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Abstract
Climate warming has led to phenological changes over time, typically displayed as earlier emergence of various organisms 
in spring or summer in temperate terrestrial and marine systems alike. Similarly, warm conditions can extend seasonal 
occurrence. Using a time series of zooplankton data from a coastal area in the Gulf of Finland, we calculated the start, end 
and the length of the season for the occurrence in rotifers and for adult and juvenile stages of three calanoid copepods. We 
investigated whether the start and end of the season of these taxa have shifted earlier and later, respectively, and whether 
the season length has increased. We further investigated if potential changes are driven by climate warming. We show 
that both copepods and rotifers do indeed emerge earlier, but that the pattern in recent years was not conclusive, and that 
both temperature and ice conditions influenced the seasonal abundance patterns of some taxa. Warmer years led to earlier 
occurrence of Temora longicornis copepodites. Earlier ice break-up coincided with longer seasons for Acartia and earlier 
emergence of Eurytemora affinis. The phenological changes in zooplankton demonstrated here may have cascading effects 
on other trophic levels in the food web. We also demonstrate how decreased sample number influences the ability to capture 
intra-annual abundance patterns and discuss the implications for monitoring.
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Introduction

Studies in phenology investigate annually repeated biologi-
cal seasonal patterns. Many populations in marine temperate 
regions, including zooplankton, initiate a rapid increase in 
abundance after the winter, coupled with an increase in pri-
mary production (Richardson et al. 2000). Climate warming 
has led to shifts in the seasonal patterns of occurrence with 
earlier emergence of various organisms in terrestrial and 
marine systems alike (Parmesan and Yohe 2003; Edwards 

and Richardson 2004; Durant et al. 2007; Thackeray et al. 
2016). Similarly, an extended period with warm conditions 
toward autumn can extend the season by postponing its end, 
by affecting the timing of resting egg production (Chen and 
Folt 1996; Tachibana et al. 2019), or leading to enhanced 
overwintering survival (Schlüter et al. 2010). Changes in 
the timing of occurrence can modify trophic interactions by 
inducing or lessening trophic mismatches between interact-
ing species (Cushing 1990; Mackas et al. 2012; Sommer 
et al. 2012), which can cause cascading effects by influenc-
ing trophic interactions and the cycling of energy in the food 
web (Aberle et al. 2012; Thackeray et al. 2016; Hedberg 
et al. 2024).

Extrinsic conditions that affect organism population 
growth are likely to alter both the total annual abundance 
and important cardinal dates, such as the timing of spring 
emergence, peak abundance and autumn decline (Scharfe 
and Wiltshire 2019). Temperature can influence timing of 
occurrence in different ways (Chmura et al. 2019), and affect 
zooplankton abundance by influencing individual growth, 
and hence population turnover time and individual body size 
(Daufresne et al. 2009; Winder et al. 2009). Especially with 
smaller sized organisms with fast turnover time, the timing 
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and frequency of monitoring are crucial to capture intra-
annual dynamics (Klais et al. 2016; Lehtiniemi et al. 2022; 
Ratnarajah et al. 2023).

The present study was conducted in the Gulf of Finland, 
which is a brackish-water estuary in the northern Baltic Sea, 
where the total abundance of pelagic mesozooplankton, in 
particular large copepods, have decreased since the 1970s 
(Flinkman et al. 1998; Suikkanen et al. 2013; Jansson et al. 
2020). The post-winter zooplankton emergence in coastal 
regions of the area is typically induced by reproduction of 
overwintering individuals, and by hatching of resting eggs 
from the sediment that occurs when the environmental con-
ditions become favourable in spring (Viitasalo 1992; Kata-
jisto et al. 1998). The taxa can have multiple reproductive 
cycles over the summer depending on species and prevailing 
environmental conditions. The duration of ice cover in the 
area has shortened by almost 1 month during the last century 
and the sea surface temperature has increased by almost 1 °C 
during the past 85 years (Merkouriadi and Leppäranta 2014), 
with a projected continued increase until 2100 (Meier et al. 
2022). Due to its unique combination of characteristics and 
good data availability, the Baltic Sea is suitable to work as 
a time machine to study changes that might happen in other 
oceans in the future (Reusch et al. 2018).

In this study, we examined the phenological patterns of 
zooplankton, explicitly modelling changes in the timing of 
their seasonal occurrence. We analysed potential pheno-
logical changes in calanoid copepods Acartia spp., Euryte-
mora affinis and Temora longicornis, as well as in rotifers 
Keratella spp. and Synchaeta spp. over a period spanning 
55 years. We expected earlier occurrence of zooplankton 
in spring and due to the milder winters, we hypothesised 
that the length of the seasonal occurrence of zooplankton is 
increasing due to earlier start of the season linked to tem-
perature. Longer periods of warm conditions in autumn were 

also expected to extend the end of the season, enabling an 
increased number of annual generations. We further discuss 
the implications of zooplankton monitoring on assessing 
phenological change.

Material and methods

Time‑series data

The zooplankton data were collected at Storfjärden in Hanko 
(59°51.35′N 23°15.93′E) by Tvärminne Zoological Station, 
University of Helsinki (TZS) and the Finnish Institute of 
Marine Research (now Finnish Environment Institute) 
(Fig. 1). The monitoring was conducted in two periods: the 
first in 1967–1984 and the second in 1993–2020. Years 2008 
and 2017 had too few analysed samples and were dropped 
from the analysis. In the first period, the sampling was done 
on average three times monthly, usually day 1, 11 and 21, 
and during the second period once a month (Fig. 1). There 
was also a slight shift in the timing of the monthly sampling 
in 2017 when it was shifted to mid-month. The sampling 
procedure has remained consistent, except for a change of 
sampling net diameter. The diameter of the 150 µm Hensen 
net decreased from 0.72 m in the first period to 0.35 m in 
the second period. The samples were taken from 25 m to the 
surface (station depth 35 m) and preserved in a 4% buffered 
formaldehyde solution. Prior to analysis, the samples were 
divided using a Folsom splitter a maximum of ten times 
(corresponding to a subsample of 1/1024) due to differing 
zooplankton densities. The groups considered in the present 
study are adults and copepodites from stage I to IV of Acar-
tia spp., Eurytemora affinis and Temora longicornis, as well 
as the rotifers Synchaeta spp. and Keratella spp.

Fig. 1   Map of the study area indicating the zooplankton sampling (Storfjärden) and ice break-up sites (Koverhar), as well as a figure of the tim-
ing of all the zooplankton sampling events at Storfjärden
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The most common copepod taxa in the study area are the 
calanoid copepods Acartia spp., (A. bifilosa, A. longicornis 
and A. tonsa). A. bifilosa occurs throughout the year, whilst 
A. longiremis mostly occurs during spring, and appears at 
the end of summer, after having assumedly spent the rest 
of the year as resting eggs (Katajisto et al. 1998). A. tonsa 
has mainly been frequently observed after 1990 (Fig. S1). 
Acartia have not been consistently identified to species level 
and were, thus, grouped in this study. E. affinis is recognised 
in the data set, but also E. carolleeae inhabits the Gulf of 
Finland nowadays (Sukhikh et al. 2019).

The environmental drivers of interest are water tem-
perature, and day of ice break-up. Temperature data were 
provided by Tvärminne Zoological Station and were meas-
ured from discrete depths (0, 20 and 30 m), or continuously 
with a CTD and were used to calculate the mean tempera-
ture. The timing of ice break-up was measured at Koverhar 
(59°52.8′N, 23°13.7′E) close to the zooplankton sampling 
station by the Finnish Meteorological Institute. The variable 
indicates the day when  < 10% of the ice cover remains (Kal-
liosaari 1978, 1982; Kalliosaari and Seinä 1987; Seinä and 
Kalliosaari 1991; Seinä et al. 1996, 2001, 2006).

Seasonal abundance patterns

We investigated the intra-annual seasonal patterns for both 
periods of the time-series by fitting generalised additive 
models (GAM), using the mgcv package in R (Wood 2017, 
2020). As the second period has less frequent sampling, we 
also investigated how this influenced the seasonal abundance 
patterns. We modelled the abundance using a log link func-
tion and a Tweedie error distribution with estimated power 
parameter (determining the level of dispersion). We mod-
elled the average seasonal patterns by including day of 
year in a cyclic smoothing function. We analysed the two 
periods of the time-series separately (i.e. 1967–1984 and 
1993–2020). To investigate the possible effects of differing 
sampling frequency between the two periods, we mimicked 
the effects of sparser sampling by separately modelling the 
data gathered on day 1, 11 and 21 of the months using data 
from the first period.

Estimating the start, end and length of the season

There exist several approaches for comparing phenological 
patterns between years based on abundance and biomass 
measures (reviewed by Ji et al. 2010). We calculated the start 
and the end of the season using annual cumulative abun-
dances (Greve et al. 2005). The start and end of the season 
were defined according to the day the cumulative annual 
abundance exceeded 15% and 85% of the annual abundance, 
respectively. We calculated the annual abundance estimated 
for each species by calculating the cumulative sum for each 

year, filling in the gaps by interpolating (Fig. 2). As the 
increase and decrease in abundance do not necessarily con-
form to our idea of a calendar year, we defined the start of 
the season for each species to correspond to the day of the 
year when the species was at its abundance minimum. The 
abundance minimum for each species was estimated using 
the same GAM approach described in the section on sea-
sonal patterns but using the full zooplankton time series. The 
annual mean estimates together with the starting point are 
shown in the electronic supplementary material (Fig. S2).

Trends and drivers of phenological change

The between-year patterns in the derived annual phenology-
related variables, i.e. timing of the start, end and length of 
the season, were investigated as response variables using lin-
ear regression. The continuous variable year was centred to 
mean zero, by subtracting the mean of year, for each period 
separately. As the time series has a gap from 1985–1992, 
we added the period of the time series as a binary factor 
variable to the model. This accounts for a possible differ-
ence in the average level between the two time periods, and 
the interaction between this variable and (period-wise cen-
tred) year describes the difference in trends compared to 
the reference period. We fitted each model twice—with the 
first and the second period as the reference factor level—to 

Fig. 2   The cumulative abundance for adult Acartia spp. in 1970 (bold 
line). From left to right, the vertical lines indicate when 15 and 85%, 
respectively, of the cumulative abundance is reached. These are con-
sidered to mark the start and end of the season in the present study, 
and to correspond to the length of the season (grey area)
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obtain straightforward estimates for the temporal trends of 
both periods.

In addition to the trend, we investigated whether varia-
tion in the start and length of the season could be explained 
by day of ice break-up or anomaly in water temperature at 
the start of the season, and if the end of the season could 
be explained by the anomaly in water temperature during 
June, July and August. Effects of ice break-up were only 
analysed using data until 2006. The anomalies at the start of 
the season were tailored to each species specifically so that 
they included the 2 months prior to the abundance minimum. 
February–March anomalies were used for Acartia copepo-
dites, March–April anomalies for adult Acartia, Keratella, 
Synchaeta, and E. affinis and T. longicornis copepodites, 
and finally April–May anomalies for adult E. affinis and T. 
longicornis copepodites. The summer anomalies included 

July, August and September for all taxa. The temperature 
anomaly time series was derived using a GAM with a cyclic 
smoothing function of month to each of the covariates and 
extracting the relevant anomalies from the model residuals.

Results

The comparison between the modelled mean abundances of 
the two periods, 1967–1984 and 1993–2020, shows changes 
in overall seasonal patterns and abundances. The mean 
annual abundance decreased for Temora longicornis, adult 
Acartia spp. and Eurytemora affinis (Fig. 3). However, as the 
diameter of the sampling equipment has changed preceding 
a gap of 9 years in the time series, abundance comparisons 
between the periods should be done with some caution. 

Fig. 3   Predicted mean seasonal abundance patterns for 1967–1984 and 1993–2020 (A), and for 1967–1984 using data from day 1, 11 and 21 
only (B) indicated by line type. Letters a and c in titles indicate adults and copepodites, respectively
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When thinning the data of the first period to mimic the lower 
sampling frequency (one sample per month) of the second 
period, the estimated peak can vary strongly as seen in both 
rotifers and adult Acartia with only one monthly estimate. 
More complex seasonal patterns were also lost for Acar-
tia spp. copepodites using only the observations from day 
21. However, rough patterns of e.g. emergence and season 
length were retained, of course, with increased uncertainty 
compared to the full data set.

The start of the seasonal occurrence, i.e. the date when 
15% of the maximum abundance of that year was achieved, 
became statistically significantly earlier for Acartia spp. 
copepodites, E. affinis adults and copepodites, as well as 
for Keratella spp. until 1984, but after the break in the 
time series, the change levelled out or reversed (Fig. 4, 
Table 1). Trends towards earlier emergence in the second 
period were only significant for Synchaeta and T. longi-
cornis copepodites and adults. The timing of the end of 
the season occurred statistically significantly earlier for 
Acartia spp. copepodites during the earlier time period, 

but not so for the latter time period (Fig. S5). There were 
no significant trends or patterns in the length of the season 
in the first period, as many of the changes in the start and 
end of the season point in the same direction, with approx-
imately similar magnitude. During the second period, the 
length of the season increased only for E. affinis adults and 
decreased for Acartia spp. Models that yielded statistically 
significant parameters are shown in Table 1 and all models 
are shown in Table S1.

The mean water temperature (at 0–30 m) increased 
over the investigated period, and some of the earliest ice 
break-up days were observed in the 1990s (Figs. S3 and 
S4). There was a weak trend in the ice break-up of  − 0.64 
(p = 0.06, F-statistic: 3.65 on 1 and 36 DF). For T. longi-
cornis copepodites, the start of the season occurred earlier 
during warm years. The length of the season increased dur-
ing warm years for adult Acartia spp. and T. longicornis 
copepodites. Earlier ice break-up lengthened the season 
for adult Acartia spp., whereas later ice break-up coincides 
with the later emergence of E. affinis copepodites.

Fig. 4   The temporal change in start of the season. Points indicate the 
time when cumulative abundance exceeds 15% of the annual abun-
dance and lines are the model fit from the regression. Black dots 

indicate the first period (1967–1984) and grey dots the later period 
(1993–2020). Letters a and c in titles indicate adults and copepodites, 
respectively
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Discussion

Climate change affects the timing of zooplankton occur-
rence in many ways, with temperature rise being the 
most studied and most often suggested cardinal driver 
of change. Our study shows that five of the studied zoo-
plankton taxa emerged earlier in spring, at least for part 
of the investigated time and for some life stages. Previous 
studies have reported that zooplankton emerged earlier 
in spring in some but not all temperate regions (Mackas 
et al. 2012; Uriarte et al. 2021), which we also observed 
in Acartia spp. copepodites, E. affinis and Temora as well 
as in rotifers Synchaeta spp. and Keratella spp. for either 
the first or second half of the studied time period. The 
exact mechanism that triggered these shifts is unclear, but 
water temperatures have increased in the area and induced 
changes in ice break-up, and both variables are known to 
affect spring and early summer abundances of copepods 
(Klais et al. 2017; Viitasalo et al. 1994). Light is unlikely 
important for hatching of resting eggs as it does not pen-
etrate to the bottom in the investigated area (Almén et al. 
2014). Hedberg et al. (2024) recently showed that egg 
hatching from the sediment does not seem to be directly 
influenced by temperature or light conditions, and sug-
gested that conditions in the water column are more impor-
tant in shaping the annual dynamics.

Annual fluctuations in population abundance and timing 
of occurrence are also expected to be influenced by food 
availability, and e.g. Uriarte et al. (2021) found that chloro-
phyll-a influenced phenological patterns at Stonehaven in 
the North Sea. Due to lack of consistent phytoplankton time-
series, we were not able to account for that in the present 
study. However, Almén and Tamelander (2020) indicate a 
shift in phytoplankton spring bloom to earlier timing and 
that zooplankton peak biomasses are more tightly coupled 
to the phytoplankton peaks during warmer years. The tim-
ing and the magnitude of the spring phytoplankton bloom 
are likely of more importance for herbivorous taxa such as 
the rotifers compared to generalist copepods (Hansson et al. 
1990).

The rising temperatures in the study area can lead to faster 
development time of resting eggs from sediment (Katajisto 
2003), and potentially extend the seasonal occurrence (Bork-
man et al. 2018). Our expectation was that this would lead to 
an extended season of occurrence as observed in other estua-
rine areas (Borkman et al. 2018), and whilst there was no 
trend in the length of the season, indicating season becoming 
longer, we show that years with higher-than-average temper-
atures were linked to longer seasonal occurrence for Acartia 
adults and T. longicornis copepodites. It is possible that the 
warmer temperature enables hatching from the sediment to 
occur for longer for Acartia, and especially in late summer, 
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it is likely that at least part of the population consists of the 
non-native Acartia tonsa, which prefers high temperatures 
(Katajisto et al. 1998; Diekmann et al. 2012). The majority 
of the annual abundance consists of Acartia bifilosa, but as 
the other two species occur mainly at the start and end of 
the season, there could still be an impact on the estimated 
timing of occurrence. The reversal of the trend in emergence 
of Acartia spp. copepodites seems to coincide with the intro-
duction of Acartia tonsa; however, it is hard to estimate the 
potential impact as the identification to species level has not 
been consistent, especially since 2006 onwards. In addition, 
the species-level identification has almost exclusively been 
applied to adult stages. A. longiremis only occurs during 
colder periods of the year.

We saw no indications of extension in total length of 
season and the timing of the end of the season occurred 
earlier for Acartia copepodites in the earlier time period. 
One possible explanation is that even with the higher tem-
perature, the food quality might not be ideal in late sum-
mer. The phytoplankton community in late summer partly 
consists of cyanobacteria that are known to be poor-quality 
food for zooplankton (Engström-Öst et al. 2015) and their 
abundance has been increasing and is projected to increase 
due to elevating temperatures in the Gulf of Finland (Olofs-
son et al. 2020); there is also some indication of summer 
blooms becoming more frequent at the study site in recent 
years (Almén and Tamelander 2020).

Changes in phenological patterns can be hard to detect 
when monitoring variation in annual abundances, in par-
ticular, if the timing of the annual peak abundance varies 
and monitoring data cover only a narrow time window, the 
resulting measure could reflect a change in peak or average 
abundance, a change in the timing of occurrence or both. 
This is particularly relevant when studying rotifers and other 
taxa that have shorter generation times compared with cope-
pods (Lehtiniemi et al. 2022). Klais et al. (2016) has recom-
mended that the sampling frequency for these groups should 
be every fortnight to capture patterns in abundance with high 
accuracy. When subsampling the older more frequently sam-
pled data to have monthly interval, we did indeed see that 
the mean intra-annual pattern varied substantially in timing 
(Fig. 3). Not only species with the fastest turn over times 
were affected, Acartia bifilosa is known to have two or more 
generations per season in the area (Viitasalo and Katajisto 
1994), but when sampling frequency was decreased from 
three samples per month to one, this pattern disappears in 
favour of two peaks (Fig. 3). We also noted that the later 
and more sparsely sampled part of the time series seemed 
to estimate patterns in the timing of occurrence with higher 
variability (see Fig. 4 and Fig. S5). Thus, it is difficult to say 
if the disappearances of the observed trends in phenological 
patterns from the first to the second part of the time series 
are due to actual change, or due to increased noise as a result 

of the decline in sampling frequency. This situation was 
likely not improved by the shift in timing of the sampling 
in 2017 (Fig. 1). The mean annual estimates shown, based 
on the different fractions of the first time period, would 
similarly suggest that less frequent sampling influences the 
annual timing of cardinal events (e.g. Keratella and E. affinis 
copepodites Fig. 3B).

Globally, temperature has been shown to shift community 
composition of zooplankton (Jonkers et al. 2019), and addi-
tionally, local studies indicate ongoing shifts in community 
composition, such as decline in marine taxa (Mäkinen et al. 
2017) and increase in smaller sized organisms like cladocer-
ans and rotifers (Suikkanen et al. 2013; Hall and Lewan-
dowska 2022). Comparing the mean abundance patterns of 
the taxa between 1967–1984 and 1993–2020 (Fig. 3), the 
annual mean abundances show a decrease. It is difficult to 
be sure of the magnitude of the decrease as the diameter of 
the net decreased between the sampling periods; however, 
other studies in the Gulf of Finland indicate a decline in 
overall zooplankton abundance, also in copepods (Suik-
kanen et al. 2013). In addition, looking at the variability 
in the abundance estimates of Fig. 3B infrequent sampling 
also influences our ability to estimate annual average peak 
abundances as well.

The present study shows that the emergence of some 
zooplankton have become earlier and that the mean 
annual abundance of many taxa has decreased in the area 
compared to the situation prior to 1980s. Changes in the 
timing of occurrence zooplankton abundance and tim-
ing can have cascading effects on higher trophic levels. 
Changes in the timing of occurrence and in particular, 
earlier emergence of zooplankton in spring can lead to 
a trophic mismatch (in the timing of occurrence) with 
higher trophic levels such as fish for which phenological 
changes are slower compared with zooplankton, leading 
to potential consequences in ecosystem functioning (Rat-
narajah et al. 2023). A decrease in the abundance of large 
copepods has been shown to detrimentally affect the Bal-
tic herring in the open Gulf of Finland (Flinkman et al. 
1998). Zooplankton have also previously been shown to 
mature at smaller size with warming (Daufresne et al. 
2009), and further studies into how changes in abundance 
are reflected in changes in biomass are needed to prop-
erly understand ramifications for the whole food web and 
carbon cycling.

Our study highlights potential issues faced by annual 
monitoring carried out in a narrow temporal window, as a 
directional shift in the timing of occurrence can look like 
an increase or decrease in abundance depending on the 
direction of the shift. In addition, we show that decreasing 
the sampling frequency influences both our ability to esti-
mate the annual timing and the abundance of zooplankton.
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