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Understanding temperature effects
on recruitment in the context of
trophic mismatch

T. Régnier®*, F. M. Gibb & P. J. Wright

Understanding how temperature affects the relative phenology of predators and prey is necessary to
predict climate change impacts and recruitment variation. This study examines the role of temperature
in the phenology of a key forage fish, the lesser sandeel (Ammodytes marinus, Raitt) and its copepod
prey. Using time-series of temperature, fish larval and copepod abundance from a Scottish coastal
monitoring site, the study quantifies how thermal relationships affect the match between hatching in
sandeel and egg production of its copepod prey. While sandeel hatch time was found to be related to
the rate of seasonal temperature decline during the autumn and winter through effects on gonad and
egg development, variation in copepod timing mostly responded to February temperature. These two
temperature relationships defined the degree of trophic mismatch which in turn explained variation

in local sandeel recruitment. Projected warming scenarios indicated an increasing probability of
phenological decoupling and concomitant decline in sandeel recruitment. This study sheds light on the
mechanisms by which future warming could increase the trophic mismatch between predator and prey,
and demonstrates the need to identify the temperature-sensitive stages in predator-prey phenology for
predicting future responses to climate change.

Predictions about the effect of climate change on marine ecosystems are limited by our understanding of pro-
cesses affecting species and communities' . As most aquatic organisms are ectothermic, temperature has a direct
effect on physiological rates such as metabolic*®, growth® and maturation’, leading to variation in mortality®1,
distribution®"!? and phenology'®. While most studies have focused on direct temperature effects at the individual
species level, diverging phenology among trophic levels may have a more profound impact at both the population
and ecosystem level'*1. The majority of studies that have considered changing phenology have either inferred
changes from the temporal variability in the occurrence of a single taxa such as fish larvae or copepods'’~"°
or compared general trends among trophic guilds across large spatial scales?®?!. Neither of these approaches is
amenable to identifying the mechanisms that lead to trophic mismatch, as information relating to variability in
both the predator and prey responses is required. Consequently, it is important to understand how temperature
affects the development of predator and prey and the impact this has on their respective phenology.

The importance of synchrony in predator-prey phenology is central to several hypotheses relating to the cause
of variation in fish recruitment. Hjort*>*® identified a “critical period” as starvation at the transition between
yolk and exogenous feeding is a key determinant of larval survival and a driver of year-class strength. Later,
Cushing?*? proposed that the synchrony or match between hatching and an appropriate phase of the prey pro-
duction cycle was an important selective influence on early growth and mortality (the ‘match-mismatch’ hypoth-
esis). These hypotheses appear most relevant to species that spawn near the onset of the spring bloom, when small
changes in the timing of zooplankton production and fish hatching can lead to substantial changes in the available
prey resource®®?’. Direct empirical evidence for mismatch is limited however, especially in relation to putative
climate effects. Low recruitment has been related to warmer winters in many temperate and boreal species?®,
although temperature can sometimes be a poor proxy for the prey resource available to winter hatching fish lar-
vae’l. Declines in the large calanoid copepod, Calanus finmarchicus, has been linked to low recruitment in North
Sea cod*. However, Capuzzo et al.?° found a relationship between recent declines in recruitment of several North
Sea fish species, including cod, and a decline in small calanoid copepod species. While these simple statistical
relationships suggest an important climate influence, it is difficult to evaluate the biological significance as they do
not shed light on the underpinning mechanisms. In contrast, the data requirements of models that account for all
the biophysical and food web interactions needed to adequately represent climate-driven effects on larval survival
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can be too demanding and complex to provide robust estimates of recruitment. Hence, statistical relationships
based on key processes can be worth exploring.

Due to their role as a key trophic link between secondary production and higher trophic levels, forage fish
are an important determinant of marine ecosystem structure and stability, and climate-driven variations in their
abundance have the potential to cascade-up and impact higher trophic levels?"*. In the North Sea, the lesser
sandeel (Ammodytes marinus, Raitt) is an important forage fish that also supports the largest single-species fish-
ery in the North Sea®-%. This species is a capital breeder that spawns in mid-winter with the larvae hatching
near to the onset of the spring bloom?”¥. Correlative studies have linked variation in sandeel recruitment to
sea surface temperature, the North Atlantic Oscillation®***%, sea circulation pattern®*** and density dependent
effects through cannibalism from the previous year class**2. However, bottom-up effects through prey availabil-
ity appear likely based on local studies of plankton and early survival?”+ as well as some correlative and modelling
studies®*4244,

Recruitment appears to be established at a very early stage during the sandeel’s life cycle****, with the likely
mechanism being the synchrony of first feeding larvae and the seasonal appearance of suitable sized prey*’.
Copepods of the Calanus genus have repeatedly been identified as an important prey for sandeel larvae and juve-
niles*~*® and the abundance of these have been found to be significant in regression models of recruitment*>+.
Empirical evidence shows gape-size limitation in first feeding sandeel, and suggests selectivity towards the egg
and early naupliar stages of the copepod*®*°. In the northwest North Sea (ICES sandeel area SA4), sandeel recruit-
ment variation could be explained by the degree of mismatch between Calanus helgolandicus egg production
and sandeel hatch date**. Whether this relationship indicates a strict link between the two species, or whether
C. helgolandicus phenology covaries with that of a range of copepod prey species, still needs to be determined.

Direct effects of temperature on sandeel physiological rates have been observed, with a negative relationship
with oocyte maturation®® and a positive relationship with egg development®'. The negative temperature effect on
oocyte development is linked to an adult’s need to regulate energy usage throughout the autumn, both to survive
buried in sand and to reproduce®.Their copepod prey also exhibits a positive temperature-dependent develop-
mental rate®, leading to changes in phenology'*. Therefore, as predator and prey responses to temperature differ,
one can expect indirect temperature effects on sandeel recruitment mediated by a mismatch between the timing
of sandeel hatching and that of the peak availability of their prey.

The North Sea is a rapidly changing environment, with an observed temperature increase of 0.6 to 1.5°C in
the last 3 decades®* having led to changes in the copepod community®>*. With a further projected increase of 0.2
t0 0.3 °C per decade”, understanding how climate change affects the mechanisms responsible for variations in
the recruitment of key trophic links is necessary to anticipate changes in the structure of North Sea communities.

Using a time-series of temperature, sandeel larval and copepod abundance, this study examined (i) the direct
role of temperature on the phenology of both predator and prey, (ii) the resulting temporal match between
sandeel hatching and egg production in C. helgolandicus and other abundant calanoid copepods, (iii) the ability
of temperature change to predict trophic mismatch and recruitment in sandeel and (iv) the implication of climate
projections on the future synchrony in the seasonal appearance of sandeel and their prey. Finally, we discuss how
regression based approaches targeted on key life-stages of predator and prey phenology can enable prediction of
mismatch by accounting for the underlying mechanisms.

Results

Predator-prey phenology. The dates of peak spring abundance of the adult stage of C. helgolandicus were
significantly correlated with the dates of peak spring abundance of Pseudocalanus sp (r=0.58, p=0.01) and
Acartia clausi (r=0.57, p=0.02) but not Paracalanus parvus (r =0.41, p=0.1) and Temora longicornis (r=0.32,
p=0.2). This result indicates that a number of copepod species show a similar pattern of annual variations in
their seasonal peak. Spring peak in abundance of reproductive stages (cVI stage) of C. helgolandicus showed
inter-annual variation, as the date of maximum abundance varied between calendar day 107 and 137 (starting
between day 82 and 118, and finishing between day 114 and 185; Fig. 1). Back-calculated dates of egg production
were also variable, with a maximum between day 38 and 72, while starting as early as day 14 and finishing as late
as day 145; Fig. 1). These predictions are in agreement with the recorded presence of large naupliar stages in the
zooplankton time series in the period corresponding to the back-calculated period of naupliar development in
C. helgolandicus (Supplementary Fig. S1). Based on the measured abundance of larvae, hatching in sandeel was
also variable and took place between day 39 and 115 while the date at 50% hatching varied between day 59 and
91 (Fig. 1). Accordingly, back-calculated spawning dates were centred between day 15 and day 51 and lasted from
the first day of the year to day 77 (Fig. 1).

Direct temperature effects on phenology. Median dates of C. helgolandicus egg production were sig-
nificantly related to monthly average temperatures for the winter months of December, January and February
(Table 1). Peak egg production date was negatively related to sea water temperature during these months (Fig. 2a).
In contrast, median dates of sandeel spawning were only significantly related to average temperatures during the
preceding month of August (Table 1) with earlier spawning associated with high August temperatures (Fig. 2b).
Median spawning was also influenced by the temperature difference between September and February but most
significantly, by the linear rate of temperature decrease between September and February (Table 1, Fig. 2c). Due
to a large part of spawning date variation being explained by the linear rate of temperature decrease, the effect of
average August temperature disappeared when both were introduced in the model.

Indirect temperature effects on mismatch. Both the mismatch and the overlap measures showed
substantial inter-annual variation (Fig. 3a). Indeed, the mismatch measure indicated that in 2011, the central
date of sandeel hatching preceded C. helgolandicus egg production by 13 days while in 2008, C. helgolandicus
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Figure 1. Inter-annual variations in C. helgolandicus and sandeel phenology. The mismatch measure is
indicated by the dotted line between the median day of C. helgolandicus egg production and the median day of
sandeel hatching. The bars correspond to 95% Cls.

DV Month F df.num | df.den R? p-value
May (year-1) 2.77 1 15 0.16 0.12
June(year-1) 0.35 1 15 0.02 0.56
July(year-1) 2.63 1 15 0.15 0.13
August(year-1) 4.24 1 15 0.22 0.06
Peak in September(year-1) 0.98 1 15 0.06 0.34
gélgolandicus October(year-1) 1.13 1 15 0.07 0.30
egg production | November(year-1) 3.14 1 15 0.17 0.10
December(year-1) 7.59 1 15 0.34 0.01
January 6.65 1 15 0.31 0.02
February 8.18 1 15 0.35 0.01
March 0.10 1 15 0.01 0.76
May (year-1) 0.33 1 15 0.02 0.58
June(year-1) 1.01 1 15 0.06 0.33
July(year-1) 334 1 15 0.18 0.09
August(year-1) 7.54 1 15 0.33 0.02
September(year-1) 4.52 1 15 0.23 0.05
October(year-1) 0.33 1 15 0.02 0.57
November(year-1) 0.12 1 15 0.01 0.74
Sandeel December(year-1) 2.93 1 15 0.16 0.11
spawning date | japyary 237 1 15 014 |04
February 1.76 1 15 0.10 0.20
March 0.10 1 15 0.01 0.76
?:be)rage temperature (Sept- 0.61 1 15 0.04 0.45
gg‘gfgg” Difference 9.9 1 15 036 | 0.007
?S’:;?'F'e‘l‘f)e of Decrease 26.64 100 |1500 |0.64 | <0.001

Table 1. Linear regressions between monthly average sea temperatures and key phenological events in Calanus
helgolandicus and sandeel.

egg production preceded sandeel hatching by 40 days. The overlap between sandeel hatching and the egg pro-
duction of their copepod prey was minimal in 2012 with a value of 0.41, and maximum value in 2009 of 0.86
(Fig. 3a). Overall, the overlap was maximum when the mismatch measure was close to 0 (Fig. 3), indicating
synchrony in both predator and prey phenologies. The mismatch measure was related to the rate of temperature
decrease between September and February, using a smooth term, and linearly to average February temperature
(Table 2, Fig. 4). The overlap, however, was neither solely influenced by the rate of temperature decrease between
September and February or average February temperature (Table 2).
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Figure 2. Relationships between predator-prey phenologies and environmental variables. (a) Influence

of average February temperature on C. helgolandicus peak egg production. Effect of (b) average August
temperature and (c) the rate of temperature decrease (September to February) on sandeel median spawning
date.

The index of sandeel recruitment was related to both measures of mismatch and overlap but not to the abun-
dance of age 1 sandeel (Table 2). A non-linear relationship, analysed with a GAM (Table 2), best described the
effect of the mismatch measure on sandeel recruitment, with a local maximum in recruitment indices corre-
sponding to synchrony in predator and prey phenologies (i.e. when mismatch is 0, Fig. 3b). The relationship
between sandeel recruitment and the overlap was best described using a GLM (Table 2) due to the monotonous
increase in recruitment index with the overlap measure (Fig. 3c).

Mismatch and future climate. The climate projections used predicted an increase of 1.3 °C in average
February temperatures for the medium greenhouse gas (GHG) emission scenario, and 1.7 °C for the high GHG
emission scenario (Fig. 5). The linear rate of temperature decrease between September and February were within
the range observed in present years. As a result, while the phenology of sandeel is predicted to remain similar to
the present observations, C. helgolandicus egg production is predicted to occur between 18 and 24 days earlier
than the present average (Table 3). As a consequence, the mismatch between sandeel and their prey is predicted to
increase by 10 to 22 days with medium and high GHG scenarios respectively (Table 3) and result in poor sandeel
recruitment.

Discussion
The present study was able to predict the degree of trophic mismatch from temperature alone based on an under-
standing of temperature dependency of sandeel and copepod development. While the importance of temperature
on phenology in marine communities is widely recognised!*®S, few empirical studies that have invoked mismatch
have considered the temperature dependent processes affecting predator and prey development rates. The need
for a precise understanding of the nature and timing of processes is well illustrated from studies of North Sea cod,
as although many temperature and copepod relationships have been proposed®**, recent modelling indicates
that recruitment is only influenced by larval growth rate around the peak hatch®. So, as the present study high-
lights, it is important to account for variability in the time-specific influences on both larval hatching times and
zooplankton egg production.

The relative peak timing of fish larvae and copepod eggs (mismatch measure) was found to be significantly
influenced by a combination of the linear rate of temperature decrease between September and February and
average February temperatures. It is important to note that as no plankton sampling method is free of sampling
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Figure 3. Variations in the mismatch and overlap measures. (a) Inter-annual variations and relationships
between sandeel recruitment index (YCS) and (b) the mismatch measure and (c) the overlap measure. 95% Cls
are indicated by the grey area around the mean prediction (solid line).

bias due to both spatial and temporal variations in abundance at the sampling site, this bias might affect the
back-calculated phenology. However, the recorded seasonal pattern of abundance was consistent with records
obtained at other coastal monitoring sites®!. These temperature effects on mismatch correspond to the direct
effects on the phenologies of sandeel and C. helgolandicus respectively. Variation in the timing of spawning could
be explained by the linear rate of temperature decrease between September and February. During this period,
sandeels leave the water column®®® and bury in the sand until winter spawning®*®. The start of this period, in
August - early September®, coincides with the phase of exogenous vitellogenesis marking a change in energy
allocation®. As energy is allocated to gonad maturation and diverted from somatic maintenance during their bur-
ied phase, sandeels continually have to adjust their reproductive allocation in response to metabolic demands®.
Accordingly, above average temperatures are associated with later spawning® and so the rate of cooling from the
early autumn peak should reflect the rate of gonad development.

Increasing temperature may lead to more favourable growth conditions® and earlier egg production as devel-
opment time and egg production rate are temperature dependent in C. helgolandicus®. In particular, temperatures
above 6 °C may be essential for growth in C. helgolandicus®®, which in the study area was not always exceeded
and could have led to delays in egg production. Variation in C. helgolandicus spring phenology was significantly
correlated to the timing of peak adult abundance of two smaller sized copepods: Pseudocalanus sp and Acartia
clausi. These species are representative of the southern North Sea copepod community?*’, have similar temper-
ature dependent generation times to C. helgolandicus®*%%, and their nauplii have been observed in February
and March in the study area’. Similar trends in species abundance have been reported in a previous North
Sea study™. Thus the apparent dependence of sandeel recruitment on the synchrony between hatching and C.
helgolandicus egg production (e.g.**, the present study) may well be associated more with a wider community of
copepods showing a similar trend in their spring phenology.

Consistent with*’, the mismatch between the timing of sandeel hatching and back-calculated peak in egg
production of the calanoid copepod, C. helgolandicus, was a good predictor of variation in sandeel recruitment.
While the relationship found previously was based on 7 observations*, the present study confirms the robustness
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1-GAM- Mismatch

Explained Deviance: 74.4%

Parametric coefficients Estimate Std.Error t-value Pr(>|t])
Intercept —59.753 33.198 —1.8 0.09
Average February temperature 12.536 5.225 2.4 0.03*
Smooth terms Edf Ref.df F p-value
s(Rate of temperature decrease) 2.804 3.272 5.798 0.008%:

2-GLM- Overlap

Residual Deviance = 0.82 on 14d

.f (pseudo R>=10.11)

Parametric coeflicients Estimate Std.Error t-value Pr(>|t|)
Intercept 0.162 2.856 0.057 0.95
Average February temperature —0.161 0.317 —0.506 0.62

Rate of temperature decrease —30.289 30.369 —0.997 0.34
(3‘—{21;)1\’1 - Sandeel recruitment Explained Deviance: 91%

Parametric coefficients Estimate Std.Error t-value Pr(>|t])
Intercept 5.357 0.2271 23.6 <0.001%**
Agel abundance —5.8x107° 1.22 x 107* —0.476 0.65
Smooth terms Edf Ref.df F p-value
s(mismatch) 3.363 3.761 14.4 0.001%*

4-GLM- Sandeel recruitment
(YCS)

Residual Deviance = 254756 on 11d.f (pseudo R? = 0.72)

Parametric coefficients Estimate Std.Error t-value Pr(>|t)
Intercept —0.08 1.26 —0.064 0.95
Overlap 8.08 1.56 5.18 0.0003%**

Table 2. Model outputs of the dependence of the mismatch measure, the overlap and the recruitment index

(year class strength) on environmental and stock variables.

N
3

(skep) uoveWS!
>

Figure 4. Relationship between the mismatch measure, the rate of temperature decrease (September-
February) and average February temperatures. Perfect synchrony between predator and prey is indicated by the
intersecting plan corresponding to a 0 mismatch.

of this association with an improved time-series composed of 13 years. Due to the small sample size and absence
of negative mismatch values, the relationship found in the previous study*’ was best described by a linear relation-
ship. The GAM model used in the present study reveals that high recruitment is dependent on a close match in the
phenology of predator and prey, and conversely that recruitment is low for both positive and negative mismatch,
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Figure 5. Seasonal variations in seawater temperature near the seabed at the Stonehaven monitoring station, in
the recent past and according to two climate change scenarios. Observed temperatures between 2000 and 2016
are indicated in black, projections using a medium green house gas emissions scenario in orange and high green
house gas emissions scenario in red. February temperatures are indicated by a grey box.

Climate

change C. helgolandicus Sandeel average

scenario peak egg production | Sandeel spawning | incubation duration | Mismatch
Present data

(2000-2016) | 355 (40.4-712) 34.6 (17-50.2) 40.6 (37.8-44.4) 19.8 (—9-39.6)
Average GHG

emissions 2080 37.3(24.2-50.3) 28.6 (24.9-32.2) 34.4 (33.1-34.8) 29.3 (14.5-44.1)
High GHG

emissions 2050 31.7 (15-48.5) 31.9 (28.9-35) 32.1(32.1-33) 41.4 (22.2-60.5)

Table 3. Comparisons of peak egg production in C. helgolandicus, spawning day and embryonic development
in sandeel and the resulting trophic mismatch in present temperature conditions or predicted according to
modelled future climate projections. Numbers in brackets correspond to 95% Cls.

in line with theoretical expectations’”% In addition, a second measure of mismatch, the overlap index, based on
the coincidence between the distribution of sandeel hatching and the distribution C. helgolandicus egg produc-
tion, confirmed the importance of synchronous phenology on sandeel recruitment. Recruitment variation in this
study was not considered relative to spawning stock biomass, as no significant relationship has been found*”.
Further, there was no evidence for the type of negative density dependent effect found in the central and southern
North Sea sandeel stock (SA1)***2. Rather, periods of low and successively above average recruitment in the SA4
stock point to strong environmental forcing, as has also been seen in the Shetland stock”™.

The two temperature effects on the mismatch measure allowed for predictions of mismatch under different
climate change scenarios. While the average mismatch in the recent past (2000-2016) is 19.8 days, a medium
GHG emission scenario would result in a 48% increase in mismatch by 2080, while a high GHG emission sce-
nario would lead to a 110% increase even sooner, by 2050. Thus, if the temperature-dependence of the mismatch
measure extends outside of the temperature range considered in this study, C. helgolandicus (or other copepods
showing a similar temperature response), would cease to be available as a prey resource for first feeding sandeel
larvae. While these results should be considered with caution as the predicted temperature range is outside the
observed range on which these relationships were quantified, one can speculate on a number of non-mutually
exclusive possible outcomes. In a worst case scenario, sandeel larvae might fail to meet their energy requirements
at first feeding, and suffer high mortality rates, which might ultimately lead to their disappearance from this
region of the North Sea. Due to modified interactions between species, regime shifts may occur’, where changes
in bottom-up and top down processes may result in a rapid transition of the North Sea ecosystem to a different
state. Such regime shifts are likely to happen when species undergo climate-driven range shifts, as the expansion/
contraction of species range leads to new species interaction. For instance, the replacement of the boreal Calanus
finmarchicus by the temperate C. helgolandicus in some regions of the North Sea resulted from a climate driven
northward expansion of the latter’®. Similar shifts have been observed in forage fish!! with warmer temperatures
and a resulting extended feeding season may favour income breeding species such as sprat or anchovies’” over
sandeel. While genetic adaptation is unlikely on such a short timescale, an adaptive response of sandeel to cli-
mate change is possible, as trans-generational plasticity (e.g. maternal effects) may allow the resilience of sandeel
populations and provide time for genetic adaptation to take place’®”, In particular, variation in female gonad
maturation has been linked to phenotype® and may provide a buffer against variations in the timing of food
availability for offspring.

There have been many attempts to explain sandeel recruitment and the subsequent effect it has on sandeel reli-
ant seabirds using simple regression approaches incorporating temperature and adult Calanus abundance*>8%81,
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Figure 6. Study Area. Boundary of sandeel management area 4 is indicated by a solid black line, the location
of MSS sandeel winter dredge surveys by red shading and the Scottish Coastal Observatory (SCObs) station of
Stonehaven by a red star.

but these have proved to be unreliable on further inspection®-#2. Key to the significance of the relationship
reported here is that it takes account of known temperature dependent development relationships. However,
while the effect of sandeel and C. helgolandicus synchrony on sandeel recruitment was also observed in a com-
paratively extended time series* with naupliar stages of large copepods being recorded at times consistent with
the back-calculated phenologies, further work is needed to confirm the key prey assemblage through stomach
content analyses of sandeel larvae and analysis of the winter micro-zooplankton community. Although temper-
ature often explains a high proportion of inter-annual variation in copepod timing', the importance of primary
production on copepod egg production should also be taken into account, probably as a threshold response as
indicated from field relationships®®°.

The substantial variation in synchrony between sandeel larvae and their copepod prey found in the present
study indicates a greater potential for mismatch than that suggested by larger scale overviews of the annual var-
iation in copepod and fish larval timing'#'°. The estimated peak and range in hatch dates based on larval occur-
rence were consistent with that seen in other parts of the North Sea'®#>#? and to back-calculations from otolith
daily increment counts*”**. Back-calculated spawning dates were also consistent with direct observations®+¢>#,
The estimated timing of C. helgolandicus egg production is less certain but females with eggs have been observed
at these dates and temperatures®#>-%, and Pseudocalanus nauplii have been recorded at this time”®. Although this
study focusses on just one of a number of possible climate change stressors, it does demonstrate that regression
based approaches can provide indicators of climate change on a key trophic relationship. The approach adopted
in this study could be adapted to other sandeel stocks and winter spawning species. However, in contrast to
sandeels, reproductive development rate in many fish that spawn in winter is positively related to temperature®.
Consequently, the direction of phenological change in spawning time'>? is generally the same as that of zoo-
plankton production. Evidence suggests that the magnitude of changes in phenology tends to be larger in cope-
pods than fish" and further down the trophic chain, primary producers and consumers display even faster rates
of phenological responses to climate®’. Future climate projections suggest a further decrease in the synchrony of
predator-prey life cycles. Therefore, an ecosystem approach to management requires the effects of climate and
exploitation to be accounted for not only on the target species, but also on related trophic levels.

Methods

Environmental and biological data. This study focuses on the southern part of sandeel management
area 4 (Fig. 6) in which time-series of physical and biological data are collected at a monitoring site and where
surveys dedicated to the assessment of sandeel abundances in the management area take place. The area covered
by this study is inferior to the spatial extent of sandeel population processes in the region?»** and therefore rele-
vant to infer the role of environmental drivers on recruitment. Sea temperature data, abundances of 5 copepod
species and abundances of newly hatched sandeel larvae were collected weekly between 2000 and 2016 at the MSS
coastal ecosystem monitoring site on the Scottish East coast at Stonehaven (http://data.marine.gov.scot/dataset/
scottish-coastal-observatory-stonehaven-site, Fig. 6). Samples to measure temperature were collected using a
reversing bottle and digital thermometer on the sea bed (~45m) and near the surface. As tidal stirring mixes
the water column and the water column is not stratified at the sampling site®, bottom temperatures are used in
subsequent analyses. Weekly samples of various zooplankton taxa were collected using 40 cm diameter bongo
nets fitted with 200 pm mesh?®®. The nets were hauled vertically from near bottom to surface at a speed of 2-3m.
s~!and as such, sampled the zooplankton across the entire water column. Sandeel larvae and juveniles appear
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to preferentially feed on naupliar and copepodite stages of the Calanus genus*®° and a previous study identified

Calanus helgolandicus as an important resource for larval survival and recruitment*, thus the spring phenology
of this large copepod was estimated in comparison to sandeel phenology. However, as smaller copepod species are
considered more representative of the North Sea copepod community?*?, the timing of adult peak abundance for
Paracalanus parvus, Pseudocalanus sp., Temora longicornis and Acartia clausi was estimated and compared to the
phenology of C. helgolandicus to assess if temperature-induced changes in phenology are similar at zooplankton
community level or vary between taxa. Adult stage abundances (copepodite VI stage) were used as only this stage
allows morphological identification at the species level.

Weekly sampling of sandeel larvae took place using a 1 m ring net, fitted with a 350 pm mesh net, towed
obliquely from a depth within 3 m of the seabed (~45m) to the surface. Sandeel larvae were measured and abun-
dance <8 mm total length (corresponding to fish that have hatched within 10 days of capture date; Régnier et al.,
2018) used to determine hatch date distributions for each of the 17 years under study. Abundances of both newly
hatched larvae and the 5 copepod species were used to define the start (5% cumulative distribution), peak (50%
cumulative distribution) and end (95% cumulative distribution) of these key events of the phenology of both
predator and prey. Abundances of age 0 and age 1 sandeel were derived from the annual MSS sandeel winter
dredge survey?’, off the Firth of Forth area (Fig. 6), for the available corresponding years (2000-2003 and 2008-
2016). The abundance index of age 0 fish was used as a measure of recruitment (year class strength), and abun-
dance of age 1 sandeel was used to test for density dependent effects on recruitment, as previously reported®42.

Predator/prey phenology. The timing of C. helgolandicus egg production and sandeel spawning were
back-calculated using sea temperature data collected weekly in Stonehaven, smoothed abundances of C. helgo-
landicus cV1 stages and sandeel larvae, and published relationships between development duration and temper-
ature in these two species. Weekly sea temperature measures between 6™ January 1999 and 19 December 2016
were modelled using a Generalized Additive Model (GAM) with a thin plate smoothing term on the date and a
high basis dimension (90), as it provided an excellent fit (R>=0.98) to the temperature data and allowed sensible
extrapolation at the daily level (Tj).
The timing of C. helgolandicus egg production (EP.Ch) was estimated as:

EP. Chd*DTCh = CVId (1)
where cV1, is copepodite VI stage abundance on day d, and:

1

DT, = ——M
DT + TS @)

where DT, is development time between the egg and c VI stage, T is temperature, T, a constant, specific to C.
helgolandicus (6.01%, b, is a stage-specific coeflicient (8.106 x 107°%3%; and the 2.05 exponent characterises the tem-
perature response of a large range of copepod species®®. However, as temperature fluctuated during the course of
C. helgolandicus development, the estimated daily temperature (T,) was used and equation [2] published by Cook
et al.> was expressed as developmental rate (DR, in percent per day, such that:

DRg;, = 100 x b(T; + T,)** (3)

and for C. helgolandicus hatched on day d, DT, is solved when ZZ’D TeiDR oy, = 100%.

Calculations were based on copepodite cVI abundances as this stage is the most reliable for species identifica-
tion in copepods. As consecutive generations may accumulate at this stage and therefore bias the back-calculation
of egg production due to the presence of older generations, the observed dates of peak abundance in the earlier
cV stage were compared to the back-calculated dates of cV peak abundances from observed cVI abundances. The
results (Supplementary Table S1 and Supplementary Fig. S2) indicate a good match between observations and
predictions with differences inferior to the sampling intervals on average.

Similarly, for sandeel, egg production (EP.Am) was back-calculated from hatch date distributions as:

EP'Amd—IDAm = Ljam (4)

where L, 4,, is newly hatched sandeel larvae abundance on day d and ID,,, is incubation duration, solved when
Y4~ PanDRy,, = 100%.

With DR, , the temperature dependant developmental rate of sandeel during incubation (in percent per day)
was obtained from® and expressed as:

DR,,, = 0.51 x T,*% (5)

Mismatch measures. In subsequent analyses of the influence of environmental variables on C. helgolandicus
and sandeel phenologies, the median date of egg production was considered. Similarly, for each year y, a measure
of trophic mismatch (in days) between sandeel and C. helgolandicus hatching was calculated as:

Mismatch,, = med Ld.Amy — med EP. Ch, (6)

where, med Ld.Am, and med EP.Ch, are the median dates of hatching and egg production in year y for sandeel (A.
marinus) and C. helgolandicus respectively.
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Another index of mismatch representing the overlap between the distributions of sandeel and C. helgolandicus
hatching dates, was calculated as:

Am. duration), + Ch. dumtiony

Overlapy = a.

Total duration, 7)

where Am.duration, and Ch.duration, are the durations in days of the hatching periods of sandeel and egg pro-
duction of C. helgolandicus respectively, calculated as the number of days between the date at which 5% and 95%
of the respective cumulative distributions each year y. Total duration, corresponds to the duration of the hatching
period of sandeel and C. helgolandicus combined (number of days between the date of 5% hatching for whichever
species hatched first and the date of 95% hatching for whichever species hatched last). A standardising coefficient
a equal to 1/2 was used so overlap varied between 0 (no overlap) and 1 (perfect overlap).

Statistical analyses. The temperature variables for the 17 years investigated comprised average monthly
temperatures. To account for temperature changes during the sandeel maturation period®, the average temper-
ature and the temperature difference between September and February as well as the linear rate of temperature
decrease between September and February were used. The linear rate of temperature decrease was calculated with
the mblm package as the slope of a linear model fitted with robust regression using repeated medians®. The rela-
tionship between the median hatching dates of sandeel and C. helgolandicus and these environmental variables
were explored with linear models. The dependence of the mismatch measure, the overlap index and the recruit-
ment index on the environmental variables and the abundance of age 1 sandeel was investigated with Generalized
Linear Models (GLM) and GAM, using the mgcv package, to accommodate the conditional non-normal distribu-
tion of these indices and the non-linear nature of these relationships. All analyses were performed in the statistical
software R 3.5.21%.

Projected climate. The relationships between copepod and sandeel phenology and environmental variables
were subsequently used to predict the effect of future climate on trophic mismatch between the two considered
species. Two climate change scenarios were considered: a medium and a high GHG scenario. For the medium
GHG scenario (Scenario A1B; IPCC, 2007)!!, temperature projections near the seabed from a multi-level ocean
model for UK waters (UKCP09: Land and marine past climate and future scenario projections data for the UK;
http://catalogue.ceda.ac.uk/uuid/46f53c4e24f4428cbalc42a608844c82), centred on year 2080 and between lat-
itudes 56.8 and 57°N and longitudes 1.8 and 2°W were used. For the high GHG model, predictions from the
Scottish shelf model'®?, an unstructured grid 3D ocean model, with very high GHG emissions (RCP8.5'%; were
used. The predictions were for water temperature near the seabed in 2050 and at latitudes between 56.961 and
56.963° N and longitudes between 2.110 and 2.113°W.
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The datasets are available from the corresponding author on reasonable request.

Received: 13 May 2019; Accepted: 24 September 2019;
Published online: 23 October 2019

References

1. Haltuch, M. A. et al. Unraveling the recruitment problem: A review of environmentally-informed forecasting and management
strategy evaluation. Fish. Res. 1-19, https://doi.org/10.1016/j.fishres.2018.12.016 (2019).

2. Peck, M. A. et al. Projecting changes in the distribution and productivity of living marine resources: A critical review of the suite of
modelling approaches used in the large European project VECTORS. Estuar. Coast. Shelf Sci. https://doi.org/10.1016/j.
€css.2016.05.019 (2018).

3. Rijnsdorp, A. D., Peck, M. A., Engelhard, G. H., Mollmann, C. & Pinnegar, J. K. Resolving the effect of climate change on fish
populations. ICES J. Mar. Sci. 66, 1570-1583 (2009).

4. Ege, R. & Krogh, A. On the Relation between the Temperature and the Respiratory Exchange in Fishes. Int. Rev. der gesamten
Hydrobiol. und Hydrogr. 7, 48-55 (1914).

5. Clarke, A. & Johnston, N. M. Scaling of metabolic rate with body mass and temperature in teleost fish. J. Anim. Ecol. 68, 893-905
(1999).

6. Wiedenmann, J., Cresswell, K. & Mangel, M. Temperature-dependent growth of Antarctic krill: predictions for a changing climate
from a cohort model. Mar. Ecol. Prog. Ser. 358, 191-202 (2008).

7. Pankhurst, N. W. & Munday, P. L. Effects of climate change on fish reproduction and early life history stages. Mar. Freshw. Res. 62,
1015 (2011).

8. Gagliano, M., McCormick, M. I. & Meekan, M. G. Temperature-induced shifts in selective pressure at a critical developmental
transition. Oecologia 152, 219-225 (2007).

9. Régnier, T, Bolliet, V., Gaudin, P. & Labonne, ]. Bigger is not always better: egg size influences survival throughout incubation in
brown trout (Salmo trutta). Ecol. Freshw. Fish 22, 169-177 (2013).

10. Peck, M. A., Kanstinger, P, Holste, L. & Martin, M. Thermal windows supporting survival of the earliest life stages of Baltic herring
(Clupea harengus). ICES J. Mar. Sci. 69, 529-536 (2012).

11. Alheit, J. et al. Climate variability drives anchovies and sardines into the North and Baltic Seas. Prog. Oceanogr. 96, 128-139 (2012).

12. Petitgas, P. et al. Ecosystem spatial structure revealed by integrated survey data. Prog. Oceanogr. 166, 189-198 (2018).

13. Rogers, L. A. & Dougherty, A. B. Effects of climate and demography on reproductive phenology of a harvested marine fish
population. Glob. Chang. Biol. 25,708-720 (2019).

14. Edwards, M. & Richardson, A. J. Impact of climate change on marine pelagic phenology and trophic mismatch. Nature 430,
881-884 (2004).

15. Neuheimer, A. B., MacKenzie, B. R. & Payne, M. R. Temperature-dependent adaptation allows fish to meet their food across their
species’ range. Sci. Adv. 4 (2018).

16. Walther, G. R. Community and ecosystem responses to recent climate change. Philos. Trans. R. Soc. B Biol. Sci. 365, 2019-2024
(2010).

SCIENTIFIC REPORTS |

(2019) 9:15179 | https://doi.org/10.1038/s41598-019-51296-5


https://doi.org/10.1038/s41598-019-51296-5
http://catalogue.ceda.ac.uk/uuid/46f53c4e24f4428cba1c42a608844c82
https://doi.org/10.1016/j.fishres.2018.12.016
https://doi.org/10.1016/j.ecss.2016.05.019
https://doi.org/10.1016/j.ecss.2016.05.019

www.nature.com/scientificreports/

17.
18.
19.
20.
21.
22.
23.
. Cushing, D. H. The regularity of the spawning season of some fishes. ICES J. Mar. Sci. 33, 81-92 (1969).
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
. Furness, R. W. A preliminary assessment of the quantities of Shetland sandeels taken by seabirds, seals, predatory fish and the

36.
37.

38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.

50.
. Régnier, T., Gibb, F. M. & Wright, P. J. Temperature effects on egg development and larval condition in the lesser sandeel,

52.
53.
54.
55.
56.
57.
58.

59.

60.

Genner, M. J. et al. Temperature-driven phenological changes within a marine larval fish assemblage. J. Plankton Res. 32, 699-708
(2010).

Greve, W,, Prinage, S., Zidowitz, H., Nast, ]. & Reiners, F. On the phenology of North Sea ichthyoplankton. ICES J. Mar. Sci. 62,
1216-1223 (2005).

MacKas, D. L. et al. Changing zooplankton seasonality in a changing ocean: Comparing time series of zooplankton phenology.
Prog. Oceanogr. 97-100, 31-62 (2012).

Capuzzo, E. et al. A decline in primary production in the North Sea over 25 years, associated with reductions in zooplankton
abundance and fish stock recruitment. Glob. Chang. Biol. 24, e352-e364 (2018).

Lynam, C. P. et al. Interaction between top-down and bottom-up control in marine food webs. Proc. Natl. Acad. Sci. 114, 1952-1957
(2017).

Hjort, J. Fluctuations in the great fisheries of northern Europe. Rapp. Procés-Verbaux des Réunions. Cons. Perm. Int. pour
PExploration la Mer, https://doi.org/10.1088/2041-8205/808/1/L3 (1914).

Hjort, J. Fluctuations in the year classes of important food fishes. ICES J. Mar. Sci. https://doi.org/10.1093/icesjms/1.1.5 (1926).

Cushing, D. H. Plankton production and year-class strength in fish populations: An update of the match/mismatch hypothesis.
Adv. Mar. Biol. 26, 249-293 (1990).

Bollens, S. M. et al. Seasonal plankton cycles in a temperate fjord and comments on the match-mismatch hypothesis. J. Plankton
Res. 14, 1279-1305 (1992).

Wright, P. J. & Bailey, M. C. Timing of hatching in Ammodytes marinus from Shetland waters and its significance to early growth
and survivorship. Mar. Biol. 126, 143-152 (1996).

Ottersen, G. et al. Temporal shifts in recruitment dynamics of North Atlantic fish stocks: effects of spawning stock and temperature.
Mar. Ecol. Prog. Ser. 480, 205-225 (2013).

Pécuchet, L., Nielsen, J. R. & Christensen, A. Impacts of the local environment on recruitment: a comparative study of North Sea
and Baltic Sea fish stocks. ICES J. Mar. Sci. 72, 1323-1335 (2015).

Lindegren, M. et al. Productivity and recovery of forage fish under climate change and fishing: North Sea sandeel as a case study.
Fish. Oceanogr. 27,212-221 (2018).

Eerkes-Medrano, D., Fryer, R. J., Cook, K. B. & Wright, P. J. Are simple environmental indicators of food web dynamics reliable:
Exploring the kittiwake-temperature relationship. Ecol. Indic. 75, 36-47 (2017).

Beaugrand, G., Brander, K. M., Alistair Lindley, J., Souissi, S. & Reid, P. C. Plankton effect on cod recruitment in the North Sea.
Nature 426, 661-664 (2003).

Fauchald, P, Skov, H., Skern-Mauritzen, M., Johns, D. G. & Tveraa, T. Wasp-Waist interactions in the North Sea ecosystem. PLoS
One 6 (2011).

Daan, N., Bromley, P. J., Hislop, J. R. G. & Nielsen, N. A. Ecology of North Sea fish. Netherlands J. Sea Res. 26, 343-386 (1990).

industrial fishery in 1981-83. Ibis (Lond. 1859). 132, 205-217 (1990).

Engelhard, G. H. et al. Forage fish, their fisheries, and their predators: who drives whom? ICES J. Mar. Sci. 71, 90-104 (2014).
Eliasen, K. et al. Sandeel as a link between primary production and higher trophic levels on the Faroe shelf. Mar. Ecol. Prog. Ser.
438, 185-194 (2011).

Arnott, S. A. & Ruxton, G. D. Sandeel recruitment in the North Sea: Demographic, climatic and trophic effects. Mar. Ecol. Prog. Ser.
238, 199-210 (2002).

Henriksen, O. et al. Oceanographic flow regime and fish recruitment: reversed circulation in the North Sea coincides with
unusually strong sandeel recruitment. Mar. Ecol. Prog. Ser. 607, 187-205 (2018).

Proctor, R., Wright, P. J. & Everitt, A. Modelling the transport of larval sandeels on the north-west European shelf. Fish. Oceanogr.
7, 347-354 (1998).

Eigaard, O. R. et al. Prey or predator—expanding the food web role of sandeel Ammodytes marinus. Mar. Ecol. Prog. Ser. 516,
267-273 (2014).

van Deurs, M., van Hal, R., Tomczak, M., Jénasdottir, S. H. & Dolmer, P. Recruitment of lesser sandeel Ammodytes marinus in
relation to density dependence and zooplankton composition. Mar. Ecol. Prog. Ser. 381, 249-258 (2009).

Régnier, T., Gibb, F. M. & Wright, P. . Importance of trophic mismatch in a winterhatching species: Evidence from lesser sandeel.
Mar. Ecol. Prog. Ser. 567, 185-197 (2017).

Gurkan, Z. et al. Spatio-temporal dynamics of growth and survival of Lesser Sandeel early life-stages in the North Sea: Predictions
from a coupled individual-based and hydrodynamic-biogeochemical model. Ecol. Modell. 250, 294-306 (2013).

Lynam, C. P. et al. Spatial patterns and trends in abundance of larval sandeels in the North Sea: 1950-2005. ICES J. Mar. Sci. 70,
540-553 (2013).

Ryland, J. S. The Feeding of Plaice and Sand-Eel Larvae in the Southern North Sea. J. Mar. Biol. Assoc. United Kingdom 44, 343-364
(1964).

Economou, A. N. Food and feeding ecology of five gadoid larvae in the northern North Sea. J. du Cons. ICES ]. Mar. Sci. 47,
339-351 (1991).

Simonsen, C. S., Munk, P, Folkvord, A. & Pedersen, Sa Feeding ecology of Greenland halibut and sandeel larvae off West
Greenland. Mar. Biol. 149, 937-952 (2006).

Demontigny, E, Ouellet, P, Sirois, P. & Plourde, S. Zooplankton prey selection among three dominant ichthyoplankton species in
the northwest Gulf of St Lawrence. J. Plankton Res. 34, 221-235 (2012).

Wright, P. J., Orpwood, J. E. & Boulcott, P. Warming delays ovarian development in a capital breeder. Mar. Biol. 164, 80 (2017).

Ammodytes marinus. J. Sea Res. 134, 34-41 (2018).

Wright, P. ., Orpwood, J. E. & Scott, B. E. Impact of rising temperature on reproductive investment in a capital breeder: The lesser
sandeel. . Exp. Mar. Bio. Ecol. 486, 52-58 (2017).

Cook, K. B., Bunker, A., Hay, S. J., Hirst, A. G. & Speirs, D. C. Naupliar development times and survival of the copepods Calanus
helgolandicus and Calanus finmarchicus in relation to food and temperature. J. Plankton Res. 29, 757-767 (2007).

Dye, S. R. et al. Marine Climate Change Impacts Partnership: Science review. Impacts of climate change on temperature (air and
sea). MCCIP Sci. Rev. 2013, 1-12 (2013).

Beaugrand, G., Reid, P. C,, Ibafiez, F, Lindley, J. A. & Edwards, M. Reorganization of North Atlantic Marine Copepod Biodiversity
and Climate. Science (80-.). 296, 1692-1694 (2002).

Maar, M., Moller, E. F, Giirkan, Z., Jénasdottir, S. H. & Nielsen, T. G. Sensitivity of Calanus spp. copepods to environmental
changes in the North Sea using life-stage structured models. Prog. Oceanogr, https://doi.org/10.1016/j.pocean.2012.10.004 (2013).
Hughes, S. L. et al. Temperature. MCCIP Sci. Rev. 2017, 22-41, https://doi.org/10.14465/2017.arc10.003-tem (2017).
Poloczanska, E. S. et al. Global imprint of climate change on marine life. Nat. Clim. Chang. 3, 919-925 (2013).

Nicolas, D., Rochette, S., Llope, M. & Licandro, P. Spatio-Temporal variability of the North Sea Cod recruitment in relation to
temperature and zooplankton. PLoS One 9 (2014).

Huebert, K. B., Pétsch, J., Hufnagl, M., Kreus, M. & Peck, M. A. Modeled larval fish prey fields and growth rates help predict
recruitment success of cod and anchovy in the North Sea. Mar. Ecol. Prog. Ser. 600, 111-126 (2018).

SCIENTIFIC REPORTS |

(2019) 9:15179 | https://doi.org/10.1038/s41598-019-51296-5


https://doi.org/10.1038/s41598-019-51296-5
https://doi.org/10.1088/2041-8205/808/1/L3
https://doi.org/10.1093/icesjms/1.1.5
https://doi.org/10.1016/j.pocean.2012.10.004
https://doi.org/10.14465/2017.arc10.003-tem

www.nature.com/scientificreports/

65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.

85.
86.

87.
88.
89.
90.
91.
92.
93.

94.
. Danielsen, N. S. T., Hedeholm, R. B. & Gronkjeer, P. Seasonal changes in diet and lipid content of northern sand lance Ammodytes

96.

97.
. Corkett, C. J., McLaren, I. A. & Sevigny, J. M. The rearing of the marine calanoid copepods Calanus finmarchicus (Gunnerus), C.

99.
100.
101.
102.

103.

. Bonnet, D. et al. An overview of Calanus helgolandicus ecology in European waters. Prog. Oceanogr. 65, 1-53 (2005).
. Reeves, S. Seasonal and annual variation in catchability of sandeels at Shetland. in ICES. CMD 1994/D 19, 26 (1994).
. Rindorf, A., Wright, P. ], Jensen, H. & Maar, M. Spatial differences in growth of lesser sandeel in the North Sea. J. Exp. Mar. Bio.

Ecol. 479, 9-19 (2016).

. Boulcott, P, Clarke, J. & Wright, P. ]. Effect of size on spawning time in the lesser sandeel Ammodytes marinus. J. Fish Biol. 91,

362-367 (2017).

Gauld, J. A. & Hutcheon, J. R. Spawning and fecundity in the lesser sandeel, Ammodytes marinus Raitt, in the north-western North
Sea. J. Fish Biol. 36,611-613 (1990).

Boulcott, P. & Wright, P. J. Critical timing for reproductive allocation in a capital breeder: evidence from sandeels. Aquat. Biol. 3,
31-40 (2008).

Hinder, S. L. et al. Multi-decadal range changes vs. thermal adaptation for north east Atlantic oceanic copepods in the face of
climate change. Glob. Chang. Biol. 20, 140-146 (2014).

Klein Breteler, W. C. M., Gonzalez, S. & Schogt, N. Development of Pseudocalanus elongatus temperature and food conditions. Mar.
Ecol. Prog. Ser. 119, 99-110 (1995).

Klein Breteler, W. C. M. & Schogt, N. Development of Acartia clausi (Copepoda, Calanoida) cultured at different conditions of
temperature and food. Hydrobiologia, https://doi.org/10.1007/BF00229974 (1994).

Drif, K., Hirst, A. G. & Hay, S. J. Seasonal abundance and egg production rates of Oithona similis and Pseudocalanus elongatus in
the northern North Sea: a first comparison of egg-ratio and incubation methods. Mar. Ecol. Prog. Ser. 415, 159-175 (2010).
Durant, J. M. et al. Timing and abundance as key mechanisms affecting trophic interactions in variable environments. Ecol. Lett. 8,
952-958 (2005).

Ohlberger, J., Thackeray, S. J., Winfield, L. J., Maberly, S. C. & Vollestad, L. A. When phenology matters: age-size truncation alters
population response to trophic mismatch. Proc. Biol. Sci. 281, 20140938 (2014).

ICES. Sandeel (Ammodytes spp.) in divisions 4.a-b, Sandeel Area 4 (northern and central North Sea). Advice on fishing opportunities,
catch and effort. Greater North Sea Ecoregion Code, https://doi.org/10.17895/ices.pub.2680 (2017).

Poloczanska, E. S., Cook, R. M., Ruxton, G. D. & Wright, P.]. Fishing vs. natural recruitment variation in sandeels as a cause of
seabird breeding failure at Shetland: A modelling approach. ICES J. Mar. Sci. 61, 788-797 (2004).

Litzow, M. A. & Ciannelli, L. Oscillating trophic control induces community reorganization in a marine ecosystem. Ecol. Lett.
https://doi.org/10.1111/j.1461-0248.2007.01111.x (2007).

Chust, G. et al. Are Calanus spp. shifting poleward in the North Atlantic? A habitat modelling approach. ICES J. Mar. Sci. 71,
241-253 (2014).

Sainmont, J., Andersen, K. H., Varpe, @. & Visser, A. W. Capital versus Income Breeding in a Seasonal Environment. Am. Nat. 184,
466-476 (2014).

Chevin, L.-M,, Lande, R. & Mace, G. M. Adaptation, Plasticity, and Extinction in a Changing Environment: Towards a Predictive
Theory. PLoS Biol. 8, 1000357 (2010).

Kopp, M. & Matuszewski, S. Rapid evolution of quantitative traits: Theoretical perspectives. Evol. Appl. https://doi.org/10.1111/
eva.12127 (2014).

Arnott, S. A., Ruxton, G. D. & Poloczanska, E. S. Stochastic dynamic population model of North Sea sandeels, and its application
to precautionary management procedures. Mar. Ecol. Prog. Ser. 235, 223-234 (2002).

Frederiksen, M., Furness, R. W. & Wanless, S. Regional variation in the role of bottom-up and top-down processes in controlling
sandeel abundance in the North Sea. Mar. Ecol. Prog. Ser. 337, 279-286 (2010).

Carroll, M. . et al. Effects of sea temperature and stratification changes on seabird breeding success. Clim. Res. https://doi.org/10.3354/
cr01332 (2015).

Malzahn, A. M., Clemmesen, C., Wiltshire, K. H., Laakmann, S. & Boersma, M. Comparative nutritional condition of larval dab
Limanda limanda and lesser sandeel Ammodytes marinus in a highly variable environment. Mar. Ecol. Prog. Ser. 334, 205-212 (2007).
Bergstad, O., Hoines, A. S. & Kriiger-Johnsen, E. M. Spawning time, age and size at maturity, and fecundity of sandeel, Ammodytes
marinus, in the north-eastern North Sea and in unfished coastal waters off Norway. Aquat. Living Resour. 14, 293-301 (2001).
Corkett, C. ]. Development rate of copepod eggs of the genus Calanus. J. Exp. Mar. Bio. Ecol. 10, 171-175 (1972).

Irigoien, X. et al. Feeding selectivity and egg production of Calanus helgolandicus in the English Channel. Limnol. Oceanogr. 45,
44-54 (2000).

Laabir, M., Poulet, S. A. & Tanora, A. Measuring production and viability of eggs in Calanus helgolandicus. J. Plankton Res. 17,
1125-1142 (1995).

Thompson, B. M. Growth and development of Pseudocalanus elongatus and Calanus sp. in the laboratory. J. Mar. Biol. Assoc.
United Kingdom 62, 359 (1982).

Kjesbu, O. S. et al. Thermal dynamics of ovarian maturation in Atlantic cod (Gadus morhua). Can. J. Fish. Aquat. Sci. 67, 605-625
(2010).

Fincham, J. I, Rijnsdorp, A. D. & Engelhard, G. H. Shifts in the timing of spawning in sole linked to warming sea temperatures. .
Sea Res. 75, 69-76 (2013).

Thackeray, S. J. et al. Trophic level asynchrony in rates of phenological change for marine, freshwater and terrestrial environments.
Glob. Chang. Biol. 16, 3304-3313 (2010).

Wright, P. ], Christensen, A., Régnier, T, Rindorf, A. & van Deurs, M. Integrating the scale of population processes into fisheries
management, as illustrated in the sandeel, Ammodytes marinus. ICES J. Mar. Sci. 0 (2019).

Wright, P. ], Régnier, T., Gibb, F. M., Augley, J. & Devalla, S. Identifying stock structuring in the sandeel, Ammodytes marinus,
from otolith microchemistry. Fish. Res. 199, 19-25 (2018).

Bresnan, E. et al. The Scottish Coastal Observatory 1997-2013 Part 2. Scottish Mar. Freshw. Sci. 7,278 (2016).

dubius on fyllas bank, west Greenland. Mar. Ecol. Prog. Ser. https://doi.org/10.3354/meps11859 (2016).

Pitois, S. & Fox, C. J. Long-term changes in zooplankton biomass concentration and mean size over the Northwest European shelf
inferred from Continuous Plankton Recorder data. ICES J. Mar. Sci. 63, 785-798 (2006).

ICES. Report of the Benchmark Workshop on Sandeel (WKSAN), 6-10 September 2010 (2010).

glacialis Jaschnov and C. hyperboreus Kroyer with comment on the Equiproportional rule. Syllogeus 58, 539-546 (1986).

Siegel, A. F Robust regression using repeated medians. Biometrika 69, 242-244 (1982).

R Foundation for Statistical Computing. R: A language and environment for statistical computing, http://www.R-project.org/ (2018).
IPCC. Climate Change 2007 Synthesis Report. Contribution of Working Groups I, 1I and I1I to the Fourth Assesment Report of the
Intergivernmental Panel on Climate Change. IPCC, https://doi.org/10.1017/CB0O9781107415324.004 (2007).

De Dominicis, M., Wolf, ]. & O’Hara Murray, R. Comparative Effects of Climate Change and Tidal Stream Energy Extraction in a
Shelf Sea. J. Geophys. Res. Ocean. 123, 5041-5067 (2018).

Stocker, T. E et al. Climate Change 2013 - The Physical Science Basis. Climate Change 2013 the Physical Science Basis: Working Group
I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge University Press),
https://doi.org/10.1017/CBO9781107415324 (2014).

SCIENTIFIC REPORTS |

(2019) 9:15179 | https://doi.org/10.1038/s41598-019-51296-5


https://doi.org/10.1038/s41598-019-51296-5
https://doi.org/10.1007/BF00229974
https://doi.org/10.17895/ices.pub.2680
https://doi.org/10.1111/j.1461-0248.2007.01111.x
https://doi.org/10.1111/eva.12127
https://doi.org/10.1111/eva.12127
https://doi.org/10.3354/cr01332
https://doi.org/10.3354/cr01332
https://doi.org/10.3354/meps11859
http://www.R-project.org/
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324

www.nature.com/scientificreports/

Acknowledgements

We acknowledge colleagues involved in the MSS SCOBS monitoring programme; scientists and crew of the MRV
‘Clupea’ and replacement MRV ‘Alba Na Mara’; J. Clarke for his help in the laboratory and Drs D. Eerkes-Medrano
and M. Machairopoulou for helpful discussions during the analyses. We would like to thank J. Hindson and Dr
R. O’Hara Murray for providing temperature data and projections as well as Dr. P. Boulcott and two anonymous
referees for providing constructive comments that improved an earlier version of this manuscript.

Author contributions

T.R. and EM.G. conducted laboratory work and compiled the data, T.R. analysed the data, produced all figures,
and was lead author on the manuscript. EM.G. and PJ.W. provided guidance on data analysis and writing, and all
co-authors provided useful comments on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51296-5.

Correspondence and requests for materials should be addressed to T.R.
Reprints and permissions information is available at www.nature.com/reprints.

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

" | icense, 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) 9:15179 | https://doi.org/10.1038/s41598-019-51296-5


https://doi.org/10.1038/s41598-019-51296-5
https://doi.org/10.1038/s41598-019-51296-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Understanding temperature effects on recruitment in the context of trophic mismatch

	Results

	Predator-prey phenology. 
	Direct temperature effects on phenology. 
	Indirect temperature effects on mismatch. 
	Mismatch and future climate. 

	Discussion

	Methods

	Environmental and biological data. 
	Predator/prey phenology. 
	Mismatch measures. 
	Statistical analyses. 
	Projected climate. 

	Acknowledgements

	Figure 1 Inter-annual variations in C.
	Figure 2 Relationships between predator-prey phenologies and environmental variables.
	Figure 3 Variations in the mismatch and overlap measures.
	Figure 4 Relationship between the mismatch measure, the rate of temperature decrease (September-February) and average February temperatures.
	Figure 5 Seasonal variations in seawater temperature near the seabed at the Stonehaven monitoring station, in the recent past and according to two climate change scenarios.
	﻿Figure 6 Study Area.
	Table 1 Linear regressions between monthly average sea temperatures and key phenological events in Calanus helgolandicus and sandeel.
	Table 2 Model outputs of the dependence of the mismatch measure, the overlap and the recruitment index (year class strength) on environmental and stock variables.
	Table 3 Comparisons of peak egg production in C.




