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Abstract (121/125)

Climate change can alter not only when seasonal events occur on average, but also how predictable
they are from year to year. Many long-lived seabirds show a paradox: breeding dates remain stable
even as populations decline. Using two decades of data from Blue-footed Boobies (Sula nebouxii),
we tested whether loss of environmental predictability could reduce reproductive success even
when mean timing remained stable. Mean timing of the winter—spring phytoplankton bloom and
mean breeding mismatch showed no clear trend, but year-to-year variability in bloom timing
increased markedly. Mismatch relative to bloom onset became more variable, and both expected
nest success and its consistency declined. These results show that predictability loss can erode
synchrony and demography even when mean timing appears unchanged



Main text:

Climate change is shifting the seasonal timing of biological events across ecosystems, from
flowering and migration to the onset of reproduction (/, 2). Most research has focused on
whether seasonal events occur earlier or later on average, yet many long-lived seabirds
show a striking paradox: mean breeding dates often remain stable even as sea-surface
temperatures warm and populations decline (3—5). This is unexpected because reproductive
success in seasonal breeders depends on aligning offspring demand with seasonal peaks in
food availability (6, 7). The paradox suggests that climate impacts may be missed when
attention focuses only on changes in mean timing. We propose that climate change can
erode demography not only by shifting when seasonal resources occur, but also by reducing
how predictable those resources are from year to year.

Changes in climatic variability, not just changes in mean conditions, may disrupt the cues
organisms use for critical decisions. Reproductive timing depends on environmental signals
whose value lies in how consistently they forecast the future food window from year to
year (8). In seabirds, breeding decisions often rely on oceanographic conditions such as sea
surface temperature and upwelling intensity, yet their relationships to local prey availability
can be indirect, lagged, and regionally variable (//, 12). If these cue-resource relationships
become noisier, environment predictability declines, weakening the link between the
conditions experienced when breeding decisions are made and the food window that chicks
ultimately encounter. More broadly, this highlights a limitation in how phenological change
is typically assessed; most studies test for directional shifts in mean timing (/3), even
though climate change can also alter year-to-year variance in seasonal dynamics (74, 15).
That variance matters because it affects how reliably conditions at the time of decision
predict later resource availability. When predictability declines, breeding synchrony can
erode even if mean timing appears stable, consistent with the idea of “phenological
disorder”, in which seasonal dynamics become less predictable than simply earlier or later

(16).

Here, we test whether loss of environmental predictability can explain demographic decline
in blue-footed boobies (Sula nebouxii) breeding on Isla Isabel, Mexico (Fig. S1). In this
system, reproductive success depends on a seasonal pulse of ocean productivity, associated
with a winter—spring phytoplankton bloom (77), which regulates the availability of small
pelagic fish that support the marine food web (78, 79). Using satellite-derived chlorophyll-a
time series together with two decades of individual-based breeding records (>8,000
attempts), we evaluate three predictions (Fig. 1): (i) bloom timing becomes less predictable
through time, as shown by increasing interannual variability, (ii) breeding synchrony erodes
as mismatch becomes more variable, even if mean mismatch does not shift directionally,
and (ii1) reduced synchrony translates into lower reproductive success. We also test whether
sensitivity to this environmental instability varies with age (20, 21).

The timing of seabird breeding is closely tied to seasonal ocean productivity. In our system,
we expect boobies to begin laying near bloom onset so that incubation and chick rearing
overlap with the seasonal rise in prey availability and the period of highest offspring energy



demand (Fig. 1A). A key question, however, is how predictable bloom timing remains from
year to year (Fig. 1B). Our conceptual model proposes that if year-to-year variability in
bloom timing increases, breeding synchrony will weaken and reproductive success will
decline even if mean bloom timing does not shift (Fig. 1C—D). We therefore analyzed
bloom timing, phenological mismatch, and nest success using location—scale models that
estimate effects on both means and variability (22), combining chlorophyll-a time series
with two decades of individual-based breeding records to test whether increasing bloom
variability was associated with reduced synchrony and lower reproductive success (Fig.
1D).
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Figure 1. Conceptual model linking bloom predictability, breeding synchrony, and
reproductive success. (A) Expected alignment between the breeding cycle and seasonal
productivity: laying begins near bloom onset, and incubation and chick rearing occur as prey
availability increases and offspring energy demand rises. (B) Bloom timing may vary among years;
greater year-to-year dispersion would increase environmental unpredictability (o). (C) Breeding
timing may also vary among years; greater dispersion in phenological mismatch (laying date —
bloom onset) reduce breeding synchrony by increasing year-to-year inconsistency in the alignment
between reproduction and the resource pulse (c). (D) We predict that reduced synchrony will lower



reproductive success over time and increase the inconsistency of reproductive outcomes through
time.

Apparent stable bloom timing with declining predictability

Over the 21-year study period (2003-2023), mean (p) timing of the winter-spring
chlorophyll-a bloom showed no significant directional trend (Btime(w = 0.532; 95% credible
interval = [-0.382, 1.469]). On average, bloom onset occurred approximately seven days
after the boreal winter solstice (Fig. 2A). In contrast, year-to-year variability in bloom
timing increased by about 12% per year (95% CI: ~5-20%; log-scale Btimes) = 0.114, 95%
CI=10.048, 0.184]; Fig. 2B), implying an approximately tenfold increase in dispersion
across the full study period and indicating declining predictability.

Increasing variability in breeding synchrony

Across 8,378 female breeding attempts, the mean mismatch between laying date and bloom
onset showed no significant directional trend over time (Btime(w = -1.967, 95% CI =[-5.367,
1.399]; Fig. 2C). Variability in mismatch, however, increased steadily. The standard
deviation of mismatch, interpreted here as a measure of inconsistency in breeding timing,
increased by approximately 2.3% per year (Btime(s) = 0.023, 95% CI =[0.018, 0.028]; Fig.
2D), indicating that mismatch became more dispersed from year to year.

Individuals differed in both their mean mismatch and their inconsistency. The correlation
between individual-level mean mismatch and variability was strongly and significantly
positive (pfemaleid(n,0) = 0.805; 95% CI=[0.711, 0.891]), indicating that individuals with
larger average mismatches also showed greater year-to-year variation in mismatch. After
accounting for temporal change in both the mean and variability of mismatch, the extent of
mismatch showed a significant quadratic association with age, decreasing early in life and
then tending to increase at older ages (Bage’(ny = 0.334, 95% CI =1[0.291, 0.377]; Fig. 3A)
Individual age trajectories differed among birds, as shown by a significantly large positive
correlation between individual-specific age effects and mismatch (p(femateIn, age) = 0.454,
95% CI =1[0.180, 0.729]). Consistency in mismatch also varied with age, declining at
younger ages and tending to increase again later in life (Bage’(0)= 0.003, 95% CI =[0.001,
0.004]; Fig. 3B).

Declining reproductive success and consistency

We next asked whether erosion of breeding synchrony translated into declines in
reproductive success and its consistency. To analyze reproductive outcomes, we used
ordinal models in which success was defined by the number of chicks fledged from a nest
(hereafter nest success). In these models, we evaluated how phenological mismatch and
time affected both mean reproductive success (location parameter, |1) and the consistency of
reproductive outcomes. We interpret the scale parameter ({) as consistency in reproductive
outcomes: higher values indicate more consistent outcomes, with clearer separation among
fledging categories, whereas lower values indicate more variable outcomes.



Mean expected nest success showed a significant quadratic relationship with phenological
mismatch (Bmismatch’ (= -0.0003, 95% CI = [-0.0007, -0.0001]; Fig. 3C), indicating that
reproductive success was highest when breeding was closely matched to bloom onset and
declined as breeding occurred further from that window. Predicted outcome probabilities
showed that matched breeding increased the likelihood of fledging one or two chicks,
whereas severe mismatch shifted outcomes toward lower fledging success; this decline was
asymmetric, with especially poor outcomes among very late breeders. Nest success also
became less consistent as mismatch increased, as indicated by a decline in the scale
parameter (Bmismatch) = -0.001, 95% CI = [-0.002, -0.000]), showing that reproductive
outcomes became more variable with increasing mismatch.

Mean expected nest success significantly declined over time (Btimeq = -0.419, 95% CI = [-
1.073, -0.034]; Fig. 2E). Based on posterior-predicted outcome probabilities, expected
fledging output was 54.3% lower in the last study year than in the first (holding other
predictors at their centered values). At the same time, nest success became less consistent,
as indicated by a decline in the scale parameter (Btimeq) = -0.015, 95% CI =[-0.020, -0.009];
Fig. 2F). Mean expected success also varied with age, following a significant quadratic
pattern across the lifespan, with lower values at younger and older ages (Page*(w) = -0.075,
95% CI=1[-0.156, -0.031]; Fig. 3D).
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Figure 2 Temporal changes in bloom timing, phenological mismatch, and nest success in
female Blue-footed Boobies (2003—-2023). (A) Mean timing of the winter—spring chlorophyll-a
bloom showed no directional change over time, whereas (B) year-to-year variability increased,
indicating declining environmental predictability (increasing standard deviation, ; higher
dispersion). Points in (A-B) are annual estimates (one point per year). (C) Mean phenological
mismatch between laying date and bloom onset remained stable, while (D) ) variability in mismatch
increased, indicating declining breeding synchrony, i.e., breeding consistency. Points in (C—D)
represent individual breeding attempts; point size is proportional to sample size in (C), and uniform
in (D). (E) Mean expected nest success declined over time; points show yearly binned values with
size proportional to the number of breeding attempts in that year. (F) Nest success consistency also



declined, indicated by a decrease in the precision parameter (also known as the discrimination
parameter, C). Panel (F) does not show raw points because precision () is a model-based scale
parameter for ordinal outcomes rather than a directly observed quantity. Solid lines show posterior
means and shaded bands show 95% credible intervals. Intervals in (D) are narrow and closely
overlap the posterior mean. Subtitles report slope estimates () with 95% credible intervals (bold
indicates intervals excluding zero).
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Figure 3. Age-related patterns in phenological mismatch and reproductive performance in
female Blue-footed Boobies. (A) Mean phenological mismatch declined through early adulthood,
reached a minimum near age 9, and increased at older ages. Points show raw observations (size
proportional to the number of breeding attempts per age). (B) Variability in phenological mismatch
(o), changed non-linearly with age, indicating increasing breeding consistency through early



adulthood followed by declining consistency later in life. (C) Predicted probabilities of fledging
outcomes (0, 1-2, or 3 fledglings) varied non-linearly with phenological mismatch: success was
highest near synchrony (mismatch = 0) and declined with increasing mismatch as failure became
more likely. The probability of producing three fledglings declined with increasing mismatch,
whereas the probability of producing one to two fledglings followed a unimodal pattern, peaking
near zero mismatch. (D) Mean expected nest success varied with age, peaking in midlife and
declining at younger and older ages. Point size is proportional to the number of observations
contributing to each value (age or mismatch). Lines show the population-level posterior mean with
95% credible intervals. Subtitles report model slope estimates (B) with 95% credible intervals (bold
indicates intervals excluding zero).



Environmental unpredictability as a driver of demographic change

Our results show that demographic decline in this population is associated with a loss of
environmental predictability, rather than with a directional shift in timing. The central
prediction of our hypothetical model (Fig. 1) was supported: neither the mean timing of the
winter—spring phytoplankton bloom (Fig. 2A) nor the mean mismatch between laying date
and bloom onset (Fig. 2C) showed a significant directional shift over the study period.
However, this apparent stability masks a substantial and significant change in the structure
of variation. Interannual variability in bloom timing increased markedly (Fig. 2B), and this
increase was mirrored by rising variability in phenological mismatch between breeding and
the resource pulse (Fig. 2D). As a result, synchrony weakened even though average timing
remained unchanged, and reproductive performance declined and became less consistent
(Fig. 2E-F).

Beyond mean shifts: a broader pattern of phenological disruption

A growing body of evidence suggests that climate change is altering not only when
seasonal events occur on average, but also how predictable their timing is from year to year
(14). In our system, mean timing remained stable while variance increased in both the
resource pulse and breeding responses (Fig. 2A—D), demonstrating that synchrony can
erode even without directional shifts in mean phenology (/2). This pattern is consistent
with phenological disorder (/6), in which seasonal processes become less reliable rather
than simply earlier or later. Although phenological research has often emphasized
directional advances in mean timing, particularly in temperate systems (/, 2, 10), global
analyses now indicate that climate forcing is also amplifying variability in the timing of
primary productivity across latitudes, including marine systems (23). Under these
conditions, predictability becomes a limiting factor for maintaining synchrony with
resource peaks. Evidence for this broader decline in seasonal reliability spans taxa from
flowering plants to vertebrates (23—235), suggesting that declining predictability may be a
widespread but under-detected dimension of climate change.

Constraints on phenological adjustment

In this system, successful breeding requires initiating reproduction well before the peak in
primary productivity so that chick-rearing coincides with high prey availability (Fig. 1).
One possible response to increased variability would be to advance breeding dates,
reducing the risk of missing early resource peaks. However, our results show that this
strategy is constrained. Reproductive success followed a significant non-linear relationship
with phenological mismatch: success was highest near low mismatch and declined as
mismatch increased, while the probability of the highest fledging outcome dropped sharply
away from the optimal window (Fig. 3D). When the bloom occurred very early,
maintaining synchrony would have required birds to initiate breeding during periods of low
seasonal productivity (Fig. S2). In addition, early breeding would expose incubation and
early chick-rearing to adverse conditions associated with the end of the hurricane season
(26, 27). Together, these constraints likely limit how far breeding can advance, even as
environmental variability increases.



Individual variation in sensitivity to declining predictability

Responses to declining predictability were not uniform across individuals. Both
phenological mismatch and reproductive success showed strong and significant age-related
patterns, with improvement early in life and decline later (Fig. 3A, C), consistent with
experience-related improvement and senescence documented in long-lived species (28, 29).
Individuals also differed in their mismatch trajectories across age (Fig. 3A), suggesting that
the capacity to maintain synchrony under increasingly variable conditions is shaped by
more than age alone. One possibility is that cumulative environmental experience
contributes to this heterogeneity, as ageing trajectories can be modified by environmental
history (20), although this hypothesis remains to be tested directly in our system (30, 31).

A new dimension of ecological change

Taken together, these results show that environmental change can affect demographic
performance not only through shifts in mean timing but also through changes in the
reliability of seasonal timing. By jointly analyzing changes in means and variances, our
study reveals a previously underappreciated dimension of climate impact in this system.
Environmental predictability significantly declined (Fig. 2B), phenological synchrony
weakened (Fig. 2D), and reproductive performance decreased (Fig. 2E—F), even though
mean timing remained relatively stable (Fig. 2A, C). This demonstrates that analyses that
explicitly model temporal variation in both means and variances can detect biologically
important change that is not apparent from mean trends alone. For seabirds and the marine
systems they represent, these findings suggest that loss of predictability is a plausible
pathway linking environmental change to demographic decline. Seabirds are widely used as
indicators of ocean conditions and contribute importantly to coastal ecosystem functioning
and nutrient transfer (32). Re-examining long-term datasets with explicit tests of temporal
change in variance, rather than mean timing alone, may therefore reveal hidden pathways
by which climate change erodes synchrony and demographic performance.
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