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Abstract

Climate change is shifting the timing of organismal life-history events. Although
consequential food-web mismatches can emerge if predators and prey shift at
different rates, research on phenological shifts has traditionally focused on
single trophic levels. Here, we analysed >2000 long-term, monthly time series
of phytoplankton, zooplankton, and fish abundance or biomass for the San
Francisco, Chesapeake, and Massachusetts bays. Phenological shifts occurred in
over a quarter (28%) of the combined series across all three estuaries. However,
phenological trends for many taxa (ca. 29-68%) did not track the changing
environment. While planktonic taxa largely advanced their phenologies, fishes
displayed broad patterns of both advanced and delayed timing of peak abundance.
Overall, these divergent patterns illustrate the potential for climate-driven trophic
mismatches. Our results suggest that even if signatures of global climate change
differ locally, widespread phenological change has the potential to disrupt
estuarine food webs.
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examination of phenological change within food webs
(but see Thackeray et al., 2016, Cohen et al., 2018, Asch

Shifts in phenology, or the timing of events within an
organism's life cycle, are a common response to global
climate change. Phenological shifts have been ob-
served in plants, invertebrates, and vertebrates across
diverse systems—f{rom mountain forests to marine
fishes (Tang et al., 2016). Fluctuations in climatic con-
ditions often drive variation in timing of migration
(Goertler et al., 2021; Gordo, 2007) or peak abundance
(Brown, 2016; Cohen et al., 2018). Indeed, ample re-
search has examined the unique roles of temperature,
precipitation, nutrient availability, or salinity as drivers
of phenological change (Guinder et al., 2017; Kristiansen
et al., 2016; McQueen & Marshall, 2017). While the oc-
currence and magnitude of phenological shifts appears to
be increasing (Vitasse et al., 2022), few studies have lever-
aged long-term data across taxonomic groups, hindering

et al., 2019).

Phenological shifts can lead to asynchrony, or mis-
matches, between an organism and its environment. For
instance, migratory organisms might arrive in breeding
or rearing habitats when abiotic conditions are unsuitable
(Satterthwaite et al., 2014), or when food resources are
scarce (Post & Forchhammer, 2008). While phenological
plasticity can promote persistence in fluctuating environ-
ments (Ovaskainen et al., 2013), population performance
often depends on maintaining synchrony with interact-
ing populations (Visser & Gienapp, 2019). Importantly,
the rate or direction of phenological shifts might differ
among interacting taxa—especially if climatic sensitivi-
ties vary (Chmura et al., 2019). If historically synchronous,
interacting populations become decoupled, cascading
impacts on community structure and functioning may

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2024 The Author(s). Ecology Letters published by John Wiley & Sons Ltd.

Ecology Letters. 2024;27:¢14441.
https://doi.org/10.1111/ele. 14441

wileyonlinelibrary.com/journal/ele 1of 14


https://doi.org/10.1111/ele.14441
www.wileyonlinelibrary.com/journal/ele
mailto:
https://orcid.org/0000-0001-9494-2776
https://orcid.org/0000-0002-7237-4859
https://orcid.org/0000-0002-8644-1733
https://orcid.org/0000-0003-3055-6483
https://orcid.org/0000-0003-4011-6457
http://creativecommons.org/licenses/by/4.0/
mailto:robertfournier@berkeley.edu

2 of 14 |

ESTUARINE PHENOLOGICAL SHIFTS

follow (Thakur, 2020; Varpe & Fiksen, 2010). For example,
phenological shifts have been shown to disrupt predator/
prey interactions in frogs and dragonflies (Rasmussen
& Rudolf, 2016), as well as mutualistic relationships
between plants and pollinators (Rafferty et al., 2015).
Understanding how species' climate sensitivities influence
the potential for trophic mismatches is an active area of
research (Leathers et al., 2024; Thomas et al., 2017), and
one that requires quantifying long-term environmental
and biological trends both within and across trophic levels.

At the community scale, phenological shifts may lead
to a trophic mismatch depending on the magnitude or
direction of change across and within trophic levels (see
Figure la for hypothesized response types). Phenology
may remain stable even if environmental conditions
change (Figure la, i), or it may shift in a consistent way
across trophic levels, allowing the food web to remain
coupled (Figure 1a, ii). Shifts may also differ in magni-
tude or direction among trophic levels (Figure la, iii),
increasing trophic mismatch potential if the diversity of
responses within trophic levels is low. However, a high
diversity of species-specific phenological trends within
trophic levels (i.e., response diversity) would decrease
trophic mismatch potential even when phenological
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shifts are widespread (Figure la, iv). Importantly, con-
gruency between phenological and climatic trends might
be indicative of climate forcing (Chmura et al., 2019),
while divergence could suggest an inability to track
the direction and/or rate of environmental change and
thus the potential accrual of ‘climatic debt’ (Duchenne
et al., 2021, Figure 1b).

Estuaries are particularly vulnerable to climate change
due to their transitional, variable nature (Lauchlan &
Nagelkerken, 2020), and many taxa use them as breed-
ing or nursery grounds (Beck et al., 2001; Colombano
et al, 2020), as refuge from predation (Simenstad
et al., 1982), or as migration corridors (Koeller et al., 2009;
Otero et al., 2014). In estuarine food webs, temperature
fluctuations govern many aspects of community structure,
including growth rates, migration timing, and planktonic
blooms (Apple et al., 2006; Incze et al., 1980; Kromkamp
& Engeland, 2010). Additionally, salinity levels influence
habitat use and life cycle cues (Harrison & Whitfield, 2006;
Lane et al., 2007). Despite the natural dynamism of estua-
rine systems, many taxa have developed population cycles
that maintain historical synchrony between interacting
species (Marques et al., 2006). However, estuaries globally
are experiencing climate-induced changes in temperature

Environmental Trend (CT)

D Tracking environment

Negative PC Scenario

Potential phenological response types and relationships between phenological and environmental trends. (a) Conceptual

diagram showing shifting phenologies within an estuarine community, with example population abundance curves for fishes (purple),
zooplankton (blue), and phytoplankton (green). We display four potential scenarios where timing of peak abundance (represented as the
calendar date of the peak) might shift relative to the historical date of peak abundance (red dashed line). In (i), there is no phenological change;
in (ii) there is a uniform shift between trophic levels; in (iii), phenological shifts are consistent within, but not between trophic levels; and
finally in (iv), phenological shifts diverge both within and between trophic levels. (b) Conceptual diagram showing relationships between the
triplet of slopes produced by our model. The environmental trend slope (CT) shows whether the environmental covariate (temperature or
salinity) is increasing through time (left column), remaining constant (middle), or decreasing (right). The phenological trend (PT) shows if the
date of peak abundance is occurring earlier (top row), staying constant (middle), or delaying to later in the year (bottom). The final slope is

the relationship between phenology and the environmental covariate. A positive slope indicates that an increase in the covariate would cause

a delay in phenology (and vice versa) while a negative slope would indicate that an increase in the covariate value would cause an earlier peak.
A non-significant PC slope indicates no phenology/covariate relationship. Organisms are considered to be ‘tracking their environment’ if the
combination of these three slopes is congruous. In this figure, we show the relationships assumed with a negative PC slope. Under this scenario,
for example, an organism with an advancing phenology that exists in a warming climate is tracking temperature trends. With a positive PC
slope, the combination of climatic and phenological scenarios in the opposite diagonal would be considered ‘tracking’.
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(Scanes et al., 2020) and salinity (Ghalambor et al., 2021).
Because these variables control fish and plankton popu-
lation dynamics, climatic fluctuations could drive pheno-
logical shifts that disrupt estuarine food webs by pushing
population cycles outside of historically synchronous
windows (Asch et al., 2019; Chevillot et al., 2017; Langan
et al., 2021). Adding to this complexity, the same suite of
global change drivers can lead to divergent climatic trends
at local scales (Zhang et al., 2022). Thus, understanding
how local, climate-driven phenological shifts may create
potential for trophic mismatches is particularly conse-
quential for estuarine ecosystems.

Here, we explore phenological shifts, their climatic
drivers, and the potential for trophic mismatches using
long-term monitoring data from three major North
American estuaries: the San Francisco, Chesapeake,
and Massachusetts bays. We hypothesized that: (1)
Phenological shifts would be common in all three systems,
and shifts would predominantly involve an advancement of
peak abundance dates. Because many taxa peak in the
spring, advancing phenologies might help ameliorate
the negative effects of warming (Cohen et al., 2018). (2)
The climatic drivers of phenological shifts would vary be-
tween systems and among taxonomic groups. For exam-
ple, long-term drought in the San Francisco Estuary
might exacerbate the effects of salinity in that system
when compared to Massachusetts and Chesapeake bays
(Hutton et al., 2016). Furthermore, these varying sensi-
tivities might drive diverse phenological trends within
a given trophic level, suggesting that taxa within the
same trophic guild can respond differently to the same
stressor (Mori et al., 2013). Finally, (3) Divergent phe-
nological patterns between trophic levels might drive po-
tential for trophic mismatches between fish predators and
their potential prey. For instance, taxa with smaller body
size and shorter lifespans might respond more strongly
to higher-frequency climatic variation than longer-lived
taxa (Farnsworth et al., 1995; Woodward et al., 2005).
Importantly, divergent phenological patterns might
scale down to localized food webs with the potential to
influence trophic interactions.

To assess these hypotheses, we fitted trivariate meta-
regression models that jointly estimate relationships
between phenology, climatic variables (temperature
and salinity), and time (following Cohen et al., 2018).
This model structure facilitates examining phenological
shifts within and across food webs while maintaining the
context of locally changing climatic conditions.

METHODS
Data sources and filtering
We compiled and filtered long-term data for fishes,

zooplankton, phytoplankton, temperature, and salin-
ity from the San Francisco, Chesapeake, Massachusetts

bays. For the San Francisco Bay, we obtained fish and
water quality data from the California Department
of Fish and Wildlife's San Francisco Bay Study
(CDFW, 2023a), and zooplankton and phytoplankton
data from the Environmental Monitoring Program
(CDFW, 2023b). For Chesapeake Bay, we obtained fish
and water quality data from the Virginia Institute of
Marine Science's Chesapeake Multispecies Monitoring
and Assessment Program (Latour et al., 2023); and zoo-
plankton, phytoplankton, and associated water qual-
ity from the Chesapeake Bay Program (CBP, 2023). For
Massachusetts Bay, we obtained phytoplankton, zoo-
plankton, and water quality data from the Massachusetts
Water Resources Authority's Water Column Monitoring
Program (MWRA, 2023). All data were monthly,
spanned at least 10years (range 10-49 years; mean time
series length ca. 28 years), and were examined for qual-
ity. We selected a minimum length of 10years to facili-
tate both comparison of disparate sampling schemes
and to enhance detection of linear patterns in oscillating
monthly data (e.g., Mann & Lees, 1996). See Supporting
Information Sl for details on data collection, filtering,
and quality control.

For each combination of taxa, sampling location, and
estuary, we calculated three Pearson correlation coeffi-
cients, capturing: (1) the relationship between phenol-
ogy (adjusted yearly date of peak abundance) and time
(hereafter, PT); (2) the relationship between the climatic
variables and time (hereafter, CT); and (3) the relation-
ship between phenology and climate (hereafter, PC). For
each taxa and site, the triplet of coefficients was used to
calculate Fisher's Z transformed effect sizes that entered
a meta-regression model (see raw coefficients; Fournier
etal., 2023). Because taxonomic groups might respond to
environmental trends across different temporal scales,
we compared the models that incorporate climatic
trends at annual vs. seasonal scales. For the annual
models, we calculated mean annual temperature and sa-
linity for each taxa/sampling location/estuary stratum.
For the seasonal models, we calculated trends associ-
ated with temperature and salinity at the timing of peak
abundance for that taxa/sampling location. Although
temperature and salinity can interact, here we examined
these variables in isolation. We primarily report the re-
sults from our annual models in the main text to facil-
itate comparability among monitoring programs with
different sampling frequencies (Cohen et al., 2018). The
results from seasonal models are shown in Supporting
Information S5.

Trivariate mixed-effects meta regression model

We used trivariate mixed-effects meta regression mod-
els to jointly analyse relationships between phenology,
time, and each climatic variable. These models account
for the non-independence of effect sizes that arises due
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to shared variables (e.g., phenology is part of both PT
and PC; Viechtbauer, 2010). In matrix notation, the
trivariate meta regression model follows the following
equation:

z=Wp+e+u,

where z is a vector of all the Fisher transformed effect
sizes. For each ith group of m number of taxa/location
strata, there are effect sizes representing three relation-
ships (PT, PC, CT). Thus, z has a length of k =m x 3.
W is a regression design matrix with mx (¢ + 1) di-
mensions with j number of covariates. The first col-
umn of W represents the model intercept (if present)
and contains only ones. The regression coefficients of
the model are defined in # which is a vector of length
(j + 1) x 3. The within-population variance—covariance
matrix, € is a blocked structure (one 3 x3 matrix for
each stratum of effect sizes at each sampling location)
wherein the main diagonal of each block represents the
sampling variance of each of the Fisher transformed
effect sizes following the equation:

Var<ZPT =var(Z¢r) = var(Zpe) = ﬁ),

where Zpp is the effect size of phenology versus time
(PT), Z -7 is the effect size for climate versus time (CT),
and Zp. is the effect size of phenology versus climate
(PC). € also accounts for non-independence of effect
sizes that share common variables in the estimated
sampling covariances in the matrix off-diagonal. For
each pair of effect sizes that share an independent vari-
able, the covariance between two Fisher transformed
effect sizes (e.g., cov(Zpy, Zpe)) 1s calculated using the
untransformed Pearson correlation coefficients (p),
following:

Cov =

2002. The primary output of these models is a triplet of
linearized slopes representing three relationships: phe-
nology vs time, phenology vs climate, and climate vs
time. A slope was considered significant if the 95% con-
fidence interval for the estimate did not include zero.

To further explore the diversity of phenological (PT)
and climatic trends (CT) at each estuary, we plotted these
slopes against each other, and fitted Bayesian 95% con-
fidence ellipses around the data. We quantified the area
of each ellipse as well as the amount of overlap among
ellipses representing our three broad taxonomic groups
(fishes, zooplankton, phytoplankton). All ellipse calcu-
lations were performed using the SIBER package in R
(Jackson et al., 2019). We also assessed whether a given or-
ganism's phenology was tracking climatic conditions. To
be considered tracking, an organism had to (1) be shifting
its phenology (significant P7 slope); (2) exist in a changing
climate (significant C7T slope); and (3) have a significant
relationship between phenology and climate that is con-
sistent with the direction of the PT and CT slopes. For ex-
ample, an organism advancing its phenology (negative PT
slope) in a warming climate (positive C7 slope) must have
a negative PC slope. Additionally, we considered organ-
isms with a static phenology under a static climate to be
tracking, as time would not decouple that organism from
its climate envelope. Conversely, organisms that either (1)
shifted phenologies under static climates; (2) did not shift
phenologies under changing climates; or (3) had inconsis-
tent relationships between phenologies and climatic condi-
tions, were all considered to ‘not track’ climatic variables
(Figure 1b). Finally, we examined system-wide abundance
trends to understand if the ability of an organism to track
climatic conditions was associated with its population dy-
namics (e.g., declining population size due to an inability
to track climatic trends).

Ppc(l —PZCT +.05X pprXper XPPC) - O-S(PPT XpCT) (1 —P%:T +P2CT)

(n=3((1=rpr) x (1=r¢7))

The main effects of the model, u, are assumed to have
a multivariate normal (MVN) distribution wherein the
between-population variance, 72, for each correlation
triplet (P7, CT, PC) is represented along the diagonal of
a blocked matrix, and the covariance estimates for all
levels of the random effect variables are estimated in the
off diagonals. In all models, we included random effects
that control for variation in time series start and end
dates, as well as a nested random effect that accounts
for station identity effects. Maximum likelihood estima-
tions were performed using the rma.mv function in the
metafor R package (Viechtbauer, 2010). We fitted mod-
els at both the estuary-wide and sub-estuary level scales.
Our sub-estuary models represent more realistic food
webs by examining taxa found within limited geographi-
cal regions that are more likely to interact through space
and time. We did not include Chesapeake Bay zooplank-
ton in regional food web models as sampling stopped in

We used these model outputs to assess if pheno-
logical and climatic patterns comported with our hy-
potheses. To assess Hypothesis I, that phenological
shifts would be occurring and that phenologies would
be predominantly advancing, we examined the PT
slopes. Significant PT slopes are indicative of pheno-
logical change, while the sign of the slope indicates
directionality—negative slopes represent phenological
advances, and positive slopes indicate phenological
delays. For Hypothesis 2, that the climatic drivers of
phenological change would differ among systems and
taxonomic groups, we explored if phenological sensi-
tivities varied by environmental covariate, estuary, and
trophic level by fitting a three-way ANOVA (Quinn &
Keough, 2002) on estimated PC slopes. Additionally,
we compared the rates of environmental tracking
for each variable and estuary by conducting Chi-
squared tests. To explore Hypothesis 3, that divergent
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phenological patterns between trophic groups might
increase the potential for trophic mismatches, we first
compared the variance of phenological trends between
groups by conducting a Levene's test for homogeneity
of variances on PT slopes. Finally, we assessed the di-
vergence of phenological patterns in more localized
food webs by fitting ANOVAs on the PT slopes from
our regional food web models.

RESULTS
Environmental and phenological trends

In each estuary, both temperature and salinity tended to
increase overall, but substantial spatial variation existed
(Figure 2). Accordingly, taxa experienced a variety of
local environmental trends, identified by significant CT'
slopes (33.3-64.2% warming, 0-15.15% cooling; 4.76—
69.7% increasing salinity, 0-10.7% decreasing salinity;
see Supporting Information S2). These trends were asso-
ciated with widespread shifts in the timing of peak abun-
dance, identified as significant PT slopes. Overall, 28%
of the modelled taxa displayed significant phenological

shifts, and shifting taxa disproportionately advanced
their phenology (temperature: 85% advancing; salinity:
72% advancing).

Bayesian ellipses fitted around the PT7 and CT
slopes show the diversity of environmental and phe-
nological trends present in each taxonomic level and
estuary, and largely confirmed that phenological
trends for phytoplankton and zooplankton tended to
skew towards advancing peak abundance (Figure 3).
However, nuanced patterns emerged. In San Francisco
Bay, fishes occupied a narrower trend range, with most
of the ellipse indicating delaying PT trends. Notably,
zooplankton and fishes shared only 21.1% of ellipse
area for temperature models and 23.4% of ellipse area
for salinity models—indicating diverging phenological
and climatic trends. In Chesapeake Bay, all trophic
groups were skewed towards advancing phenologies.
However, zooplankton exhibited a wider diversity of
trends (ellipse area=1.47 for temp; 0.89 for salinity)
compared to fishes (ellipse area=0.74 for temperature;
0.58 for salinity) and phytoplankton (ellipse area=0.51
for temperature; 0.33 for salinity). In Massachusetts
Bay, zooplankton showed a slightly broader range of
phenological and climatic trends (ellipse area=1.06
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Bay, Chesapeake Bay, and Massachusetts Bay. Central and right columns: long-term climatic trends (temperature or salinity) across all
recording stations of each estuary. Individual readings are shown as grey dots, and monthly temperature and salinity mean values (across
stations recording data that month) are shown in black. LOESS trends at each of the regions within the estuary are shown in different colours.
See distribution of environmental trends experienced by taxa at each estuary in Supplementary Figure S4.
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FIGURE 3 Diversity of phenological shifts and local climate trends, across trophic levels and estuaries. Estimated phenology vs. time
slopes (PT, x axes, values above zero indicate delaying phenologies, values below zero indicate advancing phenologies) and local climate trend
slopes (CT, y axes, values above zero indicates increasing temperature or salinity, below zero indicates decreasing temperature or salinity) are
shown for each estuary. Left column: slopes from models estimating annual temperature effects; right column: slopes from models estimating
annual salinity effects. For example, a taxon in the top left quadrant of panel A would be advancing its phenology in a warming climate (or in
the bottom left quadrant, it would be advancing its phenology in a cooling climate). Similarly, a taxon in the top left quadrant of panel B would
be advancing its phenology in an estuary that is increasing in salinity (or in the bottom left quadrant, it would be advancing its phenology in an
estuary that is decreasing in salinity). For each estuary and model type, Bayesian 95% confidence ellipses were fitted to visualize the diversity
of phenological and local climatic trends experienced by each taxonomic group (Fish, Phytoplankton, Zooplankton). See Figure S6 for more
information on how environmental and biological trends are captured in the P7 and CT dimensions.

for temperature; 0.33 for salinity) than phytoplankton
(0.76 for temperature; 0.31 for salinity); however, they
shared substantial overlap in trends (96% of their el-
lipse space).

Overall, we found that phenological shifts were
steeper (lower PT values, indicating stronger advance-
ments) for zooplankton than for fishes and phyto-
plankton (F, |, 4, p<0.001), but this pattern varied by
estuary (F; 4 o4, =0.0062 for the trophic group x estu-
ary interaction term). PC slopes, which represent the
magnitude and direction of phenological sensitivity

to environmental trends, showed that phenology was
more sensitive to changes in temperature than to
changes in salinity (mean=SD: 0.154+0.220 for tem-
perature, —0.001+0.180 for salinity; F1,45.573» 1<0.001;
Figure S8). Sensitivity also varied across taxonomic
groups in ways that were specific to each estuary
(F3 4027 =0.006 for the group x estuary interaction
term). Collectively, our results suggest that long-term
changes in temperature and salinity often drove phe-
nological shifts, but many different responses were
possible—emerging from a combination of diverse
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local signatures of environmental change, and diverse,
taxa-specific, sensitivities to that change.

Do changing phenologies track the changing
environment?

Taxa at each estuary demonstrated variable capacities
to track environmental covariates (32.1-71.4% of taxa
tracking). When broken down by taxonomic group, we
found that taxa tracked at differential rates for tempera-
ture (SFE X, | 50, p=0.001, CHE X?, ( ;. p=0.03) and
salinity in the San Francisco and Chesapeake bays (SFE
X2, 13375 1<0.001, CHE X?, 5 < . p<0.001; Figure 4), but
not in Masachusetts Bay. The bulk of tracking organ-
isms experienced stable environments, and thus environ-
mentally driven phenological shifts were not expected.
In turn, most of the organisms classified as ‘not tracking’
their environments showed stable phenologies despite
living in a changing environment. When focusing on the
subset of taxa with shifting phenologies, San Francisco
Bay taxa tended to track changes in annual salinity more
often than changes in temperature. Within those groups,
all shifting zooplankton and phytoplankton species were
advancing, while fishes tended to delay their phenolo-
gies. Conversely, shifting taxa in the Chesapeake and

Massachusetts bays tended to track changes in tempera-
ture more frequently—with most shifting taxa advanc-
ing their timing of peak abundance.

When we compared the subset of phenologically-
shifting taxa in changing environments to their abun-
dance trends, we found that taxa were often decreasing in
abundance despite tracking the environment (X28’48'329,
»<0.001 for differences in abundance trends that track
temperature; X28’47_34, p<0.001 for salinity, Figure 5).
This pattern was especially pronounced in San Francisco
Bay, where 21.43% and 20% of taxa that tracked tem-
perature and salinity, respectively, showed decreasing
abundance trends (Figure 5). Substantial variation ex-
isted across estuaries and trophic groups, and in some
cases the reverse was also true: non-tracking taxa could
exhibit increasing trends. Overall, these results suggest
that tracking status and abundance trends were largely
decoupled.

Potential for mismatches in regional food webs

We found similarly high variances between taxonomic
groups, as each group consistently displayed a relatively
broad portfolio of phenological trends (F, , 545, p=0.08,
Figure S7). These patterns support those illustrated in
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FIGURE 4 Do changing phenologies track the changing environment? Left column: Proportion of all modelled taxa at each estuary
tracking vs. not-tracking annual temperature (a, ¢) and annual salinity trends (b, d). For all panels, bars growing towards the left of zero
represent taxa not tracking climate trends; bars growing towards the right of 0 represent taxa tracking climate trends. Additionally, shifts

are noted as advancing or delaying (see colour legend). We considered taxa tracking their climate those that (1) shifted their phenology, (2)
existed within a non-stationary local climate, and (3) had a significant PC slope that was consistent with climatic and phenological trends (e.g.,
a positive PC slope when the taxa is advancing its phenology with a negative C7 slope). Additionally, organisms that were not shifting their
phenologies were considered to be tracking stationary climates. Organisms not tracking climate are broken down into non-shifting taxa in
changing climates (‘Stationary, changing climate’), or taxa without a significant PC slope and/or a PC slope not consistent with climatic and

phenological trends (‘not tracking’).
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FIGURE 5 Abundance trends by phenological pattern. Right column: Abundance trends (calculated as a positive or negative correlation
with year) of taxa that are shifting phenology with respect to changing annual temperature (a, ¢) and annual salinity trends (b, d). For all
panels, bars growing towards the left of zero represent taxa not tracking climate trends; bars growing towards the right of 0 represent taxa
tracking climate trends. We considered taxa tracking their climate those that (1) shifted their phenology, (2) existed within a non-stationary
local climate, and (3) had a significant PC slope that was consistent with climatic and phenological trends (e.g., a positive PC slope when the

taxa is advancing its phenology with a negative C7 slope).

response type iv of Figure la. However, because diverg-
ing phenologies may only lead to a trophic mismatch
if predator and prey co-occur locally, we examined the
potential for mismatches at a finer spatial scale within
each system. We found that historical ranges of peak
abundance within trophic levels varied, but many taxa
peaked around similar points within the year and thus
might have historically overlapped through space and
time. In San Francisco Bay, we found 15 species shifting
their phenologies. Among these, 15 zooplankton taxa in
3 ecologically-distinct regions displayed advancing phe-
nologies, while fishes displayed both advancing (n=1)
or delaying phenologies (n=2 in 2 regions). Two phy-
toplankton taxa showed a significant advancing trend.
In this system, Suisun Bay is in an intermediate salinity
zone bookended by the fresher Delta and the saltier San
Pablo Bay. Across regions in San Francisco Bay, Suisun
Bay showed the most shifts (z=12) and the divergence be-
tween fishes and zooplankton was especially pronounced
(Figure 6). Moreover, we found that phenological trends
were significantly divergent between trophic groups in
Suisun Bay (F), », 7, p<0.001) and San Pablo Bay (F) ; ¢,
p=0.02), but not in the Delta (F2’0_889, p=0.428). These
trends indicate a high potential for trophic mismatches
in these two regions (see Figure la, response type iii).
Additionally, we found similar levels of trend divergence
in the Chesapeake and Massachusetts bays (see full re-
sults on these systems in Supporting Information S6).

Overall, these results illustrate that despite the wide
variation in environmental trends and phenological re-
sponses to those trends, ample potential for trophic mis-
matches exists in local food webs.

DISCUSSION

Despite growing evidence of phenological shifts in the
context of global climate change (Vitasse et al., 2022),
research comprising whole food webs remains scarce
(but see Donnelly et al., 2011, Visser & Gienapp, 2019).
Here, we investigated phenological shifts and their
drivers within and across trophic levels in three major
US estuaries. We found that many taxa shifted their
phenology (timing of peak abundance), and that these
shifts were largely towards earlier peaks. Additionally,
the magnitude of phenological trends and climatic
sensitivities diverged between trophic groups and es-
tuaries. Despite these patterns, many taxa with shift-
ing phenology did not track changing environments,
and taxonomic groups often tracked salinity trends
at different rates. Finally, while phenological trend
diversity was consistently high across trophic levels
(i.e., response Figure la, type iv), divergent patterns of
phenological change and climatic drivers often scaled
down to more localized food webs (Figure la, re-
sponse type iii), illustrating high potential for trophic
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San Francisco Bay Food Webs
(a) (b)

Delta Region | Delta Region

Morone saxatilis juv. 1
Limnoithona
Hyperacanthomysis
Diaphanosoma
Pseudodiaptomus A
Trichocerca
Bosmina 4

Polyarthra
Sinocalanus
Eurytemora 4
Neomysis 1
Synchaeta
Asplanchna 1
Keratella 1

Daphnia 1
Acanthocyclops
Cryptophyceae
Fragilariophyceae A
Chlorophyceae A
Coscinodiscophyceae
Bacillariophyceae A

Cyanophyceae { . I Group

Suisun Bay Region |

i

Suisun Bay Region | —o— Phyto
— 00— Zoop

Morone saxatilis | _._

Engraulis mordax juv. 1 —e— Fish

© Morone saxatilis juv. 1 '1._‘
é Spirinchus thaleichthys 4
= Oithona 1
Acartiella 1
Tortanus A
Limnoithona
Acartia
Pseudodiaptomus A
Synchaeta 1
Hyperacanthomysis
Trichocerca 1
Eurytemora
Neomysis 1
Sinocalanus
Keratella
Bosmina A
Acanthocyclops 1
Coscinodiscophyceae —_—

Pi

® o2
@ o4
@ os

M

| San Pablo Region

8.

San Pablo Region

Engraulis mordax 4
Engraulis mordax juv. 1
Spirinchus thaleichthys 1
Genyonemus lineatus A

Pseudodiaptomus A 1
Oithona 1

Synchaeta 1 i
Tortanus

Limnoithona 1 1

Acartia 1 1

0 100 200 300 -1 0 1
Calendar Day of Peak Slope of Phenology vs Time (PT)

FIGURE 6 Detailed examination of phenological shifts across relevant taxa of the San Francisco Bay. Local food webs are depicted along
the salinity gradient—the Delta is at the low end of the salinity gradient while San Pablo Bay is at the high end (see Figure 2). (a) Distribution
of the calendar day of peak abundance for taxa in each regional food web. (b) Individual points represent the maximum likelihood estimate for
the slope and associated 95% confidence intervals. Points and CI's to the left of zero are advancing their phenologies, while points and CI's to
the right of the zero are delaying their phenologies (colour coded by trophic level, see legend). Point size represents relative mean abundance
within the relevant trophic level. The results from our model (panel b) show support for strong phenological response diversity both between
(Figure la.iii) and within (Figure la.iv) trophic levels. We report taxa-specific phenological trends for each food web in San Francisco Bay as
sampling in this region is the most complete and represents the only dataset that incorporates all three taxonomic groups for most of the time
series.
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mismatch. Consequently, widespread phenological
change may be poised to disrupt estuarine food-web
dynamics across broad spatial scales.

Sensitivity to environmental drivers varies
within and across trophic levels

We found that many taxa shifted their phenology, but
sensitivities varied in magnitude and direction within
and across trophic levels. At the population scale, the
sensitivity of a given taxon to climate-driven pheno-
logical shifts has implications for migratory patterns,
distribution shifts, and demography (Hare et al., 2016;
Thackeray et al., 2016). In our case, plankton displayed
high sensitivity to temperature changes. However,
shifting taxa in San Francisco Bay frequently tracked
changes in salinity. Prolonged multi-year droughts
in California severely diminished freshwater inputs,
resulting in increased salinity over time (Hutton
et al., 2016). While temperature has been compara-
tively stable in this system, planktonic taxa retain high
sensitivity to temperature fluctuations, suggesting that
future warming or cooling could drive phenological
shifts more strongly than current observations. Shifts
in zooplankton phenology have been documented
throughout San Francisco Bay due to various factors,
including temperature, salinity, and bivalve invasions
(Cloern & Jassby, 2012; Merz et al., 2016). However,
the specific impact of these shifts on community com-
position and structure remains largely unknown. In
Chesapeake and Massachusetts bays, changing tem-
peratures seemed to influence more shifts. Specifically,
warming trends in the Gulf of Maine and widespread
warming throughout the Atlantic might strongly im-
pact communities in Massachusetts and Chesapeake
Bays, respectively (Hinson et al., 2022; Staudinger
et al., 2019). These overarching environmental condi-
tions lead to similar levels of sensitivity and phenologi-
cal response between zooplankton and phytoplankton.

Our findings revealed that fishes in Chesapeake Bay
exhibited a greater sensitivity to changes in temperature
than those in the San Francisco Bay. Temperature ranges
in the Chesapeake Bay are highly variable, and often
lead to decreased residency time for fishes within the
system (Schonfeld et al., 2022). For instance, tempera-
ture has a strong influence on the timing of Striped Bass
(Morone saxatilis, Walbaum) breeding behaviours in the
Chesapeake (Peer & Miller, 2014). Comparatively, tem-
perature patterns experienced by fishes in San Francisco
Bay are more stable, but changes in salinity (seasonal and
interannual) are pronounced. Although salinity fluctua-
tions, largely driven by Delta outflow, influence fish mi-
gration timing in the San Francisco Bay (e.g., Goertler
et al., 2021), we observed that many fishes failed to track
long-term salinity trends. This pattern could indicate
weaker (or inconsistent) responses of these species to

long-term hydrologic trends; or the fact that behavioural
patterns not assessed by our models (i.e., migration tim-
ings) might mask abundance trends. On another note,
because migration phenology is often linked to body size
in fish populations (Jonsson et al., 2017), direct exploita-
tion (often size-dependent) might influence phenological
dynamics by altering population size spectra. Overall,
a combination of local climatic variation and anthro-
pogenic impacts might influence phenological plas-
ticity across a species distribution range (Ovaskainen
et al., 2013).

The differential phenological sensitivities and envi-
ronmental tracking observed between fishes and plank-
ton can be attributed to their distinct life histories and
physiologies. Fishes are longer-lived and more mobile
(Beitinger et al., 2000), and their extended lifespan may
allow them to acclimate to a wider range of tempera-
ture conditions. However, metabolic scope changes with
ontogeny, and populations can be affected if environ-
mental conditions impact key life stages (Wingate &
Secor, 2008). Additionally, higher mobility can enable
fishes to actively seek refuge in response to deleterious
environmental conditions (Boucek et al., 2017). Indeed,
decreased habitat use within the estuary might obfuscate
abundance trends if previously resident species are sam-
pled less frequently (Schonfeld et al., 2022). In contrast,
shorter life cycles might make plankton more suscepti-
ble to fine-scale temperature changes that can directly
impact their abundances. Furthermore, while fishes may
exhibit phenological shifts as a response to environmen-
tal changes, plankton populations often have more lim-
ited tolerances that could instead result in population
declines (Qasim et al., 1972). These disparities in sensi-
tivities and responses to environmental drivers may dis-
rupt interactions between taxa if phenological changes
become sufficiently pronounced.

Rates and directions of phenological change
might alter food web dynamics

Our models identified taxa across all trophic levels that
were shifting their phenologies—with zooplankton ex-
hibiting the most pronounced and highest proportion
of shifts (Figures 3, 4). If phenological shifts of plank-
tonic taxa outpace those of their predators, it could
disrupt food-web stability by limiting the availability
of food resources for consumers (match-mismatch hy-
pothesis) or by increasing predation pressure through
trophic release (Jachowski et al., 2020). Under extreme
levels, unchecked planktonic population growth could
exacerbate harmful algal blooms. Furthermore, a
sufficiently pronounced shift of a top predator could
introduce them into a new pool of naive prey and
cause cascading ecological effects to the food web.
However, the ultimate effects depend on baseline syn-
chrony (Downing et al., 2008)—and our models do not
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explicitly account for historical species overlap and in-
teraction strength. In San Francisco Bay, zooplankton
groups historically peaked at various times through-
out the year (Figure 6a). However, our models indicate
that many zooplankters in this system are advanc-
ing their phenologies despite varied ‘starting points’.
While rates of phenological change are not uniform,
the overall pattern of advancement might be indica-
tive of an assemblage striving to maintain a historical
portfolio of temporal partitioning. Additionally, dis-
persion or temporal variability in peak dates further
reflects the ability of a given species to track fluctua-
tions in the environment, and thus may be linked to
population persistence. Similarly, the high dispersion
of trends we observed at the community level under-
lines that species-rich assemblages may be more stable
than species-poor ones, and that predators may benefit
from relying on prey taxa that peak across wide tem-
poral windows. While a diversity of trends might allow
other species to occupy niches left vacant by shifting
taxa (Reeb et al., 2020), a phenological shift by key-
stone species might produce substantial consequences
(Rather et al., 2018). For example, Right Whales
(Eubalaena sp.) often feed on Calanus during their
migration along the eastern coast of North America
(Baumgartner et al., 2003). Our models showed that
Calanus appears to be shifting its phenology within
Massachusetts Bay, and previous work indicates these
shifts might already be propagating up the food chain
(Charif et al., 2020; Pendleton et al., 2022).

Beyond advancing phenology, we also found several
delays—particularly among fishes. The Longfin Smelt
(Spirinchus thaleichthys, Ayres) in the San Francisco
Bay and the Atlantic Croaker (Micropogonias undulatus,
Linneaus) in the Chesapeake Bay both displayed system-
wide delays. Additionally, juvenile Northern Anchovy
(Engraulis mordax, Girard) are delaying in the Suisun
and San Pablo Bays subregions of San Francisco Bay.
Of note, the Striped Bass is trending towards delay in
the San Francisco Bay but trending towards advance in
the Chesapeake. These divergent phenological patterns
highlight the role of local-scale climatic signatures on
population dynamics. Notably, diverse responses did
not prevent widespread population declines observed
across our study systems, which likely reflect high local
extinction risk (Figure 5) and an increased risk of tro-
phic mismatches (Chevillot et al., 2017). Further research
is needed to understand the impacts of diverging preda-
tor—prey phenologies in the context of potential versus
realized trophic links, and how predator omnivory may
decrease such risk.

Concluding remarks

Detection and attribution of phenological shifts is often
challenged by the scarcity of multi-trophic time series

data. Here, we leveraged long-term, community-scale
monitoring data that facilitated comparing phenology
across trophic levels while maintaining local climate
context (Cohen et al., 2018). However, our approach is
not without limitations. First, our analyses were limited
by the monthly frequency of the monitoring data, which
can be relatively coarse for species with fast boom-
and-bust dynamics and short-lived peaks; as well as for
species without strongly defined unimodal peaks (e.g.,
Striped Bass in the Chesapeake Bay). More frequent
sampling and alternate modelling strategies would allow
understanding finer changes not only in timing of the
absolute peak but also in the length of high-abundance
windows, which could contract or expand as a result of
climate forcing (Rogers & Dougherty, 2019). Second, our
models do not account for temporal autocorrelation.
Though we found that the impact of any autocorrelation
in the phenological and environmental time series was
low (Supporting Information S4), time-series methods
may provide more nuanced analyses. Third, we focused
our analyses on taxa with high abundances and detec-
tion rates to enhance confidence in model estimates.
Thus, we did not model many taxa that are often present
in the study estuaries that were not targeted by sampling
gear and protocols (e.g., ichthyoplankton). Fourth, the
trivariate structure of our models examined one climatic
variable at a time (temperature or salinity), but multiple
interacting stressors often drive ecological structure and
function (Breitburg et al., 1998). Finally, biological inva-
sions are a key concern in estuarine systems (Dijkstra
etal., 2011) and have the potential to influence phenolog-
ical shifts (Colautti et al., 2017). Research that explicitly
incorporates biotic interactions alongside abiotic drivers
would provide a more comprehensive understanding of
the mechanisms driving phenological change.

The transitional nature of estuaries makes them
uniquely vulnerable to global change stressors (Lauchlan
& Nagelkerken, 2020). We found that many organisms
are shifting phenologies, but because many changing
phenologies do not track the changing environment,
there is a strong potential for disruption of estuarine
food-web dynamics. However, the diversity of responses
we observed within trophic levels introduces significant
uncertainty regarding the overall impact that divergent
phenological trends will have on community dynamics.
A better understanding of the mechanisms driving phe-
nological shifts, and the limits of organisms to shift their
phenology in response to changing climates, will help in-
form more effective conservation and management strat-
egies for these vulnerable ecosystems.
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