes to spe-
cies distributions and biodiversity and consequences
for worldwide food supply, including commercial fish
catches. Compared with terrestrial environments,
alterations in marine ecosystems have proven more
difficult to predict (Brander, 2007; Lindegren et dl.,
2010a; Ottersen et al., 2010), even though changes in
the seasonal timing and the rate at which climatic
changes takes place are higher or similar to what is
observed on land (Burrows et al., 2011). One explana-
tion for this prediction deficiency is that key processes
regulating the population dynamic of marine organ-
isms are often unpredictable in time and/or space
(Bakun, 1996). Thus, disentangling one particular
underlying causal mechanism, between for example a
temperature increase and a change in population
abundance, is difficult. However, an alternative way to
deduce future changes is to learn from the past and
identify trends and patterns in ecological time series.
This has been done when analyzing spatial changes in
species distribution (Attrill and Power, 2002; Mies-
zkowska et al., 2006; Rindorf and Lewy, 2006; van Hal
et al., 2010), depth distribution (Dulvy et al., 2008),
individual (Attrill and Power, 2002; Teal et al., 2008)
and population growth (O’Brien et al., 2000; Acttrill
and Power, 2002). A problem that often emerges when
relying on ecological time series is that the timespan
covered is often short and therefore embodies a rela-
tively narrow range of climate variability. Moreover,
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in those cases where a large number of years are cov-
ered, the consistency in sampling procedures such as
gear setup and spatial coverage is often low. Combin-
ing several ecological time series that are complemen-
tary to each other can in some cases mitigate these
problems. This may require the use of a common met-
ric to compare among different time series.

In this study we rely on such common metrics,
namely the proportion SP, which is the amount of sole
relative to the sum of sole and plaice, and the propor-
tion TB, which is the amount of turbot relative to the
sum of turbot and brill. These proportions are calcu-
lated from two data sources: commercial landings
(1905-2004), for which effort is unknown, and juve-
nile survey catches (67 yr during the period 1904-
2006), for which effort is known although sampling
gear has undergone minor modification. The rationale
for using proportions as a common metric is that a pro-
portion, when calculated using comparable species
with similar habitat preference caught in a mixed fish-
ery, is robust to changes in gear setup, effort and fish-
ing pattern.

The use of SP is not new. Brander et al. (2003)
found that SP increases with decreasing latitude and
mean annual bottom temperature. The proposed ratio-
nale behind this result is that sole is a more southerly
Lusitanian species compared with the Boreal plaice,
which has its center of distribution in the North Sea
(Fishbase, 2011). In the North Sea, sole has shown a
southward shift in distribution during the last nine
decades, a trend which is ascribed to both rising tem-
perature and fishing pressure (Engelhard et al., 2011).
However, a more northward distribution of North Sea
sole has been observed in recent years (Rijnsdorp,
2010). Whether SP can also be used to detect tempo-
ral changes within a limited geographical area as indi-
cated by Brander (2009) is yet unresolved, and hence
one objective of the present study.

TB is based upon two commercially valuable flatfish
species (turbot and brill) that are ecologically similar
in the sense that they can produce hybrids (e.g., Heap
and Thorpe, 1987), use common nurseries (e.g.,
Haynes et al., 2011) and are as adults predominantly
piscivorous (Piet et al., 1998). However, as juveniles
their diets differ, such that turbot includes several food
items in its diet as compared with brill, which almost
exclusively preys on mysids (Beyst et al., 1999; Haynes
et al., 2011; Vinagre et al., 2011).

Thus, we hypothesize that the consequence of a
temperature increase will be a rise in both TB and SP.
The rise in TB will be a result of favorable conditions
for the Lusitanian sole compared with the Boreal pla-
ice, whereas the increase in TB will be a result of
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turbot being better adapted than brill to cope with
environmental changes because it has a more flexible
diet.

MATERIAL AND METHODS

The study area is the transition zone between the
North Sea and the Baltic Sea, which corresponds to
the inner Danish waters and comprises the Interna-
tional Council for the Exploration of the Sea (ICES) sub-
divisions (SD) 21, 22 and 23 (Figs 1 and S1). Juvenile
survey data consists of counts and individual length
measures of all captured sole, plaice, turbot and brill
taken between 1904 and 2006. The sampling is con-
ducted using a young fish trawl which mainly targets
age-0 and age-1 flatfish in the shallow nurseries. Only
hauls at depths shallower than 4.5 m were included in
the analyses. Data collected earlier than 1930 were
retrieved from Johansen (1915) and Bruun (1927).
Later data were accessible from in-house databases
(see Johansen, 1908 and/or Stgttrup et al., 2002 for
references on the sampling procedure and gear). In
1957 the trawl was modified when a tickle chain was
attached as foot rope. All survey-caught individuals
smaller than 20 cm were included in the proportion
calculation, i.e., they were judged as being juveniles.

As a complement to juvenile data, commercial
landings in weight of sole, plaice, turbot and brill in
the inner Danish waters from 1905 to 2004 were col-
lected from the official Danish landings statistics (Gis-
lason, 2006).

As a common standardized metric for comparison,
the proportion of sole relative to plaice (SP) was cal-
culated as:

Sole
" Sole + Plaice (1)
and as
Turbot
B = Turbot + Brill 2)

for TB. Both proportions were calculated based upon
either annual Danish commercial landings in tons in
the Kattegat/Belt Sea (SPj, and TB,,) or juvenile
flatish survey data provided in counts per 10-min
hauls (SPj,, and TB,,).

To estimate the ocean-atmospheric conditions in
the area, both regional climate indices as well as local
hydrographic variables were collected. Monthly
Northern hemisphere temperature anomalies (NHA)
were retrieved from the United States National Oce-
anic and Atmospheric Administration (NOAA,
2011) and the winter North Atlantic Oscillation
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Figure 1. Geographical location of study area, indicating sampling and fishing regions. Dots are locations where young fish sur-
vey hauls were completed; the darker the dot, the more hauls taken at that location. All hauls after 1985 have exact GPS posi-
tions, whereas positions for earlier hauls were deduced from landmarks given in the ships’ logbooks. The hatched area illustrates
the inner Danish waters where commercial landings from ICES SD21, SD22 and SD23 were obtained.
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(NAO) index from Hurell (2010). Monthly sea surface
temperatures (SST) covering the period from 1905 to
2007 were extracted from the ICES database (ICES,
2010) from the Marsden Square 215;3 (55°-60°N; 10°
—15°E). To estimate the timing of juvenile flatfish
migration from the deeper areas to the shallow nurser-
ies, April temperatures measured between surface and
1 m depth were averaged and used as proxy for the
temperature in the shallow and coastal areas (Fig. S2).

To detect significant breakpoints in time series of
SP and TB, the sequential regime shift detection
method (STARS) (Rodionov, 2004) was applied. The
STARS algorithm is designed to detect statistically
significant shifts in the mean level and the magnitude
of fluctuations in time series by using modified
two-sided Student’s t-tests. STARS can detect shifts at
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different time scales and magnitudes by varying the
probability level of the tests and the cut-off length
controlling the duration of regimes (Rodionov and
Overland, 2005). In this study we applied a signifi-
cance level of P = 0.01 and varied the cut-off length
between 15, 20 and 25 yr in order to account for
potential sensitivity of the STARS algorithm to win-
dow size. More information on the STARS method
and EXCEL add-in software is available online at www.
beringclimate.noaa.gov.

Finally, simple Gaussian linear regression models
were used to test the relationship between the logit-
transformed mean annual proportions and SST, NHA
and NAOQ, respectively. The logit transformation and
handling of 0 and 1 values were performed as suggested
by Warton and Hui (2011). Adult landings were

© 2013 John Wiley & Sons Ltd, Fish. Oceanogr., 22:5, 400—-408.



Climate-induced response of commercially important flatfish 403

lagged by 3 yr and juvenile survey catches by 1 yr to
account for delays between impact of temperature dur-
ing birth-year and the age when the fish were captured.
These lag periods assume that our temperature and cli-
mate variables impact processes affecting survival dur-
ing first year of life.

Because it is impossible to evaluate the extent to
which changes in SPj,, reflect changing sole or plaice
catches (and likewise for TBy,, if changes reflect
changes in turbot or brill catches), catch per unit effort
(CPUE) was calculated for all four species using juve-
nile survey data. CPUE was defined as the mean
annual number caught (ind) per unit effort, with effort
standardized to 10-min hauls. Only data collected from
1957 onwards were included, since the young fish trawl
was modified that year with the mounting of a tickler
chain. Prior to testing for significance, CPUE was
log.+1-transformed, a value referred to as CPUE|qg.1.
Welch’s t-test (unequal variance and unequal sample
size) was used to test whether the CPUE,4. value col-
lected before the identified significant breakpoint dif-
fered from values collected after. Note that it was not
possible to perform this analysis for the commercial
landing records, as these data do not contain any infor-
mation regarding effort.

RESULTS

SP and TB remained at a low level until the start of
the 1980s, at which time an increase occurred (Figs 2

and 3). This pattern is evident regardless of whether
SP or TB was based upon commercial landings or juve-
nile survey catches. The regime shift detection method
(STARS) indicated a significant breakpoint in TBy,
during 1983/1984, independent of window size,
whereas for SPy,, the exact timing of the breakpoint
varied between 1985/1986 and 1987/1988. Unfortu-
nately, a gap in the sampling from 1971 to 1985 pre-
vents evaluation of breakpoints in the SP;,, or TB;,
time series.

Increasing SST, NAO or NHA was in all cases fol-
lowed by increasing SPi,, SPiy, TBim and TBj,
(Figs 4 and 5). However, depending on which climate
predictors are chosen as covariate, the explanatory
strength of the correlation differed from non-signifi-
cant to 42% of the variation (Table 1). In general,
NHA as a covariate of SP produced the highest R val-
ues, followed by SST, whereas NAO showed the low-
est degree of correlation. For TB the R? values were in
general much lower than for SP; the highest value was
found using NHA as covariate.

Juvenile sole CPUE,,.; increased almost sixfold,
from 0.24 ind haul™! prior to the early 1980s to 1.35
ind haul ! after the early 1980s (Table 2). In contrast,
no significant difference in juvenile CPUE, .., was
observed for plaice between the periods prior to and
after the significant breakpoint. Likewise, no significant
change in CPUE,.,.1 was found for brill, whereas for
turbot the increase observed was significant.

Figure 2. Temporal variations in temperature—climate indices and indicators of flatfish abundance of two flatfish species (sole
Solea solea and plaice Pleuronectes platessa) in the Kattegat-Belt Sea region during the 20th and early 21st centuries. Solid lines
are SP based upon landings (SPyu,; blue) or juvenile (SPj,,; red). Significant breakpoints (STARS; Rodionov, 2004) are shown
by a blue vertical line. Joined green dots represent sea surface temperature (SST), grey bars Northern Hemisphere Anomalies
(NHA) and the black dotted line North Atlantic Oscillation index (NAO).
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Figure 3. Same as Figure 2, but for turbot Psetta maxima and brill Scophthalmus rhombus.
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Figure 4. Logit-transformed SPy,, and SPj,, and the Northern Hemisphere Anomalies (NHA), sea surface temperature (SST)

and North Atlantic Oscillation index (NAQO). Solid black line shows the predicted relationship and dotted lines represent 95%
confidence intervals.
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DISCUSSION have changed over the years. In the present study, the
method enabled the evaluation of historical commer-
Effort-independent metrics such as SP and TB have cial landings, revealing that a change in the flatfish
the advantage that time series can be analyzed even community occurred in the early 1980s. This could
when effort is unknown or gear setup and efficiency not have been detected using juvenile survey data
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Figure 5. Same as Figure 4, but logit-transformed TBy,, and TB;
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Table 1. R? values for the linear regression models with
NHA, SST or NAO as covariate. Only significant are given,
i.e.,, P> 0.05.

NHA SST NAO
SPy, 0.38 0.13 0.05
SP, 0.42 0.17 0.06
TBia 0.15 ns. 0.08
TBiuw ns. 0.12 0.13

Table 2. Mean CPUE,.¢ (ind haul™!) for years prior to
and post the identified significant breakpoint in the early
1980s. Welch’s t-test statistics with degrees of freedom (d.f.)
and significance level (P).

Prior Post P df.
Sole 0.24 1.35 <0.01 22.8
Plaice 2.32 2.63 n.s. 23.11
Turbot 0.04 0.12 <0.01 26.0
Brill 0.24 0.32 n.s. 33.9

n.s., non-significant.

alone, since no survey took place in the period from
1972 to 1986. However, the disadvantage of using
metrics such as SP and TB is that changes may arise
from different trends in the numerator and denomina-
tor. Does the observed increase in SP reflect an
increase in sole or a decrease in plaice? Likewise, does
the observed increase in TB reflect an increase in tur-
bot or a decrease in brill? These questions cannot be
resolved based upon commercial landings alone, but
here the juvenile survey catch data provide insight.
No difference in the plaice catches was present,
whereas the sole catches had increased significantly.
That the increase in SP is a result of increasing sole
and not decreasing plaice is further supported by the

© 2013 John Wiley & Sons Ltd, Fish. Oceanogr., 22:5, 400-408.

n.s., non-significant.

observed stable to moderate increase in the Kattegat-
Skagerrak plaice spawning stock biomass (SSB) during
the period from the 1970s to 2000 (Cardinale et al.,
2009a). Similarly, an increase in juvenile turbot
catches was identified, whereas no change in brill
abundance was found. The increase in turbot is consis-
tent with the trend observed in the adult population
during the early 1980s (Cardinale et al., 2009b). The
degree to which an increase in sole and turbot is a con-
sequence of habitat expansion of populations from
neighboring areas or, alternatively, an increase in local
population numbers, is an open question. However, for
both sole and turbot no genetically distinct Kattegat
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population has been identified (Nielsen et al., 2004;
Rolland et al., 2007).

The onset of the observed increases in abundance
of sole and turbot is in agreement with large-scale
changes observed in neighboring ecosystems, for
example the 1982-83 regime shift in the North Sea
(Beaugrand et al., 2003; Beaugrand, 2004) and the late
1980s regime shift in the Sound and Baltic Sea
(Mollmann et al., 2009; Lindegren et al., 2010b). SP
and TB increased with increasing SST, NHA and
NAO using data from both commercial landings and
survey catches, although the strength of the relation-
ship differed. This underlines that identifying the
major climatic indicator linking climate variability to
a response in a given species or community is difficult.
For instance, indices such as NHA and NAO will typi-
cally be suited for describing an overall climate trend
but have a number of drawbacks when used as proxies
for local hydrographic conditions (Stenseth et al.,
2003), whereas local SST measurement may suffer
from a high degree of variability (noise). In addition,
the overall positive relationships may be explained by
a direct physiological effect (i.e., through increased
metabolism), an indirect effect due to an extension of
the period where juvenile flatfish can occupy nurseries,
thereby achieving higher growth and increased sur-
vival (Gibson et al., 2002; Ryer et al., 2010), or a com-
bination of both. The onset of the seasonal warming
has changed during the last decades, such that it is
approximately 10 days earlier than in 1960. Combined
with a delayed fall, this results in a potential increased
nursery growth period of 18 days (Burrows et al.,
2011). Such a prolonged period in the shallow nursery
has a positive effect on a warm-water species like sole
but not on plaice (Teal et al., 2008). Thus the
extended nursery period has the potential to cause an
increase in SP, an increase which is possibly more dras-
tic than if climate changes were simply a question of
increased mean summer temperature.

The increasing temperatures did not seem to affect
brill and turbot identically, even though the two spe-
cies are similar in many respects. They both have the
ability to produce hybrids (e.g., Heap and Thorpe,
1987), use the same nurseries (e.g., Haynes et al.,
2011) and both species are piscivorous as adults (Piet
et al., 1998). However, during the juvenile stage their
diets differ. Turbot is more omnivorous than brill, and
include smaller fish in their diet, whereas brill rely
almost exclusively on a diet of mysids (Beyst et al.,
1999; Haynes et al., 2011; Vinagre et al., 2011). A
broader diet might be an advantage during a changing
environment, since increasing temperature during
spring will instigate migration of both juvenile turbot

and brill into the nursery earlier than normal, poten-
tially leaving brill with fewer suitable food items if the
migration of mysids to the nurseries is not synchro-
nized (mismatched).

Alternative explanations, such as interspecific
competition, predation mortality and fishery-induced
effects could also influence the composition of com-
mercially important flatfish. Interspecific competition
seems unlikely, even though all four species share
the same nurseries, due to a limited dietary overlap
of plaice and sole (Beyst et al., 1999; Amara et al.,
2001) as well as turbot and brill (Beyst et al., 1999;
Haynes et al., 2011; Vinagre et al., 2011). The pre-
dation mortality on juvenile flatfish caused by cod
(Gadus morhua) has likely decreased since the early
1980s, parallel to the decreasing cod stock (Cardi-
nale and Svedang, 2004). Yet, were SP and TB to
increase due to decreased mortality, this would imply
that sole was affected differently from plaice and tur-
bot differently from brill. There appears to be no
spatial segregation between the four species, as they
share common nurseries, namely non-vegetated shal-
low beaches. That cod may have a preference for
one of the species cannot be ruled out, but in gen-
eral the predator/prey length relationship seems to
be more important for the diet than the actual spe-
cies preyed upon (Ellis and Gibson, 1995). The fish-
ery is unlikely to have caused the observed changes
in SP and TB, because sole and plaice are typically
targeted in a mixed commercial fishery (Rijnsdorp
et al., 2006) and have a spatio-temporal overlap dur-
ing adult life-stages (Maxwell et al., 2009). Similarly,
brill and turbot are also caught in a mixed fishery

(Ulrich and Andersen, 2004).

CONCLUSION

We have demonstrated that metrics such as SP and
TB can be used to assess climate-induced changes in
species composition of commercially important flat-
fish. Moreover, the metrics are applicable for data
sources where effort is unknown, and they are mean-
ingful even within a relatively small geographic area.
Finally, use of proportions is not restricted to assess-
ment of the effect of climate changes; they could also
be valuable as indicators of good environmental status,
e.g., as requested in the European Union Marine Strat-
egy Framework Directive (EC, 2008). Here the advan-
tage of using effort-independent metrics is to be able
to combine biological samples gathered over many
years, by different countries and under shifting circum-
stances, into one single descriptor useful for manage-
ment purposes.

© 2013 John Wiley & Sons Ltd, Fish. Oceanogr., 22:5, 400—-408.
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