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Abstract

Food-limited growth of larval fish, defined as growth rates lower than observed in other habitats or from laboratory
experiments at a given temperature, is rarely reported in field studies. This would imply that either larval fishes are
living in an environment characterized by plenty of food, that nutritional condition selective mortality (i.e., eliminating
the weak) is very strong, or this impression is caused by misinterpretation of data concerning e.g., poor taxonomical
resolution of potential prey items, i.e,, total potential prey abundance is high, but positively selected food is actually
scarce. We analyzed RNA:DNA derived growth rates of herring larvae (Clupea harengus L) and taxonomically differenti-
ated prey field data of six consecutive spring seasons from the Kiel Canal, an artificial waterway in northern Germany,
in order to test if food-limited growth in larval fish can occur recurrently in coastal habitats. In all years analyzed, larval
growth rates decreased simultaneously with prey abundance at the end of each larval season. Furthermore, larval
growth rates were observed to be lower than mean growth rates observed in another herring larvae nursery area at
temperatures above 15 °C. Asymptotic relationships between prey abundance and larval growth rates were observed,
further supporting the hypothesis of food-limitation. As larval growth was best explained by the abundance of the
numerically dominant calanoid copepod Eurytemora affinis, the paramount importance of the dominant prey item is
highlighted. We conclude that food limitation can be a severe and re-occurring issue for larval fish in coastal habitats,
and that certain prey items play a crucial role in determining larval growth rates, and therefore potentially recruitment.
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Background
Over a century ago Hjort [35] hypothesized that the
nutrition of first feeding larvae is an important recruit-
ment-driving factor. Since then, generations of fishery
scientists worked on this issue, but it took decades until
they started “emerging from Hjort’s shadow” [39], inter-
preting the issue of larval nutrition in a broader context.
This includes biotic as well as abiotic factors influencing
the nutritional situation for fish larvae, and focusing not
only on the time of first feeding (e.g., [3, 10, 19, 50]).
Nevertheless, the issue of food limitation in the field
has rarely been examined in larval growth analyses,
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and indicate if changes were made.

and remains a matter of debate. Numerous field studies
reported that only small proportions of marine fish larvae
starve (e.g., [15, 18, 21, 67]). Consequently, it was recently
hypothesized that intermediate or low prey abundance
indirectly affect larval recruitment by enforcing more
active foraging and, thus, higher risk of predation by
easier detection by predators [43] rather than starva-
tion itself. Accordingly, starvation of larvae would rather
be exceptional at very low levels of prey abundance. For
example, studies on clupeoid fish larvae showed that
lowest threshold values for early survival are ~4—5 cope-
pod nauplii L™}, and that larval growth was increasingly
positively affected until upper threshold concentrations
of ~50 copepod nauplii L™! ([55], and references therein).
These concentrations are strongly affected by prevailing
temperatures, as fish metabolism is temperature depend-
ent [55]. Relatively few studies found evidence that
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growth rates of marine fish larvae are occasionally food
limited [9, 30, 40, 65]. Such observations, however, seem
to be exceptions, since food limitation only occurred in
certain situations, e.g., in a single year, or in certain water
depths, but not on a regular basis.

All the above cited studies were conducted off-shore,
providing relatively stable environmental conditions in
terms of salinity and showing relatively slow temperature
changes. In contrast, conditions in coastal habitats such
as lagoons and estuaries are highly variable, including
changing salinities and subsequent changes in prey com-
position (e.g., [8, 29, 42, 61, 64]). Small waterbodies and
low water depths are typical for such areas, leading to
strong short-term changes in temperature during spring
time (e.g., [24, 52]), potentially with qualitative and quan-
titative implications for prey availability [2].

In previous studies we observed first indications for
food limited growth rates of larval herring in the Kiel
Canal [53, 54], an artificial waterway in northern Ger-
many, with a limited data set. In this follow-up study
we analyzed a 6-years-time series including RNA:DNA
derived growth rates of 1177 larval herring and taxo-
nomically differentiated prey field data in order to inves-
tigate potential reasons for this phenomenon and to test
the hypothesis that food-limited growth of larval fish can
occur recurrently in coastal habitats and at inter-annually
varying prey levels.

Methods

Sampling

Time series analyses of biochemically derived larval her-
ring growth rates along with prey field and temperature
data of six consecutive spring seasons (2007-2012) in the
Kiel Canal at a station 13 km inland to the open Baltic Sea
(54°20'45N, 9°57'02E, Fig. 1) were conducted. The Kiel
Canal has an average width of about 100 m, and is char-
acterized by a mean depth of about 11 m. The water col-
umn is constantly mixed due to the heavy shipping traffic
(highest frequency of container ship use in the world), and
the salinity is low, ranging from 5.5 to 11.5. The Kiel Canal
is a suitable habitat to examine prey effects on larval fish,
due to its very confined space and weak currents. Larval
fish and zooplankton were sampled on a weekly basis. This
sampling frequency was chosen according to the response
time of the biochemical larval growth indicator used
(RNA:DNA), which is several days to a week [17]. Verti-
cal profiles of salinity and temperature were taken (CTD
48 M, Sea & Sun Technology GmbH, Trappenkamp, Ger-
many). To analyze the prey field, a vertical haul was car-
ried out with a WP2-net (200 pum mesh size; the issue of
losing the nauplii by using this mesh size is referred to in
the discussion) and fixed with 4 % borax buffered formalin
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Fig. 1 Location of the sampling sites in northern Germany: A Kiel
Canal and B Greifswalder Bodden

solution. Larval herring were sampled by using a bongo
net with 500 pm mesh size which was retrieved in an
oblique haul with a speed of 2.5 knots. Two hauls were car-
ried out: the first one was preserved with 4 % borax buft-
ered formalin solution and used for the determination of
larval abundance. The second one was taken to sample
larvae for RNA:DNA analysis. This sample was cooled
with crushed ice immediately, and all larvae were sorted
out within 30 min after the haul. The larvae were frozen
on board at —20 °C, and stored after the return to the
institute (about 2—3 h after the haul) at —80 °C. To define
and detect food-limitation, larval growth data from Kiel
Canal were compared to larval growth data from another
important habitat for western Baltic Sea spring spawning
herring, the Greifswalder Bodden (Bodden is the Ger-
man term for an enclosed, shallow and low saline bay at
the Baltic Sea coast; Fig. 1; for further information on this
site, please see [54]) with samples collected in the spring
seasons 2010-2012. The sampling procedure was the same
as in the Kiel Canal, apart from the fact that larvae were
frozen in liquid nitrogen on board.

Larval standard lengths were measured to the lower
0.1 mm. Prior to RNA:DNA analysis, the larvae were
freeze dried for 24 h (Christ Alpha 1-4 LSC freeze dryer)
and then weighed to the nearest 0.1 pg (Sartorius micro-
balance SC2).
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RNA:DNA analysis and instantaneous growth rates (G;)
RNA and DNA concentrations of whole individual
larvae were measured. A detailed description of the
analysis is given by Clemmesen [16, 17]. Larvae caught
in 2011 however, were defatted before analyzing
RNA:DNA and analyzed according to Malzahn et al.
[48, 49] to analyze the effects of essential fatty acids
on larval growth rates [54]. Comparison with the clas-
sical approach by Clemmesen [16, 17] showed no sig-
nificant differences between RNA:DNA of defatted and
non-defatted larvae. We analyzed a minimum of 10 lar-
vae and a maximum of 50 larvae, but on average 20-30
larvae per sampling day. Two size classes were used for
further analyses: Length classes smaller and larger than
14 mm were chosen. At 14 mm the dorsal fin is clearly
protruded (own observations and [23]). This fin differ-
entiation is assumed as an indicator for an ethological
change, due to enhanced swimming and therefore hunt-
ing capabilities.

The RNA:DNA ratios were converted to standardized
RNA:DNA ratios (sRD; [13]) and used to calculate dry
weight related instantaneous growth rates (G;) of the lar-
vae [11] based on the following relationship:

G; = 0.0145 * sRD + 0.0044 * (sRD x T')) — 0.078

with G; being the instantaneous growth rate, sSRD the
standardized RNA:DNA ratio and T the temperature (°C)
determined at the sampling time. Interpretation of G;-
values has to be done in the way that a value of 0 means
no growth at all and a value of 1 would be a doubling of
the weight of the larva per day. Larval growth data were
used in different ways for regression analyses with prey
abundance: (1) as individual larval growth data with-
out any size differentiation, (2) mean per sampling day
(including all larvae analysed at a given date) and (3) sea-
sonal mean growth rates. The different approaches were
chosen in order to (1) display individual variability, (2)
visualize sampling date variability, and (3) test for inter-
annual variability, which would be completely masked by
taking individual data due to the high range of variability
of both larval growth data and prey abundance through-
out the course of the seasons.

Mesozooplankton analysis

Mesozooplankton samples were divided with a Kott
plankton splitter [44] up to the point, where at least
100 individuals (including copepodite and adult stages,
excluding nauplii) of the most abundant copepod species
were found in a single subsample. If less than 100 individ-
uals were counted, additional subsamples were analyzed
until at least 100 individuals were reached. All taxa were
recorded and distinguished to the lowest possible taxo-
nomic level using the taxonomic guide by Sars [59].
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Further analyses were restricted to calanoid copep-
ods and cirriped nauplii, as these organisms were shown
being the major prey items for larval herring in the Kiel
Canal [22].

Defining food-limitation

To define and detect food-limitation, negative effects of
increasing temperatures on larval growth needed to be
excluded. In order to do so, larval herring growth data
(means per sampling date) from the Kiel Canal were
compared to growth data from the Greifswalder Bodden,
where growth rates further increased at temperatures
above 15 °C, indicating that the optimal temperature was
not reached yet. Trend lines were fitted to larval growth
versus temperature data from the Greifswalder Bodden
(2010-2012) and the Kiel Canal (2007-2012), respec-
tively, including 95 % confidence intervals (CI). When
the upper 95 % CI of larval herring growth data from the
Kiel Canal was below the lower 95 % CI of larval growth
data from the Greifswalder Bodden, these larvae were
assigned to be food-limited, as their growth rates were
lower than possible.

Statistics

The statistic package Statistica (version 6) was used to
perform statistical analyses. For all statistics, the signif-
icance level was set to a = 0.05. By using the Shapiro—
Wilk- and the Levene-Test, data were analyzed for normal
distribution and homogeneity of variances, respectively.
To test for differences in larval growth rates during each
spring season, one-way analyses of variance (ANOVA)
were conducted and Tukey honestly significant difference
(HSD) tests were used for post hoc comparison. Growth
data used for this approach were not further differenti-
ated with respect to size classes, but used to generally
test for significant declines in larval growth rates towards
the end of the season in the Kiel Canal. Mann—Whit-
ney-U-tests were used to test for significant differences
between larvae smaller (range 4.8—13.9 mm) and larger
than 14 mm (range 14-20 mm) at given dates. In order
to test for prey effects on larval growth, individual larval
growth data and mean growth per sampling date were
correlated to prey abundance observed at that sampling
date. Additionally, seasonal mean larval growth data
and seasonal mean prey abundance were correlated. As
the 2009-season was temporally not fully covered, that
year was excluded from the seasonal mean approach. As
temperature is included as a term in the multi-species
growth model used [11], larval G; could potentially rather
reflect temperature changes than changes in the larvae’s
nutritional condition. To test in how far larval G; was
determined by the nutritional condition of the larvae, a
regression analysis between G; and sRD was performed.
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Further, generalized additive models (GAMs) were per-
formed in order to test for explained variability of SRD
for both Eurytemora abundance and temperature in
combination. This was only possible for larvae <14 mm,
as Eurytemora abundance and temperature were sig-
nificantly negative correlated for the data set of larvae
>14 mm. This was based on the fact that larger larvae
only occurred from the middle of the season onwards. At
that time point, Eurytemora abundances were always at
their highest levels, and decreased thereafter.

Results

The zooplankton community in the Kiel Canal was dom-
inated by Eurytemora affinis, Acartia tonsa and cirriped
nauplii (Table 1). Eurytemora affinis was the numeri-
cally dominant species among the copepods found in
the Kiel Canal (Fig. 2; Table 1). On average Eurytemora
made up 79 % of the total copepod abundance across
all years investigated. Total copepod abundance (all
species named in Table 1, including Eurytemora) and
Eurytemora abundance alone correlated significantly
throughout the investigated seasons (analyzed time
frame and sampling frequency is the same as for herring
larvae growth analyses; y = 0.9568x — 2859.9, R* = 0.97,
p < 0.001, N = 43).

Results from regression analyses were significant
between larval herring seasonal mean G; and seasonal
mean Eurytemora abundance (R* = 0.9, p < 0.05, N = 5)
and insignificant for the other taxa (p > 0.05; Acartia
tonsa R* = 0.34, Pseudocalanus elongatus R*> = 0.71,
Temora longicornis R*> = 0.39, Centropages hamatus
R? = 0.38, cirriped nauplii R* = 0.56). Therefore, further
analyses of prey effects on larval growth rates concen-
trated on Eurytemora (all stages from CI to CVI).

Generally, significant positive relationships between
larval instantaneous growth rates and Eurytemora abun-
dance were observed (Fig. 3a—c). Individual larval growth
rates showed a high variability at given Eurytemora
abundances (Fig. 3a, p < 0.01, N = 1177), mirrored in a
relatively low explained variability of 25 %. Explained
variability of larval growth rates increased to 31 % using
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weekly means of larval growth rates (Fig. 3b, p < 0.01,
N = 43), while 90 % of larval growth variability was
explained using seasonal means (Fig. 3¢, p < 0.05, N = 5).

Over the years, a recurring seasonal pattern was
observed in the Kiel Canal: during the early season,
Eurytemora abundances increased or were on a high level
and larval growth rates increased simultaneously (Fig. 4).
Larvae larger than 14 mm grew significantly faster than
smaller larvae in 2/3 of the cases (Mann—Whitney-U-
test, p < 0.05, N = 13), but in 1/3 of the cases (N = 6)
growth rates of small and large larvae were not signifi-
cantly different (Fig. 4). 83.3 % (N = 5) of the insignificant
cases were observed at food limited situations. Temporal
trends did not differ between large and small larvae.

In the late season at temperatures above 15 °C Euryte-
mora abundances decreased and remained at very low
levels (Fig. 5), and larval growth rates decreased signifi-
cantly (ANOVA, p < 0.05). Up to 15 °C larval growth
rates in the Kiel Canal were similar to the mean larval
growth rates observed in the Greifswalder Bodden in the
seasons 2010-2012 (Fig. 6). Thereafter, the upper 95 %
confidence interval of the Kiel Canal-larval growth data
was constantly below the lower 95 % confidence interval
of the Greifswalder Bodden-larval growth data.

82 % of larval G; variability (all size groups) was
explained by the standardized RNA:DNA ratio (sRD),
indicating major effects of larval nutritional condition on
larval G; (Fig. 7, p < 0.001, N = 1177). Further statistical
analyses on the effects of prey availability and tempera-
ture on sRD variability could only be performed on lar-
vae <14 mm due to an autocorrelation between prey and
temperature for the period when large larvae occurred in
the Kiel Canal. Results from a generalized additive model
(GAM) analysis showed that sRD for larvae <14 mm was
explained to 44.4 % by Eurytemora abundance and tem-
perature. However, when using Eurytemora exclusively
as an independent variable, explained variability of sRD
was 40.9 % (Fig. 8a), while temperature alone explained
24.1 % of sRD variability (Fig. 8b).

Abiotic conditions (salinity and temperature) showed
considerable differences between the years, especially

Table 1 Seasonal mean zooplankton abundance (N m~3), consisting of calanoid copepods and cirriped nauplii, in the Kiel

Canal in the years 2007-2012

Eurytemora affinis  Acartiatonsa  Pseudocalanus elongatus ~ Temora longicornis  Centropages hamatus  Cirriped nauplii
2007 8144 +10314 1287 & 2655 167 £ 130 32147 48 £85 3127 £ 3773
2008 466 £ 454 535+ 712 58 £ 35 547 87 4046 + 5620
2009 27,618 £ 26,485 5398 £ 5551 3605 £ 5617 0£0 0+0 9650 £ 12,403
2010 11,644 £ 10,445 2378 £1029 22+36 5+16 0+0 3663 £ 6520
2011 44,445 = 49,774 3004 £ 2329 563 £ 777 0£0 0£0 9843 £ 9373
2012 17,823 £19,147 458 + 500 226 4308 5+16 0+0 2248 43042

The time frame used for calculation corresponds to availability of larval growth data. Numbers after + indicate standard deviations
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Fig. 2 Inter-annual variability of the copepod abundance in the Kiel
Canal and the contribution of Eurytemora affinis. Other copepods com-
prise calanoid copepods of the genera Acartia, Pseudocalanus, Temora
and Centropages. Seasonal means are displayed

in terms of salinity, which ranged between 5.5 and 11.5
(Fig. 9b). While salinity was extraordinary high in 2011,
it was lowest in 2007. In contrast to the relatively high
salinity variability, temperature development was lin-
early throughout the years, ranging from to 7.5 to 19.4 °C
(Fig. 9a). In 2010, temperatures were lower on average
compared to the other seasons. Neither Eurytemora
abundance, nor larval G; correlated significantly with
temperature or salinity.

Discussion

Based on contradicting results of studies dealing with
prey availability and larval fish growth, it was recently
hypothesized that fluctuating prey availability affects
survival rates not primarily via larval growth rates, but
rather indirectly by changes in larval behavior and there-
fore increasing predation rates [43]. Nevertheless, evi-
dence shows that stage duration and therefore growth
rates are of importance for recruitment ([39], and refer-
ences therein). We demonstrate that larval growth rates
can be recurrently food-limited in coastal habitats, which
is, to the best of our knowledge, reported for the first
time. Variability of mean larval herring growth rates was
best explained when the analysis was restricted to the
dominant copepod, Eurytemora affinis.

In the present study, food-limited growth was defined
as lower growth compared to growth rates of herring lar-
vae observed in a different habitat (Greifswalder Bodden)
at the same temperature, which indicates a suboptimal
growth performance. Similar approaches have been used
by other authors before. For example, growth rates of cen-
tral Baltic Sea cod larvae were correlated with tempera-
ture and compared to growth rates from Georges Bank
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the sampling

and mesocosm experiments [40]. Similarly, body weight
of field-caught radiated shannies Ulvaria subbifurcata
were correlated with prey biomass and compared to lar-
val weight from experimental work [7]. Additionally to
the comparison of larval growth data from the Kiel Canal
with those from the Greifswalder Bodden, the asymptotic
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relationship between larval growth and Eurytemora abun-
dance serves as an indicator for food-limitation in itself,
as larvae grew at lower rates at low prey abundances. Indi-
rect temperature effects (increasing copepod abundance
with increasing temperature) can be excluded, as Euryte-
mora abundance and temperature were not correlated.
Food-limited growth has rarely been observed in
off-shore regions [9, 30, 40, 65]. As recurrently occur-
ring food-limitation was observed in a coastal habitat in

this study, the question arises, which basic differences
between coastal and off-shore habitats do exist that
potentially drive food-limitation? As food-limitation was
observed each year, a recurrently occurring mechanism
limiting copepod abundance is the most likely explana-
tion. As most coastal habitats such as lagoons, estuaries
and canals are characterized by a relatively small water
body, they sensitively react to climate and weather events
such as rainy seasons and strong short-term temperature
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lower than possible

changes which typically occur in boreal regions dur-
ing spring time. In the study at hand, temperatures
above 15 °C negatively affected copepod abundance.
Even though salinity might not be drastically changed
by rain or river-run off, relatively small changes could
produce effects on prey availability. For example, small
long term-changes in salinity correlated with decreasing
copepod biomass caused by an altered species composi-
tion (decreasing abundance of large species) in the north-
ern Baltic Sea [66], leading to food-limitation for adult

herring [26]. However, Eurytemora abundance was not
negatively but rather positively affected by this develop-
ment [66]. In the Kiel Canal, no significant correlation
between salinity and the abundance of the brackish water
copepod Eurytemora was observed at salinities between
5.5 and 11.5. Nevertheless, highest Eurytemora abun-
dances were observed when salinity was highest in 2011.
Experimental work showed that egg production does not
significantly differ at salinities between 5 and 15 [20].

Though larval herring appear to be selective feeders,
they seem to be rather plastic concerning the choice
of their preferred prey item, with a preference for the
dominant species (for references, see below). This might
explain the significant correlation between larval growth
rates and Eurytemora, but not other copepod species in
the present study. It was previously shown that larval
herring feed selectively on Pseudocalanus and Oithona
[14], while Acartia was negatively selected. Contrary,
Busch [12] and Hesse [32] found herring larvae selec-
tively feeding on Acartia spp. Results by Buckley and
Durbin [10] showed highest correlation coefficients
between prey abundance and growth rates of larval cod
(Gadus morhua) and haddock (Melanogrammus aegle-
finus), when analyses were restricted to their preferred
prey, Pseudocalanus spp.. Similarly, abundances of the
copepod Sinocalanus sinensis were observed to signifi-
cantly affect growth rates of larval Japanese temperate
bass (Lateolabrax japonicus; [41]), while this was not
observed for other co-occurring copepod species. Peter-
son and Ausubel [56] found larval Atlantic mackerel
(Scomber scombrus) selectively feeding on certain cope-
pod species as well.

As abundances of adult herring remained quite con-
stant in the northern Baltic Sea after changing cope-
pod species composition caused by changing salinities
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[26], the early life stages of herring were apparently not
strongly affected by these changing conditions. However,
the situation might be different for other fish species or
in different habitats. It was shown that the North Atlan-
tic oscillation has the potential to cause regime shifts,
including changing dominance of copepod species and
leading to declining or low level cod (Gadus morhua)
stocks [1, 5] in the North and Baltic Seas. Further,
droughts were observed to cause hypersalinity in estuar-
ies in the tropics and subtropics with severe ecological
consequences [60], or increasing salinities were observed
in coastal lakes caused by sea-level rise [61]. Effects of
changing abiotic conditions on prey composition and
therefore larval fish nutrition and survival and ultimately
recruitment are expected to be case-dependent. Here,
particularly the suitability of new dominant copepod spe-
cies as prey organisms is important. Factors determining
this suitability are primarily temporal occurrence and
quality aspects (e.g., size, energy content and biochemi-
cal composition [especially essential fatty acid concentra-
tions and C:N)].

Using a theoretical framework with larval fish behav-
ior included [43], it was shown that low prey abundances
lead to a more active larval behavior, and therefore bet-
ter detection by predators and consequently increased
predation rates. In that model, behavioral adjustment
concerning food availability was included by verti-
cal migration [25]. Due to the shallowness of the canal,
the possibility for vertical migration is restricted. Con-
sequently, the opportunity of behavioral adjustment is

reduced for fish larvae in shallow nursery areas such as
the Kiel Canal, but also lagoons or estuaries serving as
nurseries (e.g., [4, 24, 27, 57]), and such areas might be
exceptions of the validity of the model.

Generally, larval growth is used as an indirect indica-
tor for mortality rates [39] assuming that a better nutri-
tional situation for the larvae is reflected in better larval
growth and lower larval mortality rates, and vice versa [3,
37]. Indeed, results of otolith analyses of the survivors in
the Kiel Canal showed that the vast majority of the sur-
vivors hatched early in the season 2011, when growth
conditions were good [33]. This supports the findings of
the present study, were non-food-limited situations in
the beginning of the season were observed, defined by
increasing larval growth rates. Only very few survivors
originated from the mid-season or shortly before food-
limitation occurred. Overall, the survivors were larger
during the season compared to the mean size of the lar-
vae [33], supporting the Stage-Duration hypothesis and
“bigger is better” 3, 37].

Potentially, food-limitation can have strong negative
effects on recruitment (e.g., [39, 43]). Consequently, the
question arises in how far recruitment might be affected
by the food-limitation observed each season in the pre-
sent study? In the Kiel Canal, food-limitation occurred
only temporally during the season, and not consistently
throughout the whole season. During the non-food lim-
ited period, which includes the particularly sensitive
phase of first feeding of the peak-hatch cohort, copepod
availability was high. Therefore, food-limitation most
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Fig. 9 Seasonal course of a temperature, and b salinity during the
years of investigation in the Kiel Canal. Different symbols indicate
different years

likely primarily affects survival of late hatched larvae.
This means, that the time point of food limitation is of
crucial importance for larval survival. Similarly, one
might expect negative selection pressure on late hatching
cohorts, when food limitation occurs recurrently at a cer-
tain time point of the season. However, herring is a very
plastic species and distinct homing, i.e., that most or all
herring that hatched in the Kiel Canal return to this sam-
pling site to spawn, is unlikely. In other herring nursery
areas, such as the Kiel Fjord and the Greifswalder Bod-
den, decreasing larval growth rates were not observed
at the end of May/beginning of June (unpublished data),
which is the period were food-limited growth occurred in
the Kiel Canal. These results indicate that there is no uni-
form prey-induced selection pressure on herring larvae
in the investigation area during the season.

Though significant differences in growth rates between
larvae smaller and larger than 14 mm existed in the
majority of the cases tested, observed trends did not dif-
fer between size classes. Results from experimental work
indicated that large herring larvae grow faster than small
ones (positive linear relationship; [17]). In our study, in
one-third of the cases no significant differences between
small and larger larvae were found, mostly during the
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food-limited periods. A possible reason might be that
larger larvae have a higher energy demand than smaller
ones, which is difficult to meet during food-limitation.
This is especially true for the late season, where tempera-
tures were relatively high. Instantaneous larval growth
was found to increase approximately 0.01/1 °C increase
in temperature [38], and increasing temperatures
enhance larval metabolism and therefore energy demand
[38], which is critical under food limitation. Hence, it
is assumed that increasing temperatures affected lar-
val growth negatively in the late season, i.e., under food
limitation.

Eurytemora affinis was the numerically dominant cope-
pod species found in Kiel Canal, contributing 79 % to
total copepod abundance across all years investigated.
Eurytemora is known to be dominant in brackish waters
([34, 62], and references therein). At a temperature of
about 15 °C, the abundance of E. affinis decreased rapidly
to negligible values throughout the years. This is consist-
ent with findings by Hirche [34], who reported that the
productivity of E. affinis females is directly related to
their size, and the size decreases remarkably at tempera-
tures ~15 °C. Eurytemora is reported being outcompeted
by A. tonsa at temperatures above 15 °C ([34], and ref-
erences therein]; the latter species needs relatively high
temperatures for the eggs to hatch (>13 °C; [36]).

High variability of individual larval growth rates was
observed at given Eurytemora abundances. Factors caus-
ing this variability are especially temperature (increas-
ing metabolism with increasing temperature, see above)
and size-dependent growth. The latter phenomenon was
shown being dependent on prey concentrations (Paulsen
et al. accepted): the higher the prey concentrations, the
smaller the differences between growth rates of small and
large larvae were in the Kiel Canal during the years of
investigation. Additionally, genetic and behavioral com-
ponents (individual growth capacity and hunting capa-
bilities) might play a role (as seen in experiments, when
single larval herring specimens grow at rates far above
average compared to same-age conspecifics).

Larval G; variability was largely explained by standard-
ized RNA:DNA ratios (sRD; [13]). This indicates that lar-
val growth rates were predominantly determined by the
nutritional condition of the larvae rather than tempera-
ture. This was also supported by results of GAM analyses,
which showed major effects of Eurytemora abundance on
SRD of larvae <14 mm. Between sRD and Eurytemora
abundance an asymptotic relationship was observed.
This is in line with findings from other studies, where
non-linear to asymptotic relationships between larval
growth rates and prey concentrations or prey ingestion
rates were observed ([55], and references therein). This
means that especially at the lower end increasing prey
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abundances are strongly beneficial for larval nutrition. It
was shown that increasing temperatures negatively affect
sRD levels [28], as less RNA is needed to achieve a cer-
tain growth rate at higher temperatures. This is explained
by the fact that the ribosoms are more active at higher
temperatures, which reduces the amount of RNA needed
for a certain growth rate. In the present study, however,
sRD moderately increased up to 15 °C and then steeply
decreased with further increasing temperature levels.
This pattern coincides with the seasonal development of
Eurytemora abundances and points to the distinct effect
of Eurytemora on the nutritional condition of the herring
larvae.

A WP2-net with 200 pm mesh-size was used to sam-
ple the prey field. Though the smallest copepodite stages
might be sampled only semi-quantitatively and nauplii
are missed for most parts by using 200 um mesh size,
we are confident to have sampled a representative prey
field as copepodite abundance follow nauplii abundances
trends [58], and a significant correlation between cope-
pod and nauplii abundance using 100 um mesh size was
observed in the Kiel Canal in 2014 [6].

Why were the slow growing larvae not removed by
predators in the Kiel Canal, as observed in Japanese
anchovies [63]? Unfortunately, information on preda-
tors in the habitat investigated is scarce. Potential pred-
ators known to occur in the Kiel Canal are pikeperch
(Stizostedion lucioperca L.; [31]), river perch (Perca
fluviatilis L.; [47]) and moon jellyfish (Aurelia aurita
L.; [51]). While three-spined sticklebacks (Gasteros-
teus aculeatus L.) heavily prey upon herring eggs [45],
they only rarely feed on larval herring [46]. Pikeperch
and river perch are occasionally caught by local anglers
close to the sampling site. However, the angler’s catches
start relatively late in the year during summer, which
might hint at a temporal mismatch. Similarly, moon
jellyfish were observed on the sampling site, but not
before mid-June to July, also leading to a temporal mis-
match situation between larval herring and predators
in Kiel Canal.

We conclude that our hypothesis proposing that
in coastal habitats food-limited growth of larval fish
can occur recurrently was supported. Larval growth
observed in Kiel Fjord was substantially lower compared
to the Greifswalder Bodden at temperatures >15 °C.
Furthermore, growth rates decreased simultaneously
with Eurytemora abundance in the late season, and
asymptotic relationships between Eurytemora and larval
growth were observed. Larval growth was best explained
by the abundance of the numerically dominant prey item
Eurytemora affinis, highlighting the crucial role of this
copepod concerning larval herring nutrition in the Kiel
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Canal. As food limitation occurs recurrently at the end
of the season in the Kiel Canal, the optimal time point
for larvae to hatch is early in the season so that larvae
can take full advantage of the high copepod production
in this period.
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