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Abstract 

Climate change is known to influence biodiversity worldwide, with changes in organismal traits observed in many populations and species. Such 
effects are not universal, however, with some traits showing remarkable st abilit y through time. Time-series analyses that link environmental 
variables to trait values can generate useful insights into trait evolution and its ecological bases. We use 24 years of data for beak and body traits 
in two species of Darwin’s finches in the Galápagos Islands, alongside data on temperature and precipitation, to answer three questions: (Q1) 
is climate change present in our study sites? (Q2) do time-series of beak and body traits show detectable trends that suggest climate change 
effects? and (Q3) to what extent does weather influence annual variation in beak and body traits? We found that temperature and precipitation 
have been increasing over the past two decades—although this trend is minor in comparison to year-to-year variation. We next found that time- 
series of beak and body traits showed no detectable signs of climate change impact, instead they behave either as random walks or stable 
trajectories. Finally, for both species, analyses for short-term responses show that precipitation has a lagged, negative correlation with beak and 
body traits (effect size: maximum −0.632, minimum −0.131). Increased precipitation followed smaller traits in subsequent years. Associations 
of finch traits with temperature were more variable. We discuss reasons why Darwin’s finches react to short-term weather changes but not to 
long-term climatic trends, and how these results relate to other findings in other tropical systems. 
Keywords: rapid-evolution, resilience, evolutionary patterns, thermoregulation, climate-warming 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/article/39/2/281/8325095 by guest on 12 February 2026
Introduction 

Climate change can influence biodiversity in many ways, 
often with far-reaching ecological and evolutionary conse- 
quences ( Cotto et al., 2017 ; Karell et al., 2011 ; Scheffers et al.,

can influence the evolution of traits related to physiology,
behaviour, and morphology that have further effects on the 
phenology ( Franks et al., 2007 ; van Asch et al., 2013 ),
abundance ( Bowler et al., 2017 ), distribution ( Johnston et
al., 2013 ), and life-history of species ( Gardner et al., 2011 ;
2016 ; van Asch et al., 2013 ). Most obviously, climate change 
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earson et al. 2014 ). Some specific examples include the ad- 
ancement of breeding and migration timing in response to 

emporal changes in resource availability (e.g., Charmantier 
 Gienapp, 2014 ; Crozier et al., 2011 ; Gienapp et al., 2008 ; 
oodman et al., 2012 ), changes in the strength of sexual selec- 

ion between divergent species due to increases in temperature 
nd consequent changes of these species ranges ( Qvarnström 

t al., 2016 ), altered frequencies of colour morphs responding 
o habitat changes produced by milder winters ( Karell et al.,
011 ), and changes in body size due to shifting food resources 
r temperature susceptibility ( Blois et al., 2008 ; Millien et al.,
006 ; Jirinec et al., 2021 ; Oke et al., 2020 ). 
Despite these and many other examples of climate-related 

rait changes, effects are not evident in all instances. Indeed, 
he meta-analysis by Sanderson et al. (2022) found that the 
verage effect of climate change on organismal traits was not 
articularly striking—mainly because effects ranged from very 
arge to non-existent. How then might we explain the many 
nstances of minimal change? First, climate change is highly 
eterogenous at many scales across the globe, and some pop- 
lations might thus experience little climate change ( Foden 

t al., 2019 ), or any climate change trend might be trivial 
n relation to shorter-scale weather variations such as those 
een on daily, seasonal, or annual scales. Second, some popu- 
ations might lack the genetic or plastic potential to respond 

o climate change ( Merilä & Hendry, 2014 ), and the impact 
an vary based on the trait under consideration. In birds, 
.g., phenological traits seem to be more responsive to cli- 
ate change, while morphological traits show limited or no 

hange ( Radchuk et al., 2019 ). In these instances, climate 
hange could be strong and thus favour trait change; yet re- 
ulting trait changes might be minimal. Third, some organ- 
sms might be adapted to specific resources or environments 
hat are relatively insensitive to climate change. In such cases, 
limate change might be strong, but traits might not change 
ecause they are more attuned to environmental features not 
howing a climate change signal (e.g., thermally buffered mi- 
rohabitats; Scheffers et al., 2014 ). 

Moreover, the relative influence of different climatic vari- 
bles on populations is not uniform. Across many systems, 
recipitation variability often has stronger and more imme- 
iate ecological and evolutionary consequences than temper- 
ture variability, because rainfall directly governs resource 
vailability, vegetation dynamics, and breeding opportunities 
 Grant & Grant, 2006 ; Holmgren et al., 2006 ; Siepielski et al.,
017 ). In contrast, temperature effects may act more subtly or 
ndirect, e.g., through thermoregulation, metabolic costs, or 
arasite dynamics, and thus may produce weaker or less con- 
istent signatures in phenotypes ( Huey & Tewksbury, 2009 ; 
haliq et al., 2014 ; Scharsack et al., 2016 ). 
A starting point to distinguish among the above scenarios 

s to analyse time-series of rates and patterns of environment 
hange in relation to rates and patterns of trait change, es- 
ecially where the genetic and functional bases of the stud- 

ed traits are well known. First, time-series analyses of climate 
ariables can be used to ask whether a signal of climate change 
s detectable beyond shorter-scale (e.g., annual) changes in 

eather ( Mudelsee, 2010 ). Second, time-series analysis can be 
sed to assess trait changes and their potential causes—as has 

ong been the case in paleontology (e.g., Geerts et al., 2015 ; 
opkins & Lidgard, 2012 ; Hunt, 2007 , 2015 ). For instance, 

rait changes in time-series can be used to infer: (1) directional 
hange, whereby trait values show a generally decreasing or 

increasing trend over time ( Figure 1A ), (2) stasis, whereby
trait values fluctuate around a population mean with no net
change across time ( Figure 1B ), or (3) random walks, whereby
trait values show unpredictable increases or decreases from
one year to the next ( Figure 1C ) ( Hunt, 2007 ; Tëmkin &
Elredge, 2015 ) . Time-series analysis can also reveal combina-
tions of these categories, such as a directional trend with re-
version to the population mean ( Hunt et al., 2015 ; Lambert et
al., 2020 ). Finally, lagged time-series of phenotypic traits can
be compared to time-series of environmental data to identify
short-term and long-term associations between environmen-
tal and trait variables ( Hannisdal et al., 2017 ; Hunt et al.,
2015 ). 

In largely studied systems such as birds, contemporary time-
series analyses of climate change impacts on species traits have
revealed phenological shifts, such as earlier breeding seasons,
and range shifts, including poleward expansions across vari-
ous bird taxa ( Halupka et al., 2023 ; Parmesan & Yohe, 2003 ;
Visser et al., 1998 ). Most of these examples come from systems
where climate change is noticeable, whereas information from
systems that have evolved under naturally high climatic vari-
ability remains scarce. In this study, we use time-series anal-
ysis to examine trends and potential environment–trait cor-
relations in two species of Darwin’s finches in the Galápagos
Islands, where climate is highly variable. 

Darwin’s finches and climate change in Galápagos 

The climate of the Galápagos Islands is tied to its location
in the Eastern Tropical Pacific about 1,000 km west of the
coast of South America. Three primary oceanic currents con-
verge on Galápagos and interact with prevailing winds coming
from the southeast ( Trueman & d’Ozouville, 2010 ) to gen-
erate two seasons. The warm/wet season prevails from De-
cember through May and is characterized in most years by
occasional to high precipitation and high temperatures. The
dry/cold season prevails from June through November and
is characterized by low precipitation and cooler temperatures
( Trueman & d’Ozouville, 2010 ). Importantly, wide variation
in temperature and precipitation occurs within and between
years and seasons owing to changing ocean conditions that
include El Niño and La Niña events. El Niño events occur
mostly every 2–7 years and, in Galápagos, are characterized
by a rainy season with abnormally high levels of precipita-
tion. La Niña events tend to occur right after El Niño events
and, in Galápagos, are characterized by extended periods of
drought ( Liu et al., 2013 ; Trueman & d’Ozouville, 2010 ).
Amidst these patterns of seasonal and inter-annual variation,
some signs of climate change have been detected. For in-
stance, average annual temperatures on the islands were re-
ported to increase by 0.6 C◦ from 1980 to 2017 ( Paltán et
al., 2021 ), whereas the first two decades of the present cen-
tury have been in average 40% drier compared to the precip-
itation on the 1981–1990 decade ( Escobar-Camacho et al.,
2021 ). Further, El Niño events over the past two decades ap-
pear to have increased in frequency and intensity ( Rustic et al.,
2015 ). 

For Darwin’s finches, precipitation changes may represent
the more biologically consequential aspect of climate change.
Food availability, shaped by high or low levels of precipita-
tion, influences finch mortality and acts as a strong selective
agent on beak size and shape ( Beausoleil et al., 2019 ; Grant
& Grant, 1993 ; 1996 ; 2002 ; 2006 ; 2007 ). These selection
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Figure 1. Illustrative example simulations of time-series types for finch beak length. A) Directional change (trend). B) Stasis. C) Random walk. 
Simulations were generated from original annual mean values of finches beak length between 1999 and 2022 at AB (Academy Bay) in Santa Cruz Island, 
using an Autoregressive (AR) model of order 1. We used 0.2 standard deviations for modelling the stasis process, and 0.09 slope for modelling the 
directional change. D
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events also influence body traits ( Grant & Grant, 1993 ) since 
they are highly correlated to beak size ( Schluter, 1984 ). In 

contrast, the impact of temperature increases, and its ecologi- 
cal consequences remain less known, except in contexts such 

as parasite load in finch nestlings ( Dudaniec et al., 2007 ) or 
beak thermoregulation ( Tattersall et al., 2018 ), and although 

other traits have not been directly studied in the context of cli- 
mate change in Galapagos, studies with other passerines have 
found declining body mass and size as result of temperature 
increases ( Gardner et al., 2019 ; Salewski et al., 2010 ). There- 
fore, while both climate dimensions warrant study, precipita- 
tion changes provide the most direct and consistent ecological 
linkage to bird trait evolution. 

Interpretation of our results will be aided by an uncom- 
monly strong understanding of the genetic and functional ba- 
sis of several finch traits. First, inter-annual trait changes in 

beak traits are expected to reflect evolutionary responses (as 
opposed to plasticity) given the extremely high heritability 
of beak size (0.87–1.03 h2 ) and shape (0.75–0.92 h2 ) ( Boag,
1983 ; Grant & Grant, 1993 , 1997 ). Further, several large- 
effect genes influencing beak traits are known ( Abzhanov et 
al., 2004 ; Chaves et al., 2016 ; Lamichhaney et al., 2016 )—and 

have been documented to experience allele frequency changes 
that correspond to trait selection ( Lamichhaney et al., 2016 ). 
Second, beak sizes and shapes are known to be closely tied 

to local food resources. For instance, the distribution of beak 

sizes and shapes in finch communities is linked to the types 
of food resources—especially seed sizes and hardnesses—that 
are present locally ( Abbott et al., 1977 ; De León et al., 2014 ; 
Lack, 1947 ; Schluter, 1984 ). Furthermore, temporal changes 
in plant communities during El Niño and La Niña events lead 

to rapid evolutionary changes in beak traits ( Grant & Grant,
2002 , 2006 ). 

With the above motivation and context, we compile 24 

years of data on beak and body traits in the small ground 

finch ( Geospiza fuliginosa ) and the medium ground finch 

( G. fortis) at two sites on Santa Cruz Island, Galápagos, 
and similarly compile comparable time series for tempera- 
ture and precipitation. We then use time-series analysis to an- 
swer three questions: (Q1) to what extent is weather chang- 
ing through time (i.e., “climate change”) in our study sites, 
as has been found in other places in Galápagos ( Paltán et 
al., 2021 ; Escobar-Camacho et al., 2021 )? (Q2) to what ex- 
tent do time-series of beak and body traits show detectable 
trends consistent with responses to climate change? And fi- 
nally, (Q3) how does weather (year-to-year changes) influ- 

ence beak and body traits in our study system, as has been
previously reported for other populations or time periods in 

Galápagos (e.g., Beausoleil et al., 2019 ; Grant & Grant, 2006 ,
2007 )? 

Materials and methods 

Study sites and data collection 

Our study focused on two lowland sites on Santa Cruz Island:
Academy Bay (AB; 0◦ 44’ 21.3” S, 90◦ 18 ’06.3” W) and El 
Garrapatero (EG; 0◦ 41’ 15.7” S, 90◦ 13’ 18.3” W). Academy 
Bay lies along the southeastern shore of Santa Cruz, next to the
town of Puerto Ayora. El Garrapatero lies along the eastern
shore of the island, approximately 10 km northeast of Puerto 

Ayora. El Garrapatero is relatively far from any human settle- 
ment, although a road passes through the site giving tourists
access to a beach. The road was paved in 2008. Both sites lie
in the lowlands of Santa Cruz and thus are characterized by
arid weather and arid-zone vegetation. 

Precipitation and temperature data were obtained for the 
24 years (1999–2022) of our study. Daily rainfall and tem- 
perature data for Santa Cruz were recorded by a gauge main-
tained at the Charles Darwin Research Station (Charles Dar- 
win Foundation, 2024 ). These data should be broadly repre- 
sentative of both sites given their similar biotic and abiotic
conditions: AB (500 m from the gauge) and EG (10 km from
the gauge). However, our personal experience suggests that 
EG experiences less rainfall than AB, which is supported by
a previous study ( Carrion et al., 2022 ) showing lower vege-
tation cover (Enhanced Vegetation Index) at EG compared to 

AB. 
Morphological data was collected for the medium ground 

finch ( G. fortis ) and the small ground finch ( G. fuliginosa )
from 1999 to 2022 at the two study sites during the bread-
ing season of Darwin’s finches (January–May) ( Table S1 ): AB
between 1999 and 2022, and EG between 2003 and 2022.
Data were not available from 2021 due to the COVID-19 pan-
demic. Briefly, birds were captured with mist nets and banded 

with colour and metal leg bands that had unique numbers 
and combinations to ensure that each bird was included in
our dataset only once for a given year. At the time of capture,
each bird was classified—when possible—as juvenile, male, or 
female based on their plumage, beak colour, and the presence 
of a brood patch ( Grant, 1999 ). Mature males can be easily
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ifficult to distinguish juveniles from mature females that do 

ot have a brood patch ( Grant, 1999 ). 
Each bird was measured following the methods of Boag 
 Grant (1984 —see also Grant, 1999 ). Specifically, we mea- 

ured beak length (anterior edge of nares to anterior tip of 
pper mandible), beak depth (at the nares), beak width (at 
he base of the lower mandible), body mass (weight), wing 
hord (length of longest relaxed right primary feather), and 

arsus length (between the nuchal notch at the upper end of the 
ight tarsometatarsus and the lowest undivided scute). Beak 

nd tarsus measurements were made to the nearest 0.01 mm 

sing digital calipers. Wing chord was measured to the near- 
st 0.01 cm using a wing-and-tail ruler. Mass was measured to 

he nearest 0.01 g using a portable digital scale. In most cases, 
eak length, depth, and width were each measured three times 
or each bird, and the median value was then used for subse- 
uent analysis. More information on these sites and their finch 

ommunities, as well as our field procedures, can be found in 

arrión et al. (2022) and Beausoleil et al. (2023) . 
Before performing statistical analysis, we removed outliers 

rom the raw data that represent potential hybrids using the 
nterquartile range rule and the boxplot.stats() command in R 

 R Core Team, 2021 ). After removing outliers, annual mean 

alues were calculated for each morphological (beak length, 
eak depth, beak width, body mass, tarsus length, and wing 
hord) and environmental variable (precipitation and temper- 
ture) for further analyses. The objective of using annual mean 

alues of temperature and precipitation for analysis rather 
han seasonal is to obtain a broad sense of climate change 
n our study site despite the known high interannual and sea- 
onal variation. Furthermore, mean annual values for finch 

raits were used since we are interested in population level 
rends across time rather that individual level responses. Yet, 
cknowledging that differences between seasons can produce 
ifferent outcomes, analysis using data for only warm or cold 

easons were additionally performed and added in supplemen- 
ary materials. 

Each time-series of morphological traits or environmental 
ariable was then checked for autocorrelation and partial- 
utocorrelation; i.e., whether a variable was correlated with 

agged values (between 1 and 5 years) of itself. We performed 

his analysis using the acf() and pacf() functions in R ( Venables 
 Ripley, 2002 ). If autocorrelation was present in a time- 

eries, it was corrected by subtracting (from each of its values) 
he previous value (for autocorrelation at lag −1), the two pre- 
ious values (for autocorrelation at lag −2), and so on. This 
orrection was done using the diff() function of the timeSeries 
ackage in R ( Hyndman & Killick, 2023 ). Overall correlation 

etween temperature and precipitation is rather low ( r = 0.16, 
f = 22, p = 0.457), with similar results when we consider 
ach season individually (warm season: r = 0.09, df = 22, 
 = 0.67, cold season: r = 0.35, df = 22, p = 0.059). These 
esults allow separate analyses of environmental variables. 

s climate change present in our study sites in 

alápagos (Q1)? and, do time-series of beak and 

ody traits show detectable trends consistent with 

limate change (Q2)? 

o identify whether each time-series has a pattern consistent 
ith a random walk, stasis, or a directional trend, we classi- 
ed each environmental ( Q1) and finch trait ( Q2) time-series 

following a two-step procedure as in Lambert et al. (2020) .
First, we classified the series as random walks or stasis (mean-
reverting) by estimating their persistence r (relation of current
value to past values within a time-series that indicate whether
a trait tends to stay stable or drift over time). For this, we fit a
Bayesian hierarchical model of first-order auto-regressive pro-
cess (AR1), where the model predicts current values based on
its immediately preceding value (1 year before): 

z ( t ) = ρ. z ( t − 1 ) + ε ( t ) 

where: 
z (t ) the trait/environmental value at time t, 
ρ persistence parameter, 
ε(t ) ∼ N(0 , σ 2 ) normally distributed error with variance

σ 2 . 
To account for relationships among traits and to give equal

weight to the random walk and stasis hypothesis, we allowed
r to vary for all the traits simultaneously using a weak infor-
mative prior, yet the individual parameters were drawn from
a common normal distribution of the form: 

ρ ( z) ∼ N ( ̄ρ, τ ) 

where z is the trait or environmental value, ρ̄ is the popula-
tion mean of r, and τ is the s.d. of the population-level distri-
bution . 

If the 95th percentile of the posterior distribution of ρ
was < 1, we classified it as stasis, and if not, as random walk. 

After the above process, we estimated the level of bias
(trend) in each time-series, δ. If a time-series was previously
identified as random walk, we used a model of the form: 

�z ( t ) = δ + ε ( t ) 

where �z (t ) = z (t ) − z (t − 1 ) , and ε(t ) is a normally dis-
tributed error term that represents random fluctuations or
noise in the data. 

If a time-series showed stasis (mean reversion), we used a
model of the form: 

z ( t ) = δt + ε ( t ) 

For each trait, if the 5th and 95th percentiles of the pos-
terior distribution of δ did not overlap zero, we classified it
as directional trend. For each model, we ran four Markov
chain Monte Carlo chains with 5,000 iterations to reduce di-
vergent transitions that might be caused by the small sample
size and discarded the first half of samples as warm up. We
used the R-hat diagnostic metric to assess whether the chains
converged to stable posterior distributions. All models pre-
sented R-hat < 1.1, which indicates convergence and reliable
estimates. The models were run using Stan package in R ( Stan
Development Team, 2023 ). 

Is weather (year-to-year changes) affecting beak 

and body traits in Darwin´s finches? (Q3) 

We tested for correlations between each morphological trait
time-series and each environmental time-series at different
lags using cross-correlation analysis with the ccf() function
in R ( Venables & Ripley, 2002 ). As Darwin’s finches have
shown evolutionary responses between 1 and up to 3 years af-
ter an environmental event (e.g., drought or heavy rain; Boag
& Grant, 1981 ; Gibbs & Grant, 1987 ; Grant & Grant, 1993 ),
we tested correlations between traits and values of tempera-
ture and precipitation lagged between 1 and 5 years. Note also
that the rule of thumb for cross-correlation analysis is that the
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Figure 2. Example of a correlogram between beak length and 
precipitation time-series. Dotted lines indicate the significance threshold. 
We are here interested in negative lags because they refer to situations 
where weather influences finch traits in future years—as opposed to the 
illogical situation where finch traits would influence weather in future 
years. 
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number of lags tested should be no more than T/ 4, where T 

is the length of the time-series ( Hamilton, 1994 ; Box et al.,
2015 ). The cross-correlation function (CCF) at lag k for two 

time series { Xt } and { Yt } is defined as 

CCF 

(
k
) = Cov (( Xt − mean ( Xt ) ) ,

(
Yt−k − mean 

(
Yt−k 

))

√ 

Var ( X) · Var ( Y ) 

where Cov( Xt , Yt −k ) is the covariance between Xt and Yt −k 
(observations of X at time t and Y at time t − k ), and Var( X) 
and Var( Y ) are the variances of X and Y, respectively. 

Positive correlation (CCF) values indicate a positive rela- 
tionship between the two series at a specific lag, whereas neg- 
ative values indicate a negative relationship. Similarly, larger 
positive or negative values indicate a stronger relationship be- 
tween the two series. Values that cross the dotted line in the 
resulting correlograms ( Figure 2 ) indicate a significant ( z -test) 
correlation between a time-series and another time-series at 
lag k . As we were interested in the influence of values of pre- 
cipitation and temperature on the lagged values of beak and 

body traits of finches, and not the opposite, only correlations 
from zero to the left on a correlogram were considered. Fi- 
nally, the largest CCF coefficient per correlation was noted 

and reported in the results section. As an illustrative example 
( Figure 2 ), beak length correlates negatively with precipitation 

4 years prior: in other words, when it rains a lot in 1 year, beak 

length tends to be shorter 4 years later. 

Results 

Is climate change present in our study sites in 

Galápagos (Q1)? 

Analysis of trends and classification of time-series revealed 

similar overall patterns for temperature and precipitation. 
Precipitation showed positive directional change (trend 

d = 0.015 cm3 , with 95% credible interval ranging between 

wing chord, and mass were more consistent with stasis ( Figure
4A , Table S4 ). Analyses for G. fuliginosa showed similar pat-
terns: time-series for beak traits were more consistent with 

random walks, whereas time-series for body traits were more 
consistent with stasis ( Figure 4B , Table S4 ). None of the time-
series for beak and body traits in either species suggested a
directional change or trend ( Figure 4 , Table S4 ). 

Is weather (year-to-year changes) affecting beak 

and body traits in Darwin´s finches (Q3)? 

For G. fortis, cross-correlation coefficients between precipi- 
tation and beak and body traits consistently showed nega- 
tive relationships at both sites and both seasons ( Figure 5A ,
Table S2 ). That is, as precipitation increased, trait sizes de-
creased. These associations were stronger (higher CCF values) 
during the warm season compared to the cold season. The 
strongest correlation coefficient for precipitation was with 

beak width at EG (CCF = −0.632, n = 20), whereas the weak-
est was with tarsus length at AB (CCF = −0.131, n = 24).
Cross-correlation coefficients between temperature and beak 

and body traits showed a variety of positive and negative
relationships that also changed across seasons ( Figure 5B ,
Table S2 ). Overall, as temperatures increased, some traits de- 
creased in magnitude (beak depth, beak width, wing chord,
and mass), whereas other traits increased in magnitude (beak 

length, tarsus length). The strongest correlation coefficient for 
temperature was with wing chord at AB (CCF = −0.513,
n = 24), whereas the weakest was with beak width at EG (CCF
= −0.121, n = 20). 

For G. fuliginosa , cross-correlation coefficients between 

precipitation and beak and body traits also showed nega- 
tive relationships at both sites and both seasons ( Figure 5C ,
Table S3 ): again, increasing precipitation led to decreasing 
trait sizes, being correlations stronger during the warm sea- 
son. The strongest correlation coefficient for precipitation was 
.005 and 0.21 cm3 ) with increasing fluctuation around the 
ean ( r = 0.12 cm3 , with 95% credible interval ranging 
etween −0.21 and 0.45 cm3 ) ( Figure 3A ). This increasing 
rend is more pronounced during the warm season and 

lmost absent during the cold season, which indicates that 
resent overall trends are mainly driven by changes during the 
arm season ( Figure S1 ). Temperature also showed positive 
irectional change (trend d = 0.006 ◦C, with 95% credible 
nterval ranging between 0.005 and 0.19 ◦C) with increasing 
uctuations around the mean ( r = 0.11 ◦C, with 95% credible 
nterval ranging between −0.24 and 0.50 ◦C) ( Figure 3B ). 
his increasing trend is present in both seasons, although 

s more pronounced during the warm season ( Figure S1 ). In 

ummary, over the last 24 years, the lowlands of Santa Cruz 
sland have seen an annual increase of about 0.015 cm3 in 

ainfall and 0.006 ◦C in temperature. Also, note that these 
re linear trends, whereas non-linear relationships could well 
e present ( Figure 3 ). 

o time-series of beak and body traits show 

etectable trends consistent with climate change 

Q2)? 

lassification analyses for G. fortis showed that time-series for 
eak length, beak depth, and beak width were mostly consis- 
ent with random walks, whereas time-series for tarsus length, 
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Figure 3. Time-series of A) mean annual precipitation and B) mean temperature in Santa Cruz Island between 1999–2022. Trend lines indicate the 
estimated linear regression, bars indicate the confidence intervals on that estimate. 

Figure 4. Time-series of beak and body traits for G. fortis (A), and G. fuliginosa (B) between 1999 and 2022 at two sites (AB and EG) in Santa Cruz Island, 
Galápagos. Wing chord not displayed as its scale is drastically different. 
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ith beak depth at AB (CCF = −0.451, n = 20), whereas 
he weakest was with mass at AB (CCF = −0.217, n = 20). 
ross-correlation coefficients between temperature and beak 

nd body traits for G. fuliginosa showed a mix of positive and 

egative relationships that varied across seasons ( Figure 5D , 

Table S3 )—as was also the case for G. fortis (see below). As
temperatures increased, beak depth, wing chord, and mass de-
creased at both sites, whereas other traits increased in mag-
nitude (beak length, beak width, and tarsus length). The
strongest correlation coefficient was for beak depth at EG
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Figure 5. Cross-correlation coefficients (CCFs) between lagged (from 1 to 5 years) time-series of precipitation (left-hand plots) and temperature 
(right-hand plots) for beak and body traits of G. fortis (A and B) and G. fuliginosa (C and D) at two sites AB and EG (different shading) on Santa Cruz 
Island, Galápagos. Bars correspond to the most extreme CCF coefficient per correlation. 
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(CCF = −0.599, n = 20), whereas the weakest was for beak 

depth at EG (CCF = −0.187, n = 20). 

Discussion 

The goal of our study was to test for potential associations 
of climate change with phenotypic evolution in two species 

of Darwin’s finches in the Galápagos islands, a climatically 
highly variable place. Studies on many other species have 
shown diverse impacts of climate change; yet such impacts 
might be minimal or hard to detect under certain conditions.
We might expect minimal impact of climate change in areas
where it is not very pronounced, where populations lack the 
ability to respond to climate change, or where the resources 
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nd conditions the species rely on are not strongly affected by 
limate change. Time-series analyses of traits with known ge- 
etic and functional properties allow some insight into these 
ossibilities. We performed such analyses based on 24 years of 
ata for beak and body traits in the two species, alongside data 
n precipitation and temperature for the study sites. Bayesian 

ime-series analyses detected precipitation and temperature in- 
reases over the 24 years, although the trend was mild and 

eak relative to year-to-year fluctuations. Second, beak and 

ody traits did not show detectable directional trends, with 

eak traits mainly showing random walk patterns, and body 
raits showing stasis. Finally, cross-correlation analysis re- 
ealed negative short-term correlations between precipitation 

nd beak and body traits for both species, alongside more 
ariable correlations between temperature and those traits. 
e now discuss each of these three main results in more 

etail. 

s climate change present in our study sites in 

alápagos (Q1)? 

ur analyses suggest that average temperature and precipita- 
ion have increased at our study sites over the past two decades 
 Figure 3 and S1 ), which agrees with global trends and trends 
n the equatorial Pacific region ( IPCC, 2018 ). Specifically for 
alápagos, Paltán et al. (2021) estimated that the lowlands 
ave seen an increase of 0.6 ◦C over the past 35 years—much 

igher than our estimate of 0.01 ◦C over the past 24 years. 
utcomes for precipitation are less consistent. Paltán et al.

2021) concluded that average precipitation decreased over 
he last 35 years. Escobar-Camacho et al. (2021) , on the other 
and, did not find any trends for precipitation in the Galá- 
agos lowlands during the 2002–2017 period. These variable 
utcomes might be related to El Niño events, where unusually 
arge amounts of rain can affect time-series analyses, or can be 
elated to the different number of locations (rain gauges) used 

o analyse climatic trends. Nevertheless, Paltán et al. (2021) 
howed that precipitation follows an increasing trend when El 
iño years (1982–1983 and 1997–1998) are excluded from 

he calculation. In our analysis, the period used did not include 
xtreme El Niño years in Galápagos, and the most obvious ef- 
ect was an increase in rainfall over the last few years from 

019 to 2022 ( Figure 3 and S1 ). 
Regardless of any long-term trend in temperature or pre- 

ipitation, it is critical to emphasize the comparatively large 
nter-annual variation. For instance, we estimate that average 
emperature increased by 0.01 ◦C over 24 years, yet average 
emperature differed between adjacent years by up to 1.7 ◦C 

e.g., 22.8 ◦C in 2008 versus 24.5 ◦C in 2009, Figure 3B ). Sim- 
larly, average precipitation was estimated to have increased 

y 0.015 cm3 over 24 years, yet average precipitation differed 

etween adjacent years by up to 1.53 cm3 (e.g., 0.57 cm3 in 

008 vs. 2.10 cm3 in 2009, Figure 3A ). Furthermore, tempera- 
ure and precipitation can vary within a year—most obviously 
orresponding to the previously-mentioned “wet/warm” vs. 
dry/cold” seasons. Although precipitation and temperature 
rend directions did not change between seasons in our study 
ite ( Figure S1 ), we found that during the “wet/warm” season 

rends were more pronounced, which is likely due to higher 
emperature and precipitation in the lowlands during this pe- 
iod. For instance, at our study site, temperature varied in 

014 from 27 ◦C during the wet season to 23 ◦C in the dry 

season, whereas precipitation went from 1.17 to 0.33 cm3 

( Figure S1 ). 
In conclusion, patterns in temperature and precipitation

in Galápagos are complex, with trends that are highly influ-
enced by inter-annual variation, seasonality and drastic cli-
matic events such as El Niño. These dynamics are compara-
ble to other tropical lowland regions, where climate change
signals are often obscured by high natural variability ( Malhi
et al., 2008 ; Seddon et al., 2016 ). This context is important
because many tropical systems—including bird populations—
may respond less predictably to climate trends than temperate
systems ( Jirinec et al., 2021 ; Monge et al., 2023 ). 

Do time-series of beak and body traits show 

detectable trends consistent with climate change 

(Q2)? 

Time-series of beak and body traits of finches did not show
any detectable evolutionary trends over the 24-year period of
our study ( Figure 4 ). For beak traits, time-series in both species
could not be distinguished from a random walk pattern,
meaning that they appear to have changed rather erratically
and unpredictably, whereas for body traits patterns showed
stasis ( Figure 5 ). These results suggest high inter-annual vari-
ability without directional trends which matches patterns
documented in other tropical birds. For instance, long-term
studies in South and Central America have reported species-
specific and weak morphological changes across decades
( Monge et al., 2023 ; Wilcox et al., 2024 ), in contrast to many
temperate-zone birds that had shown gradual decreases in
body size or increases in appendage length linked to sustained
warming ( Gardner et al., 2011 ; Ryding et al., 2021 ; Teplitsky
& Millien, 2014 ; Van Buskirk et al., 2010 ). 

In the tropics, subtle climate trends relative to strong sea-
sonal and inter-annual variation may dampen consistent se-
lection pressures. Additionally, resource dynamics and inter-
specific competition—major drivers of beak morphology in
Darwin’s finches ( Lack, 1947 ; Schluter & Grant, 1984 )—
are themselves strongly influenced by irregular climate events
(e.g., El Niño) rather than gradual change. 

Body traits also lacked directional trends in Darwin’s
finches despite global meta-analyses showing size reductions
in birds and mammals under warming conditions ( Scheffers
et al., 2016 ; Sheridan & Bickford, 2011 ; Yom-Tov & Geffen,
2011 ). Tropical bird exceptions are not uncommon ( Jirinec et
al., 2021 ; Radchuk et al., 2019 ; Wilcox et al., 2024 ), likely
because thermoregulatory selection (Bergmann’s and Allen’s
rules) is weaker in regions where temperatures are already
high and behavioral adaptations are available ( Tattersall et al.,
2018 ; Friedman et al., 2019 ). In our data, beak traits exhib-
ited greater year-to-year variability than body traits, consis-
tent with their more immediate ecological role in food acqui-
sition, while body traits may be constrained by locomotor or
structural demands less sensitive to short-term environmental
variation. Finally, a 24-year dataset might be still insufficient
to identify long-term trends in Darwin’s finches thus monitor-
ing of finch populations should continue. 

Is weather (year-to-year changes) affecting the beak 

and body traits in Darwin´s finches (Q3)? 

Both finch species showed significant negative lagged correla-
tions between precipitation and multiple morphological traits,
meaning that wetter years tended to precede smaller beaks and
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smaller bodies, and this correlation remains even across sea- 
sons. This is consistent with prior research on Darwin’s finches 
( Beausoleil et al., 2019 ; Boag & Grant, 1981 ; Grant & Grant,
1993 ) and aligns with resource-mediated selection processes 
documented in other tropical birds. In Amazonian floodplain 

systems, e.g., high-rainfall years can increase the abundance 
of soft seeds and fruits, favouring smaller or thinner beaks 
( Haugaasen & Peres, 2007 ). Conversely, drought years often 

select for larger, stronger beaks capable of cracking hard seeds 
that dominate in drier conditions ( Boag & Grant, 1981 , 1984 ; 
Price et al., 1984 ). 

Demographic feedbacks may also contribute. Higher re- 
cruitment in wet years can intensify intraspecific competition 

the following year ( Beausoleil et al., 2019 ), favouring individ- 
uals more efficient at exploiting abundant small seeds (often 

those with smaller beaks). These processes could indirectly 
influence body size if smaller individuals are competitively 
favoured under these conditions. In Darwin’s finches, beak 

and body size are highly correlated ( Grant, 1981 ) thus in- 
creases in body size can also be an indirect response to changes 
in beak morphology. 

Temperature effects were weaker and inconsistent across 
traits, offering little support for Bergmann’s or Allen’s rules. 
This mirrors findings from other tropical avian studies ( Jirinec 
et al., 2021 ; Monge et al., 2023 ), where thermoregulation 

plays a minor role compared to resource-driven selection. 
Overall, our findings underscore that in tropical 

systems—particularly those with high climate variability—
precipitation-driven changes in food availability may be the 
dominant climatic driver of morphological variation. This 
stands in contrast to temperate systems, where temperature 
often exerts the strongest influence. For Darwin’s finches, as 
for other tropical birds, trait trajectories appear shaped less 
by slow, directional climate change and more by fluctuating, 
resource-mediated selection pressures that can reverse across 
years. 

Conclusion 

Taken together, our results highlight the importance of 
distinguishing between gradual climate change and high- 
frequency weather variability when evaluating morphological 
responses in tropical birds. At our site, weak long-term cli- 
mate trends combined with strong inter-annual fluctuations 
mean that selection pressures are rarely unidirectional or sus- 
tained. Instead, precipitation-driven resource dynamics ap- 
pear to dominate, producing lagged trait shifts that differ 
from the temperature-driven, directional patterns common in 

temperate-zone species. This suggests that forecasting mor- 
phological change in tropical systems will require models that 
integrate the stochastic nature of rainfall and its ecological 
consequences, rather than assuming unique responses to ris- 
ing temperatures. 

Finally, and specific to our study system, although Dar- 
win’s finches do not show long-term responses to climate 
change, this does not mean that they are “safe” moving for- 
ward. First, finch communities are currently impacted by other 
forms of environmental change such as invasive predators 
( Gotanda, 2020 ; Kleindorfer et al., 2009 ), invasive parasites 
( Fessl & Tebbich, 2002 ; Knutie et al., 2024 ; Koop et al., 2016 ; 
O’Connor et al., 2010 ), and habitat modification ( Cimadom 

et al., 2014 ; Harvey et al., 2021 ), which can be exacerbated by 

climate change. Second, climate change might ultimately ex- 
ceed the buffering capacity of the system that we have detected
here. When this happens, a tipping point might be passed that
can lead to dramatic changes ( Dakos et al., 2019 ). Third, it
is possible that some species in areas we did not study might
currently be experiencing strong climate change impacts. Our 
focus was on abundant and widely distributed species that ex- 
ist across very large habitat gradients, whereas specialists on 

rare habitats might be more sensitive. 
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Supplementary material is available at Journal of 
Evolutionary Biology online. 
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