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Abstract

1. Marine heatwaves (MHWs) are extreme weather events that have major impacts
on the structure and functioning of marine ecosystems worldwide. Due to an-
thropogenic climate change, the occurrence of MHWs is predicted to increase in
future. There is already evidence linking MHWs with reductions in biodiversity
and incidence of mass mortality events in coastal ecosystems. However, because
MHWs are unpredictable, the quantification of their effects on communities is
challenging.

2. Here, we use the Helgoland Roads long-term time series (German Bight, North
Sea), one of the richest marine time series in the world, and implement a modi-
fied before-after control-impact (BACI) design to evaluate MHW effect on meso-
zooplankton communities. Mesozooplankton play an essential role in connecting
primary producers to higher trophic levels, and any changes in their community
structure could have far-reaching impacts on the entire ecosystem.

3. The responses of mesozooplankton community to MHWs in terms of community
structure and densities occurred mainly in spring and autumn. Abundances of
seven taxa, including some of the most abundant groups (e.g. copepods), were
affected either positively or negatively in response to MHWs. In contrast, we
observed no clear evidence of an impact of summer and winter MHWs; instead,
the density of the most common taxa remained unchanged.

4. Our results highlight the seasonally dependent impacts of MHWSs on mesozoo-
plankton communities and the challenges in evaluating those impacts. Long-term
monitoring is an important contributor to the quantification of effects of MHWs

on natural populations.
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1 | INTRODUCTION

As consequence of anthropogenic climate change, the frequency
and magnitude of extreme weather events such as droughts, storms
and floods are expected to increase in the coming decades (IPCC
et al., 2022). This predicted increasing frequency of extreme events,
including marine heatwaves (MHWs), is currently causing eco-
logical and socio-economic concern (Holbrook et al., 2020; Oliver
et al., 2021). Mass mortalities, habitat loss, shift in species distri-
butions and reduction in biodiversity in all living compartments
(Smith et al., 2023), including plankton (Arteaga & Rousseaux, 2023;
Brodeur et al., 2019; Nielsen et al., 2021), macroalgae (Weitzman
et al., 2021) and sea birds (Jones et al., 2018), have been attributed
to intense and long MHWs. These effects of MHWSs on biological
systems may have profound socio-economic implications on a global
scale, as MHWSs compromise essential ecosystem services, including
provisioning (i.e. fisheries), cultural (i.e. loss of iconic species) and
regulating (i.e. carbon sequestration; Smith et al., 2021).

A critical point in the quantification of MHW effect on marine
ecosystems is their lack of predictability, although some forecast-
ing methods have been developed recently (Jacox et al., 2022).
Therefore, most studies in this area have been opportunistic, con-
centrating on a single large-scale event (Supporting Information
Appendix 1). Indeed, most studies are based on individual MHW
events, examining the differences in processes or the density of spe-
cies of interest before, during and after events. Some studies also
compare conditions during the MHW to those in the same season
but in a year without recorded heatwaves. In both cases, the con-
trol condition is restricted to a single period, which is used as a ref-
erence to quantify the MHW impact. Given the unpredictability of
marine heatwaves, such designs have been one of the most effective
options and have provided the first warnings about the effects of
marine heatwaves on organisms. As longer time series become avail-
able, there is the opportunity of applying stronger designs, based on
several controls and impacted years, which essentially means that
one obtains a higher level of replication.

Another important point is that most studies on MHWs are lim-
ited to specific regions that have experienced one single intense
event (Supporting Information Appendix 1). For instance, approx-
imately 75% of the studies we identified (Supporting Information
Appendix 1) exploring MHW impacts on communities using time se-
ries data, were carried out either in the North Pacific Ocean, during
the 2014-2016 MHW (‘the Blob’) or in the Indian Ocean during
the 2010-2011 MHW (see also Joyce et al., 2023). Other regions,
such as the North Sea, have been overlooked. Despite experiencing
numerous heatwaves ranging from normal to severe over the past
decades (Giménez et al., 2024), a comprehensive understanding of
community changes in response to MHW in the North Sea is still
missing.

Here, we quantify the effect of MHWs on a coastal mesozoo-
plankton community, using a modified BACI design, based on a high
sampling frequency long-term time series (Helgoland Roads, North
Sea). The Helgoland Roads (HR) time series (Amorim et al., 2023;

Boersma et al., 2017; Wiltshire et al., 2010) is a unique data set and
one of the richest marine time series in the world. Located near
the island of Helgoland in the German Bight (54°11'18” N 7°54'E),
HR started in 1962 with daily measurements of sea surface tem-
perature, nutrients and phytoplankton. In 1975, the data set was
expanded to include zooplankton samples taken three times a
week. At HR, multiple MHW events were recorded from 1962 to
2018 (Giménez et al., 2024). Here, MHWs are defined as periods of
time >5days during which seawater temperature exceeds the 90th
quantile (i.e. Q90th percentile) of a baseline temperature time se-
ries (Hobday et al., 2016). We used the long MHW events (i.e. all
MHW of a duration 214days to meet the conditions required for
our design) occurring at specific seasons as replicate units. We then
compared mesozooplankton densities, diversity and community
structure during periods of MHWs with those observed in the same
times and seasons of ‘control’ years where MHWs did not occur. This
comparison aimed to understand the specific effect of MHWSs on
the mesozooplankton community structure, diversity and density
depending on the season in which the event occurred. This design
enabled us to (i) achieve replication at the level of MHW events, (ii)
compare responses in terms of community structure against repli-
cate controls of season response and (iii) quantify season-specific
effects of MHWSs on key taxa in terms of density and diversity.

The quantification of MHWs effects on mesozooplankton (i.e.
zooplankton from 0.2 to 20mm) is central to understand their im-
pact on the entire marine food web and associated ecosystem ser-
vices. Mesozooplankton play a central role in the trophodynamics
of pelagic ecosystems, as well as in nutrient recycling and export
of nutrients and carbon to depths (Helaouét & Beaugrand, 2007,
Steinberg & Landry, 2017). In addition, because of their short gen-
eration time, mesozooplankton, including copepods, respond rapidly
to temperature increase (Richardson, 2008) and are therefore likely
to respond to MHWs.

During MHWs, zooplankton are subjected to rapid and extreme
temperature increases over short periods. This sudden thermal
stress can exceed their thermal tolerance limits, leading to signifi-
cant changes in physiological and life history traits, such as altered
metabolic rates, accelerated development and potentially mortal-
ity if temperatures surpass survival thresholds (Smith et al., 2023).
Species with narrow thermal tolerance ranges are particularly
vulnerable to MHWSs compared to those with broader tolerances
(Smith et al., 2023). Furthermore, invasive species, smaller spe-
cies and warm-adapted species may thrive during intense MHWs
at the expense of native, larger and cold-adapted species (Evans
et al., 2020; Gubanova et al., 2022). The timing of MHWs is also
critical; if they coincide with key biological events such as repro-
duction, they can shift species phenology, potentially causing mis-
matches situation with predators (Cushing, 1990), which could then
have strong repercussions on higher trophic levels. While MHWs
can have similar effects to long-term warming, the latter involves
a gradual increase in average temperatures over decades, allowing
more time for mesozooplankton to adapt or shift their distribution.
In contrast, the rapid onset of MHWs leaves insufficient time for
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adaptation or migration, leading to abrupt and sometimes irrevers-
ible changes in community composition and ecosystem dynamics.
For instance, in the Tasman Sea, a shift in the zooplankton com-
munity was recorded in response to the 2015-2016 MHW (Evans
et al., 2020): Smaller warm-water copepods dominated the com-
munity and gelatinous zooplankton increased in density, replacing
large temperate or cold-water zooplankton, including copepods,
Cladocera and Appendicularia. Likewise, the 2014-2016 Pacific
MHW resulted in an increase in warm-water copepod density in
autumn, which persisted through the winter months (McKinstry
et al.,, 2022). In the Gulf of Alaska, the 2014-2016 MHW resulted
in increased zooplankton densities, particularly copepods (Batten
et al., 2022). The studies mentioned above focus on single long-
term events with durations of months to years. However, because
zooplankton organisms have short life cycles, we expect responses
to MHWs occurring at shorter timescales. Indeed, seasonal varia-
tions play a crucial role in shaping many communities in the world,
including zooplankton, due to the annual cycle of environmen-
tal conditions such as temperature, light and nutrient (Mackas
et al., 2012). These factors influence primary production, which
in turn affects food availability for zooplankton. For example,
in spring, increased sunlight and warmer temperatures typically
lead to phytoplankton blooms (Wiltshire et al., 2008). In response
to this increase in food availability, zooplankton also increase in
density. Conversely, during autumn and winter, reduced light and
lower temperatures can decrease phytoplankton levels, leading
to a decline in zooplankton. These seasonal fluctuations not only
impact the density and composition of the community but also af-
fect the broader marine ecosystem. Changes in mesozooplankton
populations can influence the distribution and density of higher
trophic levels, including fish (Beaugrand et al., 2003). Therefore,
we hypothesize that the mesozooplankton response to MHWs
should vary among seasons. For instance, planktonic responses to
winter MHWSs may be less severe than those in other seasons as
biological activity is lower during this time (van Beusekom & Diel-
Christiansen, 2009). Moreover, temperature alone is not the sole
driver of mesozooplankton changes. Other factors, such as light
availability, turbidity and phytoplankton, play equally significant
roles alongside temperature. We hypothesize that spring and au-
tumn MHWs could influence community structure and densities
of mesozooplankton taxa, especially those undergoing growth or
decline phase. In the North Sea, spring and autumn MHWs are un-
likely to exceed the thermal tolerance of mesozooplankton taxa.
For instance, T. longicornis, a cold-temperate species, has an upper
thermal limit of around 22.5°C (Halsband-Lenk et al., 2002). Given
that spring and autumn temperatures are usually around 6°C and
13°C, respectively (Amorim et al., 2023), it is improbable for tem-
peratures to reach such high levels during these seasons even
in case of MHW events. Consequently, heatwave events could
promote an earlier and faster growth period for taxa peaking in
spring. Similarly, for taxa that peak in late summer or early autumn,
MHWs could lead to an extended and slower decline phase, up to
a point where temperatures fall below the lower thermal limits.
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In contrast, summer MHWs are more intense than those in other
seasons, often far exceeding the intensity threshold, with most of
the top 10 events (intensity larger than three times the difference
between the threshold and the climatology) identified in summer
(Giménez et al., 2024). Therefore, we anticipate a shift in the com-
munity structure of mesozooplankton, favouring warm-water as-

semblage over cooler-water ones.

2 | MATERIALS AND METHODS
2.1 | The Helgoland Road time series

Mesozooplankton counts (density: ind.m®) from the HR data
set (Boersma et al., 2017; Dummermuth et al., 2023; Wiltshire
et al., 2010) were used in this study. From 1975 onwards, moni-
toring of mesozooplankton has been conducted near the is-
land of Helgoland in the German Bight (54°11'18”N 7°54'E).
Mesozooplankton are sampled three times a week using a Nansen
net (aperture 17 cm, net length 100 cm) fitted with a 150 um mesh
net coupled with a flowmeter. The complete monitoring method
was described by Greve et al. (2004). The current analysis of the
mesozooplankton response to MHWs was carried out for the pe-
riod 1975-2018. Mesozooplankton taxa identified over the com-
plete time period and with a mean relative density higher than 3%
were extracted from the HR data set (PANGAEA doi: 10.1594/
PANGAEA.872023) (Table 1). This threshold was applied to ex-
clude very rare (zero-inflated) taxa while still preserving a sig-
nificant portion of the overall mesozooplankton community. This
approach ensures that the analysis maintain sensitivity and mini-
mize the potential influence of rare taxa, thereby enhancing the
reliability and interpretability of the results.

To assess the impacts of MHWSs on the mesozooplankton com-
munity, the timing and duration of MHWs detected at HR between
1975 and 2018 were used and obtained from Giménez et al. (2024,
see their supplemental information, table S1). Sea surface tempera-
ture data (°C) used for MHW detection are measured on a work
daily basis directly from the research vessel using a thermometer at
the same sampling site of the mesozooplankton. Due to strong tidal
currents and shallow depth, the water column at the sampling site
is well-mixed ensuring that depth does not affect temperature. At
HR, MHWs show a positive correlation with atmospheric heatwaves
across the German Bight (Giménez et al., 2024). Additionally, sea
surface temperature anomalies are positively correlated with those
at Sylt Roads in the Wadden Sea and the wider North Sea (Amorim
et al., 2023). This suggests that MHWs recorded at HR occur on a
wider spatial scale, encompassing the German Bight. Therefore, the
observed correlations with broader regional data underscore the rel-
evance of using MHWs recorded at HR to understand the general
MHW pattern in the German Bight.

All analyses are based on the detection of MHW events using a
fixed 30-year baseline period set between 1 January 1962 and 31
December 1991 (Giménez et al., 2024) to calculate the climatology
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TABLE 1 Mesozooplankton identified at HR and used in the
study.

Order Taxa

Calanoida Calanus spp., Acartia
spp., Centropages spp.
Pseudo/Paracalanus
spp., Temora

longicornis

Copepods

Cyclopoida Oithona spp.,

Corycaeus anglicus,
other non-identified

Harpacticoida Euterpina acutifrons,

other non-identified

Copepoda nauplii
Non-Copepods Amphipoda,
Cladocera,
Cumacea,
Decapoda, Isopoda,
Mysida, Pantopoda

Annelida larvae,
Appendicularia,
Chaetognatha,
Cirripedia larvae,
Echimodermata larvae

Note: Most abundant (i.e. relative density <3%) are represented in bold.
For copepods, other taxa were only used to calculate density at order
level and diversity indices. For non-copepods, other orders were only
used to calculates diversity indices.

and identify deviations from this baseline (Hobday et al., 2016;
Oliver et al., 2021). For each specific day, all temperature values
within a specific window, over all the baseline, are pooled together
and organized into a frequency distribution. From this distribution,
the 90th quantile (Q90) is calculated, identifying the temperature
below which 90% of the observations fall (see Giménez et al., 2024
for more information). An event of unusually warm sea temperature
will be then identified as a MHW if the temperature exceed this Q90
for more than 5days (Hobday et al., 2016). From this MHW data set,
only the longest events (i.e. 214 days) were selected to meet the con-
ditions required for our design.

Giménez et al. (2024) provided both a fixed and a 30-year shift-
ing baselines and comparing the response to MHW using both base-
lines will be insightful. However, here, we will focus solely on the
fixed baseline for two reasons. First, the comparison between both
baselines is valid only for the second part of the time series as it
assumes that organisms experienced the MHW according to the
previous 30vyears of temperature. As a result, the shifting baseline
produced a shorter time series with fewer number of MHW and,
consequently, fewer replicate units, directly reducing the power of
the test. Second, it would be more informative to create species-
specific shifting baselines calibrated with the timescale of meso-
zooplankton adaptive responses to temperature, rather than using
a fixed 30-year duration. However, we lack information about the
timescale of adaptation of mesozooplankton in the German Bight.
Interestingly, MHW effects observed in this study (see Section 3)

might not be detected using a shifting baseline, as some replicates
units currently classified under the MHW treatment would be reas-
signed to the control years. This could potentially mask the effects

of thermal fluctuations on organisms.

2.2 | BACI design

One approach which helps to understand the effect of natural or
anthropogenic disturbance on a community is the use of a Before-
After-Control-Impact (BACI) design (Underwood, 1991). BACl allows
the comparison of the state of a community if a disturbance occurs,
defined as impact treatment () with a control treatment (C) in which
no disturbance was recorded (Underwood, 1991). Both, the impact
and the control treatment are sampled before (B) and after (A) the
disturbance. The BACI design typically defines control and impacted
conditions as spatial units, with both control and impacted sites sam-
pled simultaneously (Conner et al., 2016). Because our variation was
temporal rather than spatial, we modified the design (Figure 1) by
defining replicate units in time, with each unit representing a dif-
ferent year. Thus, in our study, the before and after periods refers
to the week preceding and following the MHW, respectively. The
control refers to a period of a year (defined by week of year) with-
out MHW, while impact refers to a period of a different year (same
week in the year as the control, +3days), when MHW occurred. To
mitigate any potential lagged temporal responses of zooplankton to
heatwaves, control treatments were carefully assigned to minimize
the likelihood of residual effects from MHW. Specifically, control
periods were chosen to be as distant as possible from any MHWs
included in this study. As a result, the average duration between a
MHW and the following control period for another MHW was ap-
proximately 172 days.

An important aspect of the spatial BACI is that both control
and impacted sites should be defined in similar habitats to avoid
sampling different communities. We applied the same logic for our
modified BACI design considering that both the pelagic habitat (e.g.
temperature) and the mesozooplankton community sampled at HR
has changed over the past 50years (Amorim et al., 2023; Di Pane
et al., 2023). Hence, to consider comparable years, we used a paired
design (identification: ID) where the control was assigned within
5years preceding or following the impacted year. In cases where
several controls were eligible for a given impact, the one closest to
the impact was chosen.

For each impacted or control unit, we defined two other peri-
ods per treatment, within the MHW, that is start (S) defined by the
first week of MHW and end (E) defined as the last week of MHW.
By including these periods, we aimed to capture the immediate im-
pact of MHWs but also observe the trajectory of the response over
time. This allows for a better understanding of how a community
adapts or recovers after the MHWs and gives more credibility to
the statistical output. Each period was composed of three replicates,
which is equivalent to 1 week of data per period (Figure 1). Analysis
focussed exclusively on extended MHWs (i.e. 214 days, Table 2), and
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FIGURE 1 Modified BACI design. Red line represents the impact treatment (i.e. MHW). Blue line represents the control treatment

(i.e. no MHW). The control is assigned in the 5-years window around the impact year. The oval shape indicates the sampling period with

two periods outside the MHW (B: Before treatment; defined as one week preceding the MHW. A: After treatment; defined as the week
following the MHW) and two periods inside the MHW (S: Start of treatment; defined as the first week of the MHW and E: End of treatment;
defined as the last week on the MHW). A period of one week ensures that at least three samplings took place in each period. An ID number
is assigned to each pair of treatments. The design is repeated for each season where a MHW occurred.

TABLE 2 MHW events used in this study and associated traits.

Temperature
Season of occurrence Number of MHW intensity
Spring 11 0.48+0.02
Summer 7 0.76 +0.04
Autumn 8 0.61+0.03
Winter 7 0.37+0.02

Maximum temperature

AT°C control

intensity Duration Range versus impact
1.27+0.24 50+11 [16-149] 2.48+0.14
1.78+0.21 34+11 [17-103] 1.85+0.09
1.40+0.30 44+9 [14-90] 1.75+£0.13
0.92+0.15 34+9 [14-83] 2.20+0.17

Note: Temperature intensity (difference between the Q90 and the temperature observed), maximum temperature intensity and A Temperature
between Control versus Impact are given in°C; Duration is given in days. Range is given in days and corresponds to the minimal and maximal number
of MHW days in a season. Values shown are the mean + standard error. Notes that duration and range do not correspond to the average length of
individual MHW, but rather to the average length of events, which can include several MHW.

shorter MHWs were discarded due to insufficient data to include
the start and end treatments. In the same way, MHWs separated by
<14 days were considered as one MHW event as there would be an
overlap between the period following the first MHW and the pe-
riod preceding the second one. We categorized each MHW based
on the season during which it occurred. When a MHW extended
across two seasons, we attributed it to the season that included the
majority of its duration as well as the peak of intensity (i.e. day of
maximum temperature intensity recorded during the MHW). MHWs
extended across more than two seasons were discarded from the
analysis. Overall, our design contained 33 MHW events (Table 2)
including four of the 10 most severe MHWs identified since 1975
(Giménez et al., 2024). The remaining six severe MHWs could not be
incorporated due to the lack of comparable control periods or their
spanning of multiple seasons (e.g. the 2006-2007 event comprised
two consecutive MHWs affecting all seasons, Giménez et al., 2024).

2.3 | Data analysis

All analyses were conducted under R environment (R Core Team,
2023) with a threshold of significance set at 5%.

To assess the response of mesozooplankton community struc-
ture to MHWs, a permutational-based ANOVA (PERMANOVA) was
performed. The first step was to quantify dissimilarities between
taxa by using a Bray-Curtis dissimilarity index, previously stan-
dardized with the Hellinger method. Through PERMANOVA (999
permutations), we tested the interaction between treatments (Cl,
two levels: Control C; Impact |) and periods (P, two levels: Before B;
After A) for each season to evaluate mesozooplankton community
response to MHWs. Multivariate homogeneity of groups disper-
sions was tested, followed by a permutation test with 999 permu-
tations. Start and End periods showed significant heterogeneity of
group dispersion in spring, summer and winter and were therefore
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excluded from the analysis to ensure the validity of the assumptions.
When a significant interaction was observed, multilevel pairwise-
comparisons were carried out posteriori. To integrate the dependen-
cies in the data, the control/impact pairs (ID) were considered as a
random factor in the models.

A Canonical Analysis of Principal Coordinates (CAP, 999 permu-
tations) was used to visualize the community structure in response to
MHWs. CAP is a flexible constrained ordination method that allows
any dissimilarity measures to be used (Anderson & Willis, 2003).
It is particularly useful when there is a prior hypothesis regarding
the possible dissimilarities between the groups being analysed. By
identifying the axis that best separates the groups, CAP enabled the
detection of differences that might not be apparent through other
ordination methods such as Principal Coordinates Analysis (PCoA) or
Non-Metric Multidimensional Scaling (NMDS). To identify taxa re-
sponsible for the differences among groups, correlation coefficients
(r) and associated p-value between taxa and canonical axes were
calculated. A significance threshold was then applied to select taxa
significantly correlated with canonical axes. Additionally, the dis-
tance between each control/impact pair for both before and after
treatment was quantified to provide a clear quantitative measure of
community dynamics in response to MHWSs. This involved calculat-
ing the difference for each axis by comparing the coordinates of the
impacted year against those of its corresponding control. Data points
centred around zero indicate no divergence between the impact and
control, that is, stability in community structure. Conversely, a devi-
ation from zero indicates a shift in the community structure.

Our second objective was to examine densities of single taxa as
well as two alpha diversity indices (i.e. Shannon diversity and Pielou's
evenness). The indices were calculated for the whole mesozooplank-
ton community and, at a finer scale, for the copepod community.
This separation ensures a consistent measure of diversity, as these
two communities are identified at different taxonomic resolutions
(Table 1). Additionally, maintaining taxonomic resolution allows for a
better understanding of the specific contributions of copepods and
other mesozooplankton to overall biodiversity. Gamma Generalized
Linear Mixed Effect models (GLMMs: Zuur et al., 2009) with a log
link function were then performed seasonally by using the Ime4 R
package (Bates et al., 2015). The fixed factor period (P, four levels:
Before B; Start S, End E, After A) was included in the model, in in-
teraction with treatment (Cl, two levels: Impact |, Control C). The
ID was used as a random factor. Here, all model assumptions were
verified by checking residuals and overdispersion using the DHARMa
package (Hartig & Lohse, 2022). The family function was replaced by
a negative binomial (gImmTMB package) in case of violation of model
assumptions. To assess model fit, model selection procedures (Zuur
et al., 2009) were used based on the corrected Akaike Information
Criterion (AlCc). Specifically, the best-fitting model was determined
by identifying the one with the lowest AlCc value, with an exception
made when the AAICc (i.e. difference between a candidate model
and the model with the lowest AlICc) was <2. Accordingly, we con-
sidered these models to represent a similar fit (Burnham et al., 2011;
Zuur et al., 2009).

We used monotonic nonlinear link functions, and hence, we
must pay attention to the type of interaction being detected.
An important point is to recognize that some types of interac-
tion among factors (here, BA:Cl effect) are defined according to
the scale where the variable is analysed and visualized (Spake
et al., 2023). There is a subset of interactions, called ‘non-
interpretable’ or ‘quantitative’ (Loftus, 1978; Spake et al., 2023),
thereafter called ‘quantitative’, where the scale determines
whether they are removed (i.e. not detected in plots, considered
significant) or retained through model selection procedures by a
monotonic non-linear transformation. For example, interactions
among two factors measured in a response variable (e.g. density) in
the raw scale will result in additive contributions in the log-scale if
the underlying process is multiplicative and if all treatments differ
in density. However, there is an important subset of interactions,
here referred to as ‘qualitative’, where the statistical detection and
visualization is robust to a monotonic nonlinear transformation. In
the context of the BACI design used here, the latter group include
two subgroups: G1, characterized a lack of a ‘before effect’ (i.e.
density does not differ between control and impact before the
MHW but it does, during or after the MHW); G2, characterized
by a ‘before effect’ and where the temporal trend in density differ
between the control and impact before the MHW. Therefore, G1
is the one providing the evidence of MHWs effects as the change
in density between control and impact is restricted to the period
when the MHW is experienced or immediately after it. We will

point to the type of interaction in the results section.

3 | RESULTS
3.1 | Changes in mesozooplankton community
structure

PERMANOVA analysis revealed a significant CIxP interaction for
spring and autumn seasons (Table 3). Multilevel pairwise compari-
son tests between treatments highlighted no significant differences
in the community structure between control and impact before the
treatment. Significant differences in community structure were ob-
served for the after periods (Supporting Information Appendix 2).
Mesozooplankton community data dispersion did not differ signifi-
cantly across P and CI for spring (betadisper, F(3,126)=2-14? p=0.10)
and autumn (betadisper, F(3y90):2.15; p=0.12) indicating homogene-
ous dispersion of the data. The CAP conducted on the spring and
autumn seasons for the CIx P interaction showed strong evidence
of separation among factor groups (Figure 2a-c). Specifically, while
there was no significant difference in the community structure be-
tween the before control and the before impact, significant multi-
variate dispersion was observed between the after periods. This
suggests that the combined effect Cl and P resulted in distinct
changes in community composition during these seasons. Temporal
dissimilarities between before and after were represented along
the first axis while dissimilarities between the control and impact
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treatments were represented along the second axis. Further analysis
of the coordinate distances between paired control/impact treat-
ments reinforces these findings; the coordinate distances before
treatment clustered around zero, indicating minimal initial dispar-
ity. In contrast, after treatment revealed a deviation from zero, sug-
gesting a significant shift. For example, in spring, T. longicornis and
Echinodermata larvae dominated the community structure after
the control treatment while Acartia spp. and Appendicularia were
dominant after the MHW (Figure 2a). In autumn, Cyclopoida domi-
nated the community structure of the after-control treatment while
Harpacticoida were dominant after the MHW (Figure 2c).
PERMANOVA test showed no significant interaction be-
tween Cl and P in the mesozooplankton communities for summer
(F(1180):1.36; p=0.14, Table 3) and winter (F(1y79):0.26; p=0.91,
Table 3) and no clear separation can be observed on the CAP ordi-
nation plot (Figure 2b-d). Both the coordinate distances before and
after treatments clustered around zero, indicating minimal disparity.

3.2 | Diversity and density responses to MHWs

We did not find any evidence of diversity and evenness response
to MHWs. The interaction term (PxCl) for the Shannon diversity
and Pielou's evenness was not retained in the model for copepods
and for the complete mesozooplankton community, irrespective of
season (Supporting Information Appendices 3 and 4).

We found evidence of mesozooplankton response to spring
MHWs for 8 out of 13 taxa, with all the interactive patterns being
consistent with a qualitative interaction and most of them not show-
ing evidence of differences in density between control and impact
before the MHW. For copepods, the best model did not include
the interaction for Harpacticoida and Cyclopoida. The best model
included the interaction for Calanoida (Supporting Information
Appendix 5): Both treatments showed a significant increase in den-
sity throughout the periods (Figure 3e), and higher density was ob-
served at the end of MHW compare to the control (7.51 vs. 6.70;
p<0.001). The interaction was also retained in the model for 3
Calanoida taxa (Acartia spp., Pseudo/Paracalanus spp. and T. longi-
cornis: Supporting Information Appendix 6). Acartia spp. density in-
creased for both treatments throughout the periods (Figure 3a), and
higher density was observed at the beginning (4.25 vs. 4.97; p<0.05)
and end (4.91 vs. 6.09; p<0.001) of the MHW compare to the con-
trol. Copepoda nauplii followed the exact same trend (Figure 3d).
Pseudo/Paracalanus spp. density increased during the impacted
treatment (Figure 4b) with higher densities at the end (5.40 vs. 6.66;
p<0.001) and after (6.04 vs. 6.58; p<0.05) the MHW compare to
the control. Density remained constant during the control treat-
ment. These two taxa responded positively to spring MHW, in con-
trast to T. longicornis. While T. longicornis density increased for both
treatments (Figure 3c), smaller density was observed after the MHW
(6.06 vs. 5.82; p<0.01) compare to the control.

For mesozooplankton taxa, the interaction effect was not
included in the model for Chaetognatha, Cirripedia larvae and
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before (O) control-after (@) impact-before (A), impact-after (A). The grey label indicates no significant difference between treatments while
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type I). Acar: Acartia spp., Anne: Annelida larvae, Appe: Appendicularia, Cala: Calanus spp., Chae: Chaetognatha, Cirr: Cirripedia larvae, Clad:
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Cladocera. Only Appendicularia, Annelida larvae and Echinodermata
larvae showed significant interactions (Supporting Information
Appendix 6; Figure 3h-i). A before effect was detected for
Echinodermata larvae (p<0.001) and Appendicularia (p<0.01), in-
dicating that the observed changes are not the result of a response
to MHW. Therefore, only the changes observed for Annelida lar-
vae could be associated with MHW; density increased throughout
the control treatment but remained unchanged for the impacted
treatment (Figure 3i). The interaction showed higher density at the
start of the MHW compared to the control treatment (3.46 vs. 4.56;

p<0.01). The trend reversed during the MHW with lower density at
the end (5.17 vs. 4.85; p<0.05) and after (5.84 vs. 5.08; p <0.01) the
event compared to the control.

In summer, most of the mesozooplankton taxa did not show
any evidence of a response to MHWSs and the interaction effect
was included in the model for only two taxa, namely Cladocera
and Echinodermata larvae (Figure 4l,m; Supporting Information
Appendix 6). Interaction was qualitative and significant variations
were observed between control and impact for both taxa at the
end of the MHW. Specifically, Cladocera experienced an increase
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FIGURE 3 Results of the modified BACI design on the most abundant mesozooplankton taxa in presence (A: Impact) or absence

(@: Control) of spring MHWs. (a) Acartia spp., (b) Pseudo/Paracalanus spp., (c) T. longicornis, (d) Copepoda nauplii, (e) Calanoida, (f) Cyclopoida,
(g) Harpacticoida, (h) Appendicularia, (i) Annelida larvae, (j) Chaetognatha, (k) Cirripedia larvae, (I) Cladocera, and (m) Echinodermata larvae
densities. Values shown are the means (log-transformed) + standard error for each period per ID. Grey shape indicate significant interactions.
Asterisks represent significant difference between control and impact for each period: p <0.05% p<0.01** p<0.001***. Models for each
taxa were run using Gamma GLMMs with a log link or negative binomial function. The ID was included as a random factor.

in density until the end of the MHW, after which their numbers de-
creased (Figure 4l). The density at the end of the MHW was higher
compared to the control (6.03 vs. 4.33; p<0.001). In contrast,

Echinodermata larvae showed a decrease in density in both treat-

ments (Figure 4m), with smaller density at the end of the MHW com-
pared to the control (3.76 vs. 4.93; p<0.001).

For the copepod community in autumn, the interaction term

was retained in the model for Calanoida Harpacticoida and Pseudo/

Paracalanus spp., and these interactions were all of a qualitative type

(Figure 5). However, a before effect was detected for Calanoida

(b <0.05) and Pseudo/Paracalanus spp. (p < 0.01), indicating that the ob-

served changes are not a result of a response to MHW (Figure 5b-e).
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FIGURE 4 Results of the modified BACI design on the most abundant mesozooplankton taxa in presence (A: Impact) or absence

(@: Control) of summer MHWs. (a) Acartia spp., (b) Pseudo/Paracalanus spp., (c) T. longicornis, (d) Copepoda nauplii, () Calanoida, (f)
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Echinodermata larvae densities. Values shown are the means (log transformed) + standard error for each period per ID. Grey shape
indicate significant interaction. Asterisks represent significant difference between control and impact for each period: p <0.05*% p<0.01**,
p<0.001***, Models for each taxa were run using Gamma GLMMs with a log link or negative binomial function. The ID was included as a

random factor.

Therefore, Harpacticoida was the only copepod taxa to respond to au-

tumn MHW; density increased during the impact treatment while it

stayed constant during the control (Figure 6g). Pairwise comparisons
showed higher density at the start (4.74 vs. 5.64; p<0.01), end (4.81
vs. 6.19; p<0.001), and after (4.98 vs. 6.25; p<0.001) the MHW com-
pared to the control.

For mesozooplankton taxa, Annelida larvae, Cirripedia larvae and

Cladocera showed significant evidence of response to autumn MHW.

Annelida larvae density decreased for both treatments and was higher at
the end of the MHW compared to the control (2.81 vs. 3.51; p<0.001)
(Figure 5i). Cirripedia larvae density decreased for both treatments and

pairwise comparisons showed higher density after the MHW (1.33 vs.
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FIGURE 5 Results of the modified BACI design on the most abundant mesozooplankton taxa in presence (A: Impact) or absence

(@: Control) of autumn MHWs. (a) Acartia spp., (b) Pseudo/Paracalanus spp., (c) T. longicornis, (d) Copepoda nauplii, (€) Calanoida, (f) Cyclopoida,
(g) Harpacticoida, (h) Appendicularia, (i) Annelida larvae, (j) Chaetognatha, (k) Cirripedia larvae, (I) Cladocera, and (m) Echinodermata larvae
densities. Values shown are the means (log transformed) + standard error for each period per ID. Grey shape indicate significant interaction.
Asterisks represent significant difference between control and impact for each period: p <0.05%, p<0.01**, p<0.001***. Models for each taxa
were run using Gamma GLMMs with a log link or negative binomial function. The ID was included as a random factor.

2.00; p<0.01) compared to the control (Figure 5k). Cladocera density
decreased for both treatments but to a much greater extent for the con-
trol (Figure 5I). Pairwise comparisons showed higher density at the end
(0.78 vs. 2.68; p<0.001) and after (0.50 vs. 1.57; p<0.001) the MHW
compared to the control.

In winter, most of the mesozooplankton taxa did not show
evidence of a response to MHWSs (11 out of 13 groups), and the

interaction effect was included in the model for only two taxa,
namely the copepod Cyclopoida and Harpacticoida. Cyclopoida
density stayed constant during the control treatment but decreased
during the MHW with lower densities after the MHW (3.41 vs. 4.60;
p<0.05; Figure 6f). A before effect was detected for Harpacticoida
(p<0.01) indicating that the observed changes are not a result of a
response to MHW (Figure 6g).
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FIGURE 6 Results of the modified BACI design on the most abundant mesozooplankton taxa in presence (A: Impact) or absence

(@: Control) of winter MHWs. (a) Acartia spp., (b) Pseudo/Paracalanus spp., (c) T. longicornis, (d) Copepoda nauplii, () Calanoida, (f) Cyclopoida,
(g) Harpacticoida, (h) Appendicularia, (i) Annelida larvae, (j) Chaetognatha, (k) Cirripedia larvae, (I) Cladocera, and (m) Echinodermata larvae
densities. Values shown are the means (log transformed) + standard error for each period per ID. Grey shape indicate significant interaction.
Asterisks represent significant difference between control and impact for each period: p <0.05% p<0.01**, p <0.001***. Models for each
taxa were run using Gamma GLMMs with a log link or negative binomial function. The ID was included as a random factor.

4 | DISCUSSION

We examined the mesozooplankton community of the HR time se-
ries, during the most extensive seasonal MHW:s recorded between
1975 and 2018. We found evidence of response to MHWs in both
the structure of the community and the density of single taxa, par-
ticularly in the seasons of strongest temperature change, spring and

autumn. In support of the community level response in spring, 8
of the 13 taxa showed variations in density during the MHW, yet
only 6 were directly linked to it. Indeed, two taxa displayed changes
before the MHW, which could not be directly associated with the
event. Five taxa exhibited no response to the spring MHW. Likewise,
the community-level response in autumn was supported by similar
responses in 4 out of 13. Seven of the remaining taxa showed no
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evidence of response to MHWSs. Additionally, in two taxa, temporal
changes were independent of the MHWs, as they occurred during
the period before the MHW. There was no indication of a change
in community structure related to MHW during summer and win-
ter and few individual taxa were influenced. Because our study was
based on intensive sampling of mesozooplankton organisms, which
are characterized by short generation times (weeks to months), we
were able to observe season-dependent responses to heatwave

events.

4.1 | Seasonal response to MHWSs

For spring, we observed a divergence in the community composi-
tion between the post-MHW and post-control periods. Following a
period without MHW, the community was primarily dominated by
T. longicornis and Echinodermata larvae and shifted after the MHW
to a community dominated by Acartia spp. and Appendicularia
with less Cyclopoida, Chaetognatha and Annelida larvae. Those
results were supported by the positive response in density of the
most important groups: Copepoda nauplii, Calanoida, Acartia spp.,
Pseudo/Paracalanus spp and Appendicularia. The dominance of
Appendicularia is consistent with the reported quick response to
short-term increases in temperature (Winder et al., 2017) and the
positive effect of warming on gelatinous zooplankton (Winder
etal., 2017). As MHW are expected to become more frequent in the
coming decades (Hobday et al., 2016; Oliver, 2019) it is likely that
Appendicularia will become more dominant in the German Bight.
Unlike copepods, Appendicularia are able to feed on small particles,
within the size range of the microbial loop (Acufa & Anadon, 1992).
A shift to a dominance of Appendicularia could therefore signifi-
cantly impact the microbial loop and subsequent energy transfer to
higher trophic levels (Gorsky & Fenaux, 1998).

We hypothesised that spring MHWSs would influence densities
of mesozooplankton taxa, that are undergoing growth phase. We
found that copepods (including Acartia spp., a cold-temperate taxa;
Alvarez-Fernandez et al., 2012) responded positively to MHWs.
This response is logical given that spring MHWs may not reach the
thermal tolerance limits but instead result in faster growth rate
or forward shifts in phenology. Copepod nauplii reach their maxi-
mum density in May in the North Sea (Atkinson et al., 2015), while
Calanoida species exhibit strong seasonality with a growth phase in
spring, followed by a peak in June-July (Atkinson et al., 2015; Greve
et al., 2004; O'Brien et al., 2013). The effects on phenology would
explain why density of Calanoida, Acartia spp., and Copepoda nau-
plii were higher during but not after the MHW (similarly, T. longicor-
nis decrease in density after the MHW). Thus, it appears that these
taxa reached their respective density maxima earlier in the impact
than would be expected in a normal season. Seasonal shifts may also
explain why Annelida larvae decrease in density at the end of the
MHW events. In our samples, Annelida larvae are mostly spionids
(Deschamps pers. Obs.), which appear to respond to warming with a
delayed timing of occurrence (Mackas et al., 2012).

Journal of Animal Ecology [ E%m

Similarly, we hypothesised that autumn MHW could lead to
an extension and slower decline phase for species peaking in
late summer or early autumn. As spring MHWSs, the observed re-
sponses in autumn are also consistent with a phenological effect,
with taxa exhibiting an extension of their seasonal peaks at the time
when density typically decreases, except for Harpacticoida. For
Harpacticoida, while the density remained stable throughout the
control treatment, a sharp increase was observed during the MHW.
In the North Sea, Harpacticoida reach their peak in late summer/
autumn (Deschamps et al., 2023; Mortelmans et al., 2021). Euterpina
acutifrons and Microsetella spp., two commonly found taxa in the HR
times series, exhibit a seasonal peak in August (O'Brien et al., 2013).
An autumn MHW may have therefore facilitated Harpacticoid cope-
pods in the environment for a longer period than expected during a
normal season. These responses are important as late summer and
autumn MHWs characterized the seasonal pattern at HR, especially
since the 1990s (Giménez et al., 2024).

It is important to highlight that some mesozooplankton taxa
did not exhibit changes in density during spring or autumn MHW.
In spring, Cyclopoida and Harpacticoida are notable examples. The
lack of response could be linked to their phenological cycle. Indeed,
At HR, Cyclopoida is predominantly composed of Corycaeus angli-
cus and Oithona spp. (mainly O. similis and O. nana). These species
are known to reach their density peak towards the late summer
or early autumn, similar to Harpacticoida (Deschamps et al., 2023;
Mortelmans et al., 2021; O'Brien et al., 2013). The same reason
might account for the absence of a response to autumn MHW for
Copepoda nauplii, Acartia spp., and T. longicornis, as these taxa typ-
ically peak in summer (Deschamps et al., 2023). These observations
suggest that the timing of copepod reproduction does not coincide
with autumn MHW events, potentially minimizing the impact on
their populations.

We did not find clear evidence of mesozooplankton community
responses to winter and summer MHWs; interactive effects were
observed in only a small number of groups. The lack of responses in
most groups is logical in winter because of very low biological activity
(van Beusekom & Diel-Christiansen, 2009) and the low phytoplank-
ton productivity (Townsend et al., 1994) limiting mesozooplankton
density in the North Sea (van Beusekom & Diel-Christiansen, 2009).
In summer, we expected a shift in the copepod community with
smaller taxa and warm water species becoming more abundant at the
expense of large cold-water ones, driven by differences in thermal
tolerance thresholds. However, the summer temperature recorded
at HR exceeded 20°C only in August 1995, 2002 and 2006, which
is still within the tolerance range known for most mesozooplankton
species in the North Sea (e.g. T. longicornis: threshold temperature
of 22.5°C; Halsband-Lenk et al., 2002). Therefore, we believe that
the summer MHWs recorded from 1975 to 2018 may not have been
sufficiently intense to adversely affect cold water taxa or promote
warm water taxa. Given the projection that MHWs are expected to
increase in intensity (Hobday et al., 2016; Oliver, 2019), our obser-
vations regarding the impact of summer MHW on mesozooplankton
communities could change in the upcoming decades.
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4.2 | Mechanisms driving mesozooplankton
changes in response to MHWs

Different mechanisms may have driven the observed changes
in density associated with MHWs. We cannot establish causal
mechanisms but instead hypothesize about the potential driv-
ers of the responses. For instance, temperature may have direct
physiological impacts on metabolic, developmental and growth
rates (e.g. copepod reproduction; Richardson, 2008), but also in-
direct effects. Copepod density is positively correlated with tem-
perature especially in spring when the effect of temperature is
much larger (Mortelmans et al., 2021). In the North Sea, copepod
density peak occurs 11 to 52days earlier for each 1°C increase
(Beaugrand, 2004) and Acartia clausii (present in the HR time se-
ries) experienced a shift in the phenology of 16days ahead for
every 1°Cincrease (Atkinson et al., 2015). A. clausii always appears
earlier in warm years in the English Channel (Plymouth L4 sampling
site: Mackas et al., 2012) and both Copepoda nauplii and A. clausii
experienced a forward shift in phenology in response to the 2016
MHW in Alaska (McKinstry et al., 2022). These studies strongly
support the ‘earlier when warmer’ trend in copepods, which may
also occur in response to short and acute temperature increase
such as MHW. Likewise, favourable temperature may explain the
reduced rate of decline observed in autumn, as expected from the
positive effects of temperature on the duration of the seasonal
plankton peaks (Mackas et al., 2012; McKinstry et al., 2022). The
case of Cladocera taxa provides a clear illustration (i.e. density re-
mained stable throughout the entire MHW period, but declined
in the control years). Indeed, our results are consistent with the
known occurrence of the tropical/subtropical Cladocera Penilia
avirostris in the North Sea, which increases during warm autumn
(Johns et al., 2005). In September 1999, when a prolonged MHW
was detected in HR (i.e. 42 days: Giménez et al., 2024, see Table 1),
sea surface temperature was 2-4°C higher than normal, leading
to the rapid spatial expansion of P. avirostris (Johns et al., 2005).
In addition, mesozooplankton response to MHWSs may be me-
diated by changes in other trophic levels. In the North Sea, char-
acterized by wind and well-mixed conditions in the water column,
warming drives phytoplankton metabolic rates and densities,
which subsequently enhance mesozooplankton (Richardson, 2008;
Richardson & Schoeman, 2004). In high latitudes, MHWs can lead to
elevated chlorophyll concentrations (Noh et al., 2022) and can trig-
ger intense phytoplankton blooms in nutrient-rich areas (Hayashida
et al., 2020). Moreover, during the ‘Blob’, the MHW detected in the
Pacific Ocean between 2013 and 2016, the phytoplankton commu-
nity in the Gulf of Alaska transitioned from a dominance of diatoms
to dinoflagellates (Arteaga & Rousseaux, 2023). In the North Sea,
dinoflagellates are an important nutritional resource for copepods
(Gentsch et al., 2009; lanora et al., 2004). We could therefore hy-
pothesize that MHWs would favour copepods through changes in
the composition of planktonic prey. This shift in prey composition
may have broader implications for the food web. Species that rely
on planktonic prey less favoured by heatwaves may experience

reduced food availability, potentially leading to shifts in their pop-
ulation dynamics. Conversely, species consuming copepods, such
as fish larvae, might benefit from an increase in copepod abun-
dance. Currently, it appears that MHWs primarily increase growth
rates and shift the peak of abundance over small temporal scale.
However, with the projected increase in the intensity, duration and
frequency of MHWs in the coming decades (Oliver et al., 2018), we
can hypothesize that copepod abundance peak could shift earlier in
the season. This could lead to mismatches between the larvae of
spring-spawning fish species and the peak abundance of their prey
(Cushing, 1990), potentially impacting fish recruitment. For example,
the temperature increases since the mid-1980s in the North Sea has
altered the copepod community (e.g. abundance and timing) in ways
that have reduced the survival of early life stages of cod (Beaugrand
et al,, 2003). Although these changes have been linked to long-
term warming, prolonged heatwaves could have similar impacts.
Therefore, understanding these changes is crucial for predicting the
overall impact of marine heatwaves on marine biodiversity and food
web structures.

4.3 | Challenges and future research

One of the great challenges in studying responses to MHWs in
plankton is the limited capacity to perform field experiments,
which would require sustained spatial sampling over long periods.
Additionally, the occurrence of large heatwaves over wide spatial
scales demands important efforts to conduct such replicated experi-
ments. The length of our time series, in combination with the high
frequency sampling of HR (Amorim et al., 2023), has enabled us to
use a modified BACI design and overcome several challenges. First,
we defined replicated control and heatwave-impacted years to test
MHWs effects. Second, we defined controls within 5-year distance
from the impacted treatments, crucial for accounting for potential
decadal changes in plankton communities (Reid et al., 2016). We
were also able to compare the density of key organisms at similar
times of the year and explore season-dependent response. Finally,
we noted that the type of interaction needed to establish clear evi-
dence of a heatwave effect was robust to a change in measurement
scale (Spake et al., 2023).

There are, however, some limitations and potential confounding
factors that are relevant for the analysis. First, we did not include
heatwaves running for more than two seasons because appropriate
replicates within each season could not be established (e.g. 2006-
2007 with two MHWs covering all seasons: Giménez et al., 2024).
While such MHWSs were rare, they may constitute the primary
source of data elsewhere: In such cases, one would have to find
control years lacking MHWSs over long time periods. This might be
difficult if the pool of potential control years contains some with
several short MHWs. A possible solution to increase the number of
control years could be to compare the planktonic responses in years
with short MHWs against years without any event. Moreover, in a
few cases, taxa showed significant differences in density between
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control and impact years during the ‘before’ period, and we refrained
from making conclusions about them. One may therefore restrict
the application of BACI to periods of the year when the ‘before’ pro-
duces non-significant effects. In seasonal habitats, spring is perhaps
the best period, because the “before” could be set at the end of win-
ter when density is consistently low.

In summary, we found that planktonic communities can respond
to MHWs of the scale of several weeks of duration, with average
durations ranging from 30 to 50days depending on the season.
This was found through a BACI design applied over a time series
of several decades. We also highlight the challenge of ascertaining
whether the event is the sole cause of the observed changes. The
HR time series helped us to implement a design to control the re-
sponse to MHW and to replicate it over several events. In synthesis,
applying such design to other time series, will help to quantify the
effects of MHWs in other regions. This method could be challenging
for organisms with long generation times, as their responses might
take months rather than days or weeks. At these timescales, ex-
tensive replication is needed (due to additional environmental vari-
ables), and finding enough control replicates over several months
without MHW events can be difficult. Nonetheless, our method can
be applied for time series involving organisms with short generation
times or life phases (i.e. larvae).
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