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Abstract. Herbarium specimens have proven useful for assessing phenological responses to climate change. Using preserved specimens, we
analysed the changes in day of year (DOY) for four phenophases: three reproductive (preflowering, flowering, fruiting) and one vegetative
(growth). We conducted phenological analysis across bioclimatic belts (thermotypes) from the Rivas—-Martinez classification and across 77
taxa present in the Baetic Ranges of the southern Iberian Peninsula. Taxa were characteristic, common, or endemic species from Habitats of
Community Interest (HCI) under the European Directive 92/43/EEC. Phenological shifts were assessed using two approaches: long-term
trends in DOY with time and relationships with historical climate variables related to temperature and precipitation. At the thermotypes level,
flowering advanced consistently over time and with increasing temperatures, showing homogeneous responses and suggesting a weakening
of altitudinal differentiation. In contrast, growth exhibited thermotype-specific trends, with stronger advances at high elevations, while
preflowering and fruiting showed little or no sensitivity to time or climate variables. At the species level, 31% of taxa showed phenological
changes over time in the Baetic Ranges (—3.6 days/decade for reproductive and —5.6 days/decade for vegetative phenophases). However,
97% of taxa showed significant relationships with increasing temperatures and decreasing precipitation, particularly with mean annual
temperature (—12.7 days for reproductive and —14.3 days for vegetative phenophases per increased °C). These phenological changes could
hinder reproductive and vegetative success by causing mismatches with other ecosystem role-players. As the Mediterranean is expected to
become warmer and drier, our findings indicate a potential threat to HCI in the southern Mediterranean.
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phenology is important for plants because it determines the
best period for an individual to invest efforts and resources
in: (1) developing flowers, creating pollen, and making it
available to other components of the ecosystem (e.g. insect
pollinators) (Rathcke and Lacey 1985, Dunnell and Travers
2011) or (2) developing fruits, which contribute to the main-
tenance of the ecosystem; e.g. as a source of food or as an as-
surance to preserve the continuity of the species’ population
(Rathcke and Lacey 1985, Mendes et al. 2023). Instead, vege-
tative phenology can be related to growing phases (e.g. leaf
production), granting properties for the individual, such as in-
creasing its lifespan, improving its capacity to take nourish-

Introduction

Phenology is the study of the seasonal timing of life-history
events (e.g. flowering or growing in plants; Orshan 1989),
which occur at specific times each year (Willis et al. 2017)
and depend on seasonal environmental conditions (Schwartz
1994, 2003). Phenology depends directly on climatic varia-
bles, especially temperature and precipitation (Sparks and
Carey 19935, Pefiuelas et al. 2002, Pau et al. 2011). Phases of
reproductive and vegetative plant phenology, such as grow-
ing, flowering, or fruiting, are highly related to warmer
months due to the temperatures of spring that induce plants
to develop reproductive and vegetative structures by biochem-

ical responses (chilling and forcing) after winter periods (Lieth
1974, Schwartz 1990, Luedeling et al. 2021). In some cases,
growth (as leaf onset), flowering (as bud-break), or fruiting
phenophases are also related to moisture and precipitation
variables present in the environment, being driven by drought
periods or rainy seasons throughout the year (De Oliveira
et al. 2015, Mazer et al. 2015, Armstrong-Herniman and
Greenwood 2021, Wang et al. 2022). Timing in reproductive

ment and light, or its ability to withstand predation
(herbivory), but also contributing to other environmental in-
teractions like carbon sequestration (Westman 1981,
Estiarte and Pefiuelas 2015, Morellato et al. 2016). Besides,
in many cases, vegetative phenophases precede reproductive
phenophases. For example, sometimes preflowering buds can-
not develop unless there has been prior growth in the dolicho-
blasts (Navarro et al. 1993). Dolichoblast vegetative growth
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(DVG) functions to increase the size of the crown and explore
favourable microenvironments adjacent to it, mainly growing
in the spring and usually ending their growth with an inflores-
cence (Orshan 1989).

In the context of recent climate change, the global surface
temperature has increased by 1.1°C, causing severe alterations
in climatic conditions worldwide (IPCC 2023), especially in
Spain (Brunet et al. 2006, Luna et al. 2012a, 2012b, Mestre
et al. 2015). In response to this situation, plant phenology
has received increased attention in the past few decades due
to its direct relationship with climate (Tang et al. 2016).
Earlier studies that linked climate change with phenology con-
firmed the fundamental role that it plays as a bioindicator of
climate change (Beaubien and Johnson 1994, Schwartz
1994, Keeling et al. 1996, Parmesan and Yohe 2003,
Mengzel et al. 2006a). Studies conducted through various ap-
proaches have demonstrated that global warming is causing
shifts in plant phenology (Parmesan and Yohe 2003,
Cleland et al. 2007), from studies based on satellite observa-
tions (Myneni et al. 1997, Jin et al. 2019) to iz situ field studies
(Inouye 2008, Primack and Miller-Rushing 2009), or research
conducted with herbarium specimens (Davis et al. 2015, Jones
and Daehler 2018). Several studies have demonstrated that
herbarium specimens are a good tool for tracking climate
change by studying the phenological patterns over time
(Primack et al. 2004, Panchen et al. 2012, Calinger et al.
2013, Willis et al. 2017). Consequently, the study of
retrospective phenology has become an essential tool, both
for its relationship with field-based phenology studies and
for predicting how species are responding to climate change,
tracking it across time (Love et al. 2019). Recent climate
may have left their print on the phenological behaviour of
some Mediterranean plants that have not yet been studied.

Among these, some of the most ecologically relevant are key
species that define habitat types protected under European le-
gislation (European Commission DG-ENV 2013). According
to the FEuropean Directive 92/43/CEE, a Habitat of
Community Interest (HCI) refers to a natural habitat type
that is endangered, has a restricted natural range, or repre-
sents an outstanding example of a biogeographical region in
the EU (Council Directive 92/43/EEC 1992). These habitats
encompass characteristic vegetation species, which can be
considered a combination of diagnostic species and species
with higher constancy that together define vegetation units
in each type of the natural habitats (Braun-Blanquet 1979,
Chytry et al. 2020). Phenological changes in these characteris-
tic species could lead to changes in the habitat itself, an aspect
that, despite its importance, has yet to be studied. Recent re-
search using modelling and measurement of functional traits
has indicated the vulnerability of the Mediterranean HCI
(Del Rio et al. 2018, Hidalgo-Triana et al. 2023a , 2023b)
and the anthropogenic threats they face (Prisco et al. 2013,
Hidalgo-Triana et al. 2023a, 2023b). However, their phen-
ology remains understudied.

The use of herbarium specimens to track phenological re-
sponses to climate change is not a novel methodology
(Primack et al. 2004, Miller-Rushing et al. 2006, Davis et al.
2015, Willis et al. 2017). Nevertheless, this approach
has not yet been applied to Mediterranean key species
from the European HCI, although some taxa studied in
Rondinel-Mendoza et al. (2024) and Pareja-Bonilla et al.
(2025) belonged to some regional HCI. Furthermore, pheno-
logical changes have not been assessed from the perspective of
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the different bioclimatic belts present in the region, nor have
trends been compared across thermophilous, mid-mountain
and high-mountain taxa. Although Rondinel-Mendoza et al.
(2024) compared alpine and non-alpine taxa in the Sierra
Nevada massif, species from lower belts remained unstudied,
leaving their phenological behaviour unknown. These biocli-
matic belts are known as thermotypes and refer to thermocli-
matic ranges based on the sum of the yearly average
temperature, the average of minimum temperature of the cold-
est month, and the average of maximum temperature of
the coldest month (Rivas-Martinez et al. 2007, 2011).
Thermotypes are associated with altitudinal gradients, which
are key determinants of phenological timing (e.g. the
‘Hopkins’ bioclimatic law; Hopkins 1920) and are therefore
likely to exhibit different patterns (Recio et al. 2009, Legave
et al. 2015). Based on this evidence, we expected that pheno-
logical changes might differ among thermotypes, with earlier
timing in warmer, low-elevation thermotypes and delayed
timing in colder, high-elevation ones. However, more recent
research, suggests that such altitudinal differences may be di-
minishing under the influence of climate change (Chen et al.
2018, Vitasse et al. 2018). In light of this, we also considered
the alternative possibility that this pattern has been weakened
by ongoing climate change and thus we designed our study
with both scenarios in mind. In response to this knowledge
gap, our study aims to examine the phenological responses
across different bioclimatic belts in greater detail and to assess
whether thermotypic differences persist or have been attenu-
ated under ongoing climate change. Therefore, we have con-
ducted a study across the western Mediterranean area of the
Baetic Ranges in the Iberian Peninsula, using retrospective
phenological data from herbarium specimens, in order to as-
sess the impacts of climate change on the phenology of taxa
belonging to the HCI groups: 4—temperate heath and scrub
(HCI4); 5—sclerophyllous scrub-matorral (HCIS); 6—nat-
ural and semi-natural grassland formations (HCI6); 8—rocky
habitats and caves (HCI8); and 9—forests (HCI9). Since phen-
ology could behave differently depending on the bioclimatic
belts, in addition, we focused on plant phenology trends at dif-
ferent altitudes using the classification of the thermotypes.

The purpose of this study was to analyse phenological
trends over the past centuries in the western Baetic Ranges
(southern Iberian Peninsula) for three reproductive pheno-
phases (preflowering, flowering, and fruiting) and one vegeta-
tive phenophase (growth), based on characteristic plant taxa
from HCI and across different thermotypes. Therefore, this
study will focus on the following research questions:

1. Is the day of year (DOY) of the phenophases changing
over time?
1. Is plant phenology advancing/delaying and respond-
ing in a different way depending on the thermotype?
2. Are plant taxa, belonging to different HCI, showing
significant changes in phenology across the Baetic
Range territory?
2. What is the relationship between the climatic variables
and the occurrence of each phenophase across thermo-
types and taxa?

Moreover, the phenological results will provide valuable in-
sights for the management and conservation of the studied
HCIs, which are also present in other Mediterranean regions
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Figure 1. Study area delimitation (dashed line) and map of the thermotypes distribution (CRS: ETRS89/UTM zone 30N). The bioclimatic map is based on
the division of thermotypes according to Rivas-Martinez et al. (2007) and developed by the Environmental Information Network of Andalusia (REDIAM
2023). Map lines delineate study areas and do not necessarily depict accepted national boundaries.

of Europe and considered threatened habitats under the
European Directive.

Materials and methods

Study area

The study was conducted for the major area of the Baetic moun-
tain ranges (~90%), present in southern Iberian Peninsula and
covering an extension of 49 669.71 km?* (Fig. 1). According to
the Koppen—Geiger classification, the Baetic Range has a hot-
summer Mediterranean climate (Csa), with cold semi-arid
(steppe) climate (BSk) in the region of Almeria (Kottek et al.
2006; Peel et al. 2007). There is a rapid and high contrast of alti-
tudes in these mountain ranges due to their abrupted topography
caused by the Alpine orogeny (Maldonado et al. 1999): elevations
range from 0 to 3479 m.a.s.l., and mean annual temperatures
range from 8.35°C in the coldest month (January) to 27.1°C in
the hottest month (July) (REDIAM 2024), encompassing the hot-
test and driest (Almeria), but also one of wettest areas of the
Iberian Peninsula (Grazalema, in Cadiz), with annual precipita-
tions of 206-2223 mm (Rivas-Martinez et al. 1997, Rodrigo
et al. 1999, Giménez et al. 2004). This complexity mirrors the
bioclimatic diversity of the study area (Fig. 1) showcasing
five recognized thermotypes, all of which are stages of the
Mediterranean bioclimate (Rivas-Martinez et al. 2007, 2011):

thermo-Mediterranean (< 800 m.a.s.l.), meso-Mediterranean
(800-1400 m.a.s.l.), supra-Mediterranean (1400-1900 m.a.s.l.),
oro-Mediterranean (1900-2900 m.a.s.l.), and cryoro-
Mediterranean (>2900 m.a.s.l.). Typically, different types of
vegetation are identified within each thermotype class. This
bioclimatic heterogeneity has resulted in a high level of plant
endemism in the Baetic Ranges, making them one of the high-
est areas of endemicity in the Iberian Peninsula (Medail and
Quezel 1997, 1999, Casimiro-Soriguer et al. 2021).

Studied taxa and phenological data collection

We examined 128 taxa that were characteristic of habitats in-
cluded in the Annex I of the European Directive 92/43/EEC,
known as Habitats of Community Interest (HCI): (1) HCI4,
containing seven different habitats; (2) HCIS, including 12
different habitats; (3) HCI6, including seven different habi-
tats; (4) HCIS8, including four different habitats; and (5)
HCIY9, including 12 different habitats. Several taxa were se-
lected for this study due to their endemic character to the
Baetic Ranges (Blanca et al. 2011). The composition of these
characteristic taxa was identified according to the regional
habitats guide (REDIAM 2020), the national habitats guide
(VV.AA 2009) and the ‘Interpretation Manual of European
Union Habitats’ (European Commission DG-ENV 2013).
The characteristic taxa list (Supplementary Table S1) was
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Figure 2. Examples of two different species of the observed phenophases: (a) preflowering (FBF); (b) flowering (F); (c) fruiting (FS); (d) growth (DVG).

Phlomis purpurea on the left and Cistus ladanifer on the right.

reviewed including three types of taxa: (1) diagnostic taxa,
which are present in a particular habitat but absent or rare
in others; (2) constant taxa, which are frequent but not exclu-
sive to a habitat; and (3) majority cover taxa, which often
reach high cover in a particular habitat determining its physi-
ognomy (Chytry and Tichy 2003). From the total selected
taxa, 31 corresponded to the HCI4, 55 to the HCIS, 10 to
the HCI6, 14 to the HCIS, and 18 to the HCI9. At the same
time, 50 out of 128 taxa were Baetic endemics, and half of
those were narrow endemic, mostly found in biodiversity hot-
spots of the area (Cafadas et al. 2014). The phenological cal-
endars (i.e. graphical representations by taxon which detail
the timing of its phenophases occurring from January to
December) of the taxa were also developed.

We used stored data from the herbaria of the University of
Malaga (MGC), University of Granada (GDA), University
of Sevilla (SEV), and from the Royal Botanical Garden of
Madrid (MA) to examine over 10 000 preserved specimens,
collected between 1822 and 2020 (Supplementary Tables S1
and S2). Of the total observed preserved specimens, 6805
showed at least one of the phenophases under study. Each
phenophase was determined by visual analysis of the pre-
served specimens, observing both the presence/absence of dif-
ferent reproductive and vegetative structures (Fig. 2). The
reproductive phenophases were preflowering (flowering bud
formation = FBF), flowering (F) and fruiting (fruit set = FS),
while the vegetative phenophase was growth activity in the
dolichoblast branches (Navarro and Cabezudo 1998), known
as dolichoblast vegetative growth (DVG). The phenophase
identification was conducted according to Primack et al.
(2004), Miller-Rushing et al. (2006) and Solakis-Tena et al.
(2025). We also observed if trends across phenophases were

consistent within the same taxon; that is, if FBF advanced,
then F, FS, and/or DVG did as well, and vice versa. This effect
is known as sequencing and has been reported in previous
studies (Milla et al. 2010, Navarro and Hidalgo-Triana
2021, Solakis-Tena et al. 2025). Location data collection
was obtained from the labels of the observed herbarium speci-
mens, and each register was assigned to a thermotype based on
its locality and altitude at which it was collected, following the
classification of Rivas-Martinez et al. (2007).

Climatic data

A total of 1224 weather stations were selected throughout the
Baetic mountain ranges, containing meteorological data spanning
from 1805 to 2019 (Supplementary Figure S1) and using the
Environmental Information Network of Andalusia (REDIAM
2023), which in turn was received from the State
Meteorological Agency (AEMET). Climate data prior to 1911
were excluded from the analyses due to their basis on a limited
number of meteorological stations (<30) scattered across the
study area. Subsequently, two distinct climatic datasets were gen-
erated, the first dataset included the computation of monthly and
annual climatic data for the entire Baetic territory and the second
involved calculations partitioned by thermotypes. To zone the ter-
ritory based on its various thermotypes, we utilized a bioclimatic
map of the southern Iberian Peninsula (Fig. 1; REDIAM 2023).
Due to the limited data available for some phenophases in specific
thermotypes, and in order to make possible a more concise ana-
lysis of the phenological patterns in low, middle and high-
mountain ecological requirements, we opted to regroup the ther-
motypes into three broad bioclimatic groups: bioclimatic belts
with more thermophilous taxa (thermo-Mediterranean
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thermotype = TM), bioclimatic belts with mesophilous or mid-
mountain taxa (meso-Mediterranean and supra-Mediterranean
thermotypes = MS), and bioclimatic belts with orophilous
or high-mountain taxa (oro-Mediterranean and cryoro-
Mediterranean thermotypes = OC). After running correlation
analysis (Supplementary Figures S2 and S3), we selected the fol-
lowing climatic variables as potential predictors: annual T and
P, and spring T and P. Temperature-related variables (T) were ex-
pressed in °C, while precipitation-related variables (P) were ex-
pressed in mm. Spring variables were considered as the average
of the months from March to May. To assess the effect of climate
change on these variables, we fitted separate linear models for
each of the four long-term variables using date as a continuous
predictor. This step aimed to quantify the magnitude and direc-
tion of climatic change over time, in order to test whether pheno-
logical advances or delays in the Baetic Ranges are linked to
ongoing warming and drying in the region.

Statistical analysis

For each register, the DOY was collected from the date of sam-
pling recorded on the herbarium specimen’s label and subse-
quently converted to an integer number. We established a
minimum sample size of 15 specimens’ records from different
dates and locations that were in a specific phenophase, in-
creasing the minimum sample size of similar previous studies
(Gallagher et al. 2009, Calinger et al. 2013, Solakis-Tena et al.
2025). Taxa included in our analysis presented sample sizes
up to 161 specimens in a phenophase (see Supplementary
Table S2). To avoid problems related with outliers, we applied
a conservative data correction method that uses the median
absolute deviation (MAD) following Leys et al. (2013).
DOY outside the range of the median + 3.5 x MAD were dis-
carded. The threshold of 3.5 was selected since it only ex-
cludes the extreme values (Menzel et al. 2020, Picornell
et al. 2023; Solakis-Tena et al. 2025). Altogether, these re-
quirements reduced the number of taxa with sufficient data
for analysis from 128 to 77.

To address the first question (Q1), we run time-based mod-
els comparing the DOY with its corresponding decimal year,
in which decimals of a year refer to a specific day and month
of the same year. For Q1.1, the DOY was modelled with the
time variable (decimal years) across bioclimatic groups. In
these models we analysed the fixed effect of the bioclimatic
groups and added taxa as a random effect variable to account
for potential non-independence of observations within spe-
cies, acknowledging that phenological responses may vary
among taxa. To specifically test whether phenological re-
sponses differed among thermotypes, we incorporated the
interaction term between time (decimal year) and bioclimatic
group. To cope with this, we used R software (R Core Team
2021) and package ‘lme4’ (Bates et al. 2015) to fit linear mixed
effects models (LMM). To obtain order-invariant tests robust
to the unbalanced design, we computed Type II sums of
squares with ‘ImerTest’ (Kuznetsova et al. 2017) using
Satterthwaite degrees of freedom (anova, type II) and con-
trasts were set to sum-to-zero. When the interaction was not
significant, we reported the assemblage-wide slope. When
the interaction was significant, we reported simple slopes by
thermotype and Tukey-adjusted pairwise contrasts of slopes.
We considered effects significant at 0=0.05 (p <0.05).
Results with 0.05 < p < 0.06 were reported as marginally sig-
nificant and interpreted with caution. We also checked for

overdispersion by using the R package ‘performance’
(Ludecke et al. 2021). The formula implemented in the time-
based model for the bioclimatic groups was:

DOY ~ Years *Bioclimatic Group + (1|Taxon)

For Q1.2, the DOY was modelled with the time variable by
taxon. Initially, we used LM; however, when assumptions
for these models were not met, we used GLM of Gaussian
family and logarithmic link function (Nelder and
Wedderburn 1972) or GAM (Wood 2017) of the Gaussian
type with an identity link function, including five bases
(k = 5) smoothed with the shrinkage modified version of the
thin plate regression spline (bs = ‘ts’), as indicated in Marra
and Wood (2011). To test for normality in LM, the
Shapiro-Wilk test was applied when 7 <50, while the
Kolmogorov-Smirnoff test was used for cases where 7 > 50.
To verify if the influence of the independent variable on the de-
pendent variable of each model was significant, the Student’s
t-test was applied (o= 0.035).

Prior to addressing the second question (Q2), we conducted
a regression analysis using simple linear models to provide
context on climate change in the study area, regressing the
main long-term climatic variables (annual and spring tem-
perature, and annual and spring precipitation) against time.
To respond Q2, we run climate-based models comparing the
DOY with the aforementioned corresponding climatic varia-
bles independently. When analysing the climatic variables re-
lationship with phenophases across the bioclimatic groups,
the DOY was modelled following the same approach as for
Q1.1. The formula implemented in the climate-based model
for the bioclimatic groups was:

DOY ~ climatic variable *Bioclimatic Group + (1|Taxon);

where the climatic variable is one of the four aforementioned.

When the DOY was modelled with the climatic variables by
taxon, we followed the same approach as for Q1.2, using
LM, GLM or GAM for the models and the same tests for nor-
mality and influence of the variables. Here, a set of models
with different variables were evaluated in each case (pheno-
phase and taxon), based on the Akaike Information
Criterion (AIC; Aho et al. 2014). The models to be evaluated
followed a hierarchical sequence starting with annual tem-
perature and then, additional variables were incorporated
one by one in a predefined order: monthly temperature, spring
temperature, annual precipitation, monthly precipitation, and
spring precipitation. Thus, the model that minimized informa-
tion loss (lowest AIC) was selected. The climate variables were
selected based on the existing correlation among them
(Supplementary Figures S2 and S3), eliminating those that
were beforehand highly correlated (>0.7), using the ‘corrplot’
function in R. The variance inflation factor (VIF) for variables’
collinearity was also obtained for the climate-based models.

RESULTS
Phenological trends over years

Phenological trends by thermotypes over years

While the fixed effects of years and thermotypes explained
only a modest proportion of variance (R2 marginal = 0.05-
0.15), the higher values in the conditional R2? (~0.31-0.61)
and the substantial intra-class correlation coefficient (ICC =
0.19-0.57) indicated that much of the phenological variability
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Table 1. Results of LMMs for the years variable and thermotypes by phenophase with taxa as a random variable effect.

Ph? Eff* F pvalue RZm* R? Icc? Glob® B SE Lower. CL  Upper. CL  tratio P value
eff.? con® Taxon (days/year) glob® glob® glob?® glob® glob® B
FBF  Years 0.215 0.643 0.052 0.513 0.487 -0.004 0.053 -0.108 0.099 -0.085 0.932
Tt 1.526 0.218
Years: 1.336 0.263
Tt
F Years 15.026  0.0001  0.090 0.610 0.571 -0.087 0.027 -0.140 -0.034 -3.207 0.001
Tt* 2.208 0.110
Years: 1.613 0.199
Tt?
FS Years 1.818 0.178 0.115 0.466 0.396 -0.061 0.052 -0.163 0.041 -1.175 0.24
Tt* 0.384 0.682
Years: 0.309 0.734
Tta
DVG Years 0.832  0.362 0.147 0.310 0.191 — — — — —
Tt" 6.891  0.001
Years: 6.265 0.002
Tt"

3Ph, Phenophase, Eff, Effect; Tt, Thermotypes; R2 m, Marginal R*; R? con, Conditional R?; Glob, Global; B, Slope; ICC, Intra-class correlation coefficient.

Values are in bold when P < 0.06.

is attributable to differences among taxa. This indicated taxa
played a major role in shaping phenological responses, beyond
the shared influence of climate or thermotype.

When observing the phenophases, FBF (preflowering) and
FS (fruiting) showed no effect of the variable years and ther-
motypes, and neither an interaction effect, in consequence,
their global slopes were not different from zero and the
DOY means among thermotypes were not different between
them (Table 1). In contrast, a significant effect of years was
found in F (flowering; Fig. 3a), exhibiting a significant global
advance of 0.87 days/decade (Table 1). However, no effect of
the thermotypes and interaction with years was found in F,
showing no statistical difference in the means between ther-
motypes. The DVG (vegetative growth; Fig. 3b) phenophase
presented a significant effect of the thermotypes, showing dif-
ferences in their means, and a significant interaction between
years and thermotypes. The post-hoc analysis showed that
DVG was advancing 1.31 days/decade in the MS, and
4.42 days/decade in the OC thermotypes (Table 2), while
the slope was not different from zero in the TM thermotype.
This divergence was captured in the pairwise comparisons,
where TM showed statistically different slopes with MS
(Aslope = +2.55 day/decade; P=0.024) and OC (Aslope =
+5.66 day/decade; P=0.007), indicating that the slope in
TM advances less (or delays more) than in MS or OC.
However, no differences were found between MS and OC.

Extended information regarding model selection, model
validation, and results of the phenological trends over time
by thermotypes are in Supplementary Appendix S1.

Phenological trends by taxon over years

Phenological calendars were constructed for each taxon based
on the observed data (Supplementary Figures S4-S7). Over
time, 22 taxa exhibited phenological shifts in one or more of
their phenophases (Fig. 4). In phenophase FBF, three taxa
showed advances (Lavandula stoechas, Lonicera etrusca and
Sideritis glacials) and four delays (Alyssum serpyllifolium
subsp. arundanum, Cistus albidus, Cistus ladanifer and
Fumana thymifolia) over time, in phenophase F, 11 showed
advances (Chaenorbinum glareosum, Cistus populifolius,

Crataegus granatensis, Crepis oporinoides, Genista hirsuta
subsp. lanuginosa, Hormathophylla spinosa, L. etrusca,
Phlomis crinita subsp. malacitana, Sempervivum minutum,
S. glacialis and Thymus mastichina) and one (Klasea baetica)
showed a delay over time, in phenophase FS no taxa showed
trends with time, and in phenophase DVG four showed ad-
vances (Cotoneaster granatensis, Prunus prostrata, Quercus
faginea and S. glacialis) while three showed delays (C. albidus,
Phlomis purpurea and Rhamnus alaternus) over time. All the
taxa with delays pertained to the HCIS, with the exception of
C. ladanifer (HCI4). The number of taxa showing advances
was higher and more diverse across the HCI groups, affecting
all of them. Among the affected taxa, 10 were endemic, four of
which were considered narrow endemics (Supplementary
Table S1). It is noteworthy that trends across phenophases
are consistent within the same taxon, showing phenophase se-
quencing. No cases exhibited opposing outcomes over years
(e.g. FBF advancing and F delaying). The models presented
an R? range of ~0 (low explained variance)—0.6 (high ex-
plained variance). Additional information on the time-based
models is provided in Supplementary Appendix S2.

Phenological trends through climate variables

Climatic variables trends in the baetic ranges

Linear trend analyses conducted on long-term climatic records
across the Baetic region revealed consistent and statistically
significant signals of recent climate change (Fig. 3).
Specifically, annual mean temperature increased at a rate of
~0.27°C/decade (Fig. 5a), while spring mean temperature
(Fig. 5b) rose by 0.31°C/decade (both P ~ 0). This indicates
a warming of ~2.7°C in the mean annual T and 3.1°C in the
spring T in the last century. In contrast, precipitation exhib-
ited a declining trend, with annual precipitation decreasing
by 33 mm per decade (Fig. 5c) and spring precipitation by
14 mm per decade (Fig. 5d), also with strong statistical sup-
port (P ~0). This is translated as a loss of approximately
330 mm in annual precipitation and 140 mm in spring pre-
cipitation over the last century. These trends were associated
with moderately high coefficients of determination (R2 values
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Figure 3. Global trend of DOY over the years in (a) F (flowering) and trends in (b) of DVG (growing) by bioclimatic group (TM , thermo-Mediterranean; MS,
meso-supra-Mediterranean; OC, oro-cryoro-Mediterranean) with taxa as a random variable effect. p = slope, denoting the change in DOY per year.
Table 2. LMMs for phenophases with significant interaction between years and thermotypes.
Ph* T B (days/year) SE Df Lower.CL Upper.CL T.ratio P value
DVG ™ 0.124 0.071 1629.740 -0.015 0.263 1.743 0.081
MS -0.131 0.067 1651.825 -0.263 0.0003 -1.956 0.051*
OoC —0.442 0.172 1653.998 -0.780 -0.104 -2.563 0.010

*Ph, Phenophase; Tt, Thermotypes; Glob, Global; B, Slope. Values are in bold when P < 0.06. *Marginally significant (0.05 < P < 0.06).

between 0.24 and 0.35). Extended model results and residual
analyses are provided in Supplementary Appendix S3.

Phenological relationships of thermotypes through climate
variables

Effect of annual and spring temperatures

The effect of temperature on DOY varied across phenophases
and Dbioclimatic groups (thermotypes), showing slight

differences in the results regarding annual or spring tempera-
ture (annual T and spring T, respectively, Table 3). Across
phenophases, marginal R? values ranged from 0.049 to
0.133, indicating that annual and spring T and bioclimatic
group (fixed effects) explained a modest proportion of the
variance in DOY. In contrast, conditional R? ranged from
0.3 t0 0.579, and ICC values from 0.195 to 0.535, suggesting
that a substantial portion of the explained variance was attrib-
utable to the taxa (random effect). Extended details on model
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Figure 4. Significant tendencies of the day of year (DOY) over time models, conducted for every taxon and phenophase. LM refers to the linear models
and GLM to the generalized linear models. Regarding phenophases, FBF corresponds to preflowering, F to flowering, FS to fruiting, and DVG to growth.
The results show the slopes of the DOY with years, which can be expressed in days of advance or delay per decade. It should be noted that Sideritis
glacialis showed advances in both FBF and F (FBF = —=2.16 + 0.7 days/decade; F=—2.06 + 0.81 days/decade) despite not being clearly visible in the plot.
To facilitate understanding of the results, all slopes shown are from LM results. However, for species marked with triangles, the interpretation is based on
GLM models and readers should refer to the Supplementary Appendix S2 for the accurate model results.

selection, validation, and phenological trends with climatic
variables by thermotypes are provided in Supplementary
Appendix S4.

No interaction between bioclimatic group and temperature
was detected in any phenophase (Table 3), indicating that
phenological responses to temperature were consistent across
thermotypes. This suggests that elevational differences no lon-
ger modulate temperature sensitivity, pointing to a homogen-
ization of phenological responses along the gradient. For
preflowering (FBF), fruiting (FS), and growing (DVG), global
slopes were no significantly different from zero in relation to an-
nual and spring T. In contrast, F showed a significant main
effect without interaction with spring T (global slope=
—2.86 days/°C) and annual T (global slope =—5.14 days/°C),
indicating an earlier DOY occurrence with the increase of tem-
peratures in all thermotypes homogeneously. The means of
DOY differed among thermotypes in DVG (P=0.001) and
FS (but marginally significant: P =0.056) regarding spring T;
however, no changes were found in their slopes.

Effect of annual and spring precipitation

The effect of annual and spring precipitation (annual P and
spring P, respectively) on DOY was generally weak across
phenophases and bioclimatic groups (Table 4). Across mod-
els, marginal R2 values ranged from 0.048 to 0.134, indicating
that precipitation and bioclimatic group accounted for a lim-
ited proportion of the variance in DOY. In contrast, condi-
tional R2 values ranged from 0.301 to 0.614, and ICC
values from 0.193 to 0.587, suggesting that a substantial

portion of the explained variance was attributable to the
taxa (Table 5).

No significant main effects or interactions were detected in
FS and DVG regarding precipitation variables and bioclimatic
groups (thermotypes), with the exception of a marginally sig-
nificant difference in DOY means for FS in relation to spring P
(Table 4).

The FBF phenophase showed no significant global effect
of annual P on DOY. However, a significant effect of ther-
motypes was detected, as well as a marginally significant
interaction between thermotypes and annual P. The post-
hoc analysis indicated that the slopes were not significantly
different from zero in the TM and MS. In contrast, in the
OC, wetter years tended to advance FBF (—8.27 days/
100 mm; P =0.054), but the effect was marginally signifi-
cant. Moreover, this divergence was not reflected in the pair-
wise comparisons, where the slope between TM, MS and
OC showed no differences (TM-MS: P=0.335; TM-OC:
P=0.083; MS-OC: P=0.185). FBF showed a significant
global effect on the DOY regarding spring P, delaying this
phenophase occurrence with wetter springs (3.35 days/
100 mm). Flowering (F) was the phenophase with signifi-
cant main effects of both annual P (delay with wetter years:
0.7 days/100 mm) and spring P (delay with wetter spring:
3.4 days/100 mm).

Extended information regarding model selection, model
validation, and results regarding the phenological trends
with climatic variables by thermotype are in Supplementary
Appendix S4.

GZ0Z 18qWiaAoN gz uo Jasn ebeje|y ap pepisiaAlun Aq ZS1E 1 £8/y901e1d/9// L /ejonie/ejdgoe/woo dno-oiwspese)/:sdny wolj papeojumoq


http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf064#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf064#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf064#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf064#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf064#supplementary-data

Solakis-Tena et al. 9
a annual T (°C) b spring T (°C)
184
164
144
12
Cc annual P (mm) d spring P (mm)
1250
4004
10004
[L H 300+ 1 H
750 J’]J\ LH\“DH\H | "L‘
W 200 W” H‘U
500
1004
250 . . . : : v : ' y
1920 1940 1960 1980 2000 2020 1920 1940 1960
Years
Figure 5. Long-term significant trends (all P<0.01) of the climatic variables over the years in the Baetic Ranges. = slope.
Table 3. Results LMMs of the temperature variables by phenophase.
Ph* Var® P value var® Pvalue  Pvalue R?’m* R? ICC? Glob®B Lower.CL Upper.CL P value glob®
T inter® con® taxon (day/°C) B
FBF annual T 0.728 0.883 0.946 0.049 0.511 0.486 -0.541 -3.386 2.304 0.709
(°C)
F annual T 3.756x 10" 0.759 0.835  0.093 0.578  0.535 —5.144 -6.702 -3.587  1.100x10'°
(°C)
ES annual T 0.035 0.299 0.286 0.115 0.461 0.391 -2.379 -6.399 1.642 0.246
(°C)
DVG annual T  *0.053 0.149 0.319 0.132  0.301 0.195 -2.018 —-4.665 0.630 0.135
(°C)
FBF spring T~ *0.052 0.418 0.884 0.050 0.513 0.487 -1.528 -3.281 0.224 0.087
(°C)
F spring T 4.852x 101 0.292 0.631 0.092 0.579 0.536 —2.862 -3.841 -1.882 1.132x 108
(°C)
ES spring T 0.039 *0.056 0.118 0.116 0.463 0.393 -1.358 -3.927 1.210 0.299
(°C)
DVG  spring T 0.653 0.001 0.105 0.133  0.300 0.193 0.156 -1.494 1.807 0.853
(°C)

Ph, Phenophase; Var, Variables; Tt, Thermotypes; Inter, Interaction; R m, Marginal R R? con, Conditional R%; Glob, Global; B, Slope; ICC, Intra-class
correlation coefficient. Values are in bold when P < 0.06.
*Marginally significant (0.05 < P <0.06).

Phenological relationships by taxon through climate

variable

(Juniperus

sabina

and Leontodon

boryi).

variables

Phenophases exhibited more significant relationships with cli-
matic models than with time-based models, with R? values
ranging from 0.12 to 0.96. Only two of the analysed taxa
did not show significant responses with respect to any climatic

Considering long-term variables (annual and spring T and
P), 22 taxa showed earlier phenophase dates with increased
annual T or spring T, and decreased annual P or spring P in
phenophase FBF. Three taxa showed later phenophase dates
with increased annual T or spring T in FBF phenophase. In
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Table 4. Results LMMs of the precipitation variables by phenophase.

Retrospective phenology in western Mediterranean plants

Ph* Var® P value var® P value Tt* Pvalue R*m? R? ICC? Glob®*B  Lower.CL Upper.CL P value glob®
inter® con® taxon (day/°C) B

FBF  annual P  0.878 6.231x10°  0.054* 0.048 0.513  0.488 — — — —

F an(nIEraT)P 0.023 9.428x10° 0995  0.072 0.614 0.584 0.007 0.001 0.014  0.024

FS angﬁg})l’ 0.664 0.375 0.074  0.105 0.450  0.385 -0.001 -0.017 0.015  0.928

DVG an(nmugll)P 0.164 1.178x10°  0.982  0.134 0.302  0.193 0.007 -0.003 0.018  0.162

FBF spgrgnl)v 0.018 2.464x10°  0.817  0.049 0.512  0.487 0.033 0.006 0.060  0.015

F spiﬁrgn;’ 8.372x 107  3.248x10''  0.434 0.076 0.618  0.587 0.034 0.019 0.049 1.236 x 10~°

FS spg;nl)) 0.252 *0.059 0.157  0.105 0.452  0.387 0.010 -0.030 0.050  0.626

DVG spg;nl)) 0.775 3.029%x10'° 0924  0.134 0.301  0.193 0.004 -0.022 0.029  0.782

(mm)

3Ph, Phenophase; Var, Variables; Tt, Thermotypes; Inter, Interaction; R m, Marginal R?; R? con, Conditional R?; Glob, Global; B, Slope; ICC, Intra-class

correlation coefficient. Values are in bold when P < 0.06.
*Marginally significant (0.05 < P <0.06).

Table 5. LMMs by phenophases with significant interaction between precipitation variables and thermotypes.

Ph? Var® T B (days/mm) SE Df Lower CL Upper CL t.ratio P value

FBF annual P (mm) ™ 0.011 0.008 1278.799 -0.005 0.026 1.298 0.194
MS -0.006 0.009 1310.441 -0.023 0.011 -0.704 0.482
oC —0.083 0.043 1351.816 -0.167 0.001 -1.928 0.054*

?Ph, Phenophase; Var, Variables; Tt, Thermotypes; B, Slope. Values are in bold when P < 0.06.

*Marginally significant (0.05 < P <0.06).

phenophase F, 49 taxa showed earlier phenophase dates with
increased annual T or spring T, and decreased spring P. Six
taxa delayed in phenophase F in relation to increased annual
T or spring T and decreased annual P. In phenophase FS,12
taxa showed earlier phenophase dates with increased annual
T or spring T, and five taxa showed later phenophase dates
with increased spring T or decreased annual P. In phenophase
DVG, 24 taxa showed earlier phenophase dates with in-
creased annual T or spring T, and decreased annual P, and
two taxa showed later phenophase dates with increased spring
T and decreased spring P. The taxa with earlier or later trends
in phenophase dates pertained to all the HCI groups. More in-
formation about the climatic models is available in
Supplementary Appendix S35.

Annual and spring temperatures

Regarding annual T, 49 taxa displayed phenological shifts in
one or more phenophases as annual temperatures increased
(Fig. 6). The predominant response was an earlier phenophase
occurrence with the increasing annual T in all the HCI groups,
observed in 46 taxa, of which five were endemic and eight nar-
row endemic (Supplementary Table S1). In contrast, four taxa
showed later phenophase occurrence with this variable, all of
them pertaining to HCI4 and HCIS, with the exception of
phenophase F in Abies pinsapo, which belong to the HCI9.
Thirteen taxa showed earlier FBF occurrence dates and two
showed later occurrence dates in phenophase FBF; 32 taxa
showed earlier F occurrence dates and only three showed later
F occurrence dates; 11 taxa exhibited earlier FS occurrence

dates and one (Crataegus granatensis) exhibited a later
FS occurrence; and 13 taxa demonstrated earlier DVG occur-
rence dates and no later occurrence dates with the increase of
annual T.

Regarding the spring temperature variable, 34 taxa dis-
played phenological shifts in one or more phenophases as
spring T increased (Fig. 7). Of these, 26 taxa showed earlier
phenophase occurrence dates, most belonging to HCI4 and
HCIS, including four endemic taxa and one narrow endemic
taxon (Supplementary Table S1), while eight taxa showed lat-
er occurrence dates. Nine taxa exhibited earlier FBF occur-
rence dates and one later occurrence dates; 16 taxa showed
earlier F occurrence dates and three later occurrence dates;
one taxon (Teline linifolia) displayed earlier FS occurrence
dates and four later occurrence dates; and 10 taxa demon-
strated earlier DVG occurrence dates and one (Prunus pros-
trata) later occurrence dates. It is noteworthy that, unlike
the three taxa with divergent trends in annual T, the pheno-
phase trends in relation to spring T followed a sequential pat-
tern, maintaining consistency in the changes across all taxa.

Annual and spring precipitation

Only seven taxa exhibited significant relationships with pre-
cipitation variables (Supplementary Appendix S5). A. pinsapo
showed earlier F occurrence dates (—0.105 + 0.026 days/mm)
with increasing annual P, however, the same phenophase
showed a trend of later occurrence dates (0.127 + 0.05 days/
mm) with the increase of spring P. Genista hirsuta subsp. lanu-
ginosa showed later occurrence dates of FBF (0.046 +
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Figure 6 . Significant relationships of the day of year (DOY) in the climatic models for every taxon and phenophase over the annual average T. LM refers to
the linear models and GAM to the generalized additive models. Regarding phenophases, FBF corresponds to preflowering, F to flowering, FS to fruiting,
and DVG to growth. It should be noted that, despite not being clearly visible in the plot, Nevadensia purpurea showed advances in both F and FS

(F = —6.29 + 2.4 days/°C; FS = —6.49 + 3.08 days/°C) and Phlomis crinita subsp. malacitana in FBF and F (FBF = —-6.77 + 2.09 days/°C; F=-7.02 +
2.19 days/°C). The results show the slopes of the DOY with the increase of annual T, which can be expressed in days of advance or delay per increased °C.
To facilitate understanding of the results, all slopes shown are from LM results. However, for species marked with squares, the interpretation is based on
GAM models and readers should refer to the Supplementary Appendix S5 for the accurate model results.

0.016 days/mm) with annual P, which was also detected for
the spring P (0.169 + 0.05 days/mm). Cotoneaster granatensis
exhibited later DVG occurrences (0.047 +0.021 days/mm)
and Macrochloa tenacissima later FBF occurrences (0.035 +
0.013 days/mm) with the increase of annual P. In contrast,
Hormathophylla spinosa showed earlier FS occurrences
(=0.047 +0.019 days/mm). Halimium atriplicifolium dis-
played later F occurrences with increasing spring P (0.101 +
0.035 days/mm), whereas Helichrysum stoechas showed earl-
ier DVG occurrences (—0.19 + 0.071 days/mm) with the same
variable. Among the affected taxa, three were endemic, and
one was considered narrow endemic (Supplementary
Table S1). Notably, precipitation variables were never in-
cluded in the models independently; they were always accom-
panied by temperature-related variables.

DISCUSSION

This study presents an analysis of phenological trends from
1822 t0 2020 examining the responses of Mediterranean plant
taxa in response to changing climatic conditions across differ-
ent thermotypes and HCI groups, many of which have not
been previously studied. A key observation is the internal con-
sistency of phenological trends within species across different
phenophases, i.e. sequence of phenophases. This coherence re-
inforces the reliability of the observed responses and

underscores the value of assessing multiple phenophases to ac-
curately characterize species phenological dynamics. Overall,
these findings provide a more robust understanding of how
climate change affects plant phenology.

Phenological changes over time

Phenological trends in thermotypes over time

The results revealed significant trends of advance over time in
flowering and growth. Flowering exhibited a global advance-
ment of 0.87 days/decade, with no apparent effect of thermo-
type. While we had partially expected differences among
thermotypes, since previous studies have reported different
patterns of phenological advances along elevational and cli-
matic gradients (Hopkins 1920, Recio et al. 2009, Legave
et al. 2015), more recent studies suggest that these altitudinal
differences are being masked by the effects of climate change,
leading to more uniform phenological responses across eleva-
tions (Chen et al. 2018, Vitasse et al. 2018). For example,
Vitasse et al. (2018) found a reduction of the ‘Hopkins’ biocli-
matic law’ due to the effect of warming winters and late
springs. This bioclimatic law, which marks a phenological dif-
ference as we ascend (Hopkins 1920), seems to be being al-
tered by climate change, which could explain the lack
of differences between thermotypes in the observed
flowering trends. Alternatively, this could be translated as a
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Figure 7. Significant relationships of the day of year (DOY) in the climatic models for every taxon and phenophase over the spring average T. LM refers to
the linear models and GLM to the generalized linear models. Regarding phenophases, FBF corresponds to preflowering, F to flowering, FS to fruiting, and
DVG to growth. The results show the slopes of the DOY with the increase of spring T, which can be expressed in days of advance or delay per increased
°C. To facilitate understanding of the results all slopes shown are from LM results. However, for species marked with squares, the interpretation is based
on GAM models and readers should refer to the Supplementary Appendix S5 for the accurate model results.

homogeneous phenological trajectory of the advances found
in flowering among the thermotypes. This contrasts with
Rondinel-Mendoza et al. (2024), who reported significant dif-
ferences between non-alpine and alpine trends, with stronger
advances in the non-alpine group. Their study, conducted in
the Sierra Nevada massif, which is included in the Baetic
mountain ranges, used a similar methodological approach
and a set of closely-related plant species. Using herbarium
specimens, they found estimates of flowering advance in non-
alpine plants of 3.1 days/decade earlier, and 0.9 days/decade
earlier in alpine plants. Although we did not detect differences
among elevational groups, our observed average flowering ad-
vance of 0.87 days per decade aligns closely with their alpine
estimate.

In contrast, the growing phenophase exhibited a significant
interaction effect between thermotypes and years. Advances
were observed in the mid (MS, but marginally significant)
and high (OC) mountain thermotypes, with 1.31 and
4.42 days/decade, respectively, whereas the thermo-
Mediterranean (TM) group showed no significant trends.
Post-hoc analysis confirmed that TM differed significantly
from both MS and OC. These patterns suggest a stronger cli-
mate sensitivity in higher elevation or cooler thermotypes for
the growing phenophase, potentially reflecting a greater cli-
matic effect in those zones. In this sense, phenological advan-
ces in growth appear to reflect differential responses along
altitudinal gradients, whereas flowering responds more homo-
geneously across the territory. This suggests that growth has

been less affected than flowering by the attenuation of
Hopkins’ bioclimatic law under climate change.

Finally, the absence of significant trends in fruiting (FS) and
preflowering (FBF) across all thermotypes may indicate higher
plasticity, or alternatively, could result from a possible sampling
bias, as most herbarium specimens are concentrated in the flow-
ering (F) phenophase (Daru et al. 2018, Ahlstrand et al. 2025).

Phenological trends over time by taxa

Our findings indicate that discernible temporal shifts occur in
phenological events over time at the taxon level: taxa ad-
vanced by an average of 4.05 days/decade and delayed by an
average of 7.69 days/decade among taxa with significant ef-
fects across the phenophases (i.e. average of significant slopes
of every taxon, when advancing and when delaying separate-
ly). Overall, 31% of the studied taxa have shown phenological
shifts in relation to time in the Baetic Ranges, where the aver-
age significant slopes of advancing taxa in reproductive
phenology (FBF, F, and FS) was 3.6 days/decade, while in
vegetative phenology (DVG) was 5.6 days/decade. These re-
sults, particularly the predominance of advances over delays,
matched with other phenological studies of climate change
that showed advances of 3.94 days/decade for flowering and
leaf unfolding (Menzel et al. 2006b), 5.2 days/decade in flow-
ering (Bock et al. 2014) and 5.9, 3.2 and 4.8 days/decade for
flowering, fruiting and leaf unfolding respectively (Gordo
and Sanz 2009).
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Relationship of phenology and climatic variables

The significant trends detected in temperature variables pro-
vide robust evidence of ongoing climate warming in the
Baetic Ranges. Observed increases of 0.27°C/decade in annual
T and 0.31°C/decade in spring T closely align with previous
findings by Brunet et al. (2006) for the region. Similarly, the
detected declines in annual (—33 mm/decade) and spring P
(=14 mm/decade) are consistent with precipitation reduction
trends reported across Spain by Luna et al. (2012a, 2012b).
Given this dual pattern of increasing temperatures and de-
creasing precipitation in the Baetic mountains, and consider-
ing projections for further warming and aridification in the
Mediterranean basin, exceeding global averages (Ali et al.
2022), it is reasonable to expect that the phenological re-
sponses observed in relation to climatic variables (advances
or delays) will ultimately translate into significant long-term
phenological shifts over time.

Phenological relationships with climate through thermotypes

The phenological responses to climatic drivers confirmed the
strong influence of temperature, particularly on flowering.
Significant earlier occurrences of F were associated with
both annual and spring temperatures, with flowering occur-
ring 5.14 days earlier per °C increased in annual T, and
2.86 days earlier per °C increased in spring T. These advances
with warmer temperatures are occurring homogeneously
throughout the territory showing no differences among ther-
motypes, and mirror the temporal trends, reinforcing the con-
clusion that flowering has become more uniform along the
elevational gradient. For the other phenophases (FBF, FS,
and DVG), no significant relationships were found. While
some models indicated significant main effects of the climatic
variables (e.g. FS with annual and spring T), the global slopes
were not different from zero, meaning that no consistent shifts
in phenology with temperature were detected for these phases.
For DVG with spring T, thermotypes differed significantly in
their DOY means, but not in their slopes, indicating altitud-
inal differences in baseline timing rather than in the climatic
sensitivity of growth. In contrast, for fruiting (FS), only a mar-
ginal effect of thermotype was observed with spring T, which
does not provide strong evidence for systematic differences
among thermotypes.

Precipitation exerted weaker effects overall. Notably, flow-
ering showed significant main effects with spring P, delaying
with wetter springs by 3.4 days per 100 mm, and with annual
P, delaying with wetter years by 0.7 days per increased
100 mm. However, given the long-term decline in precipita-
tion in the Baetic Ranges (Luna et al. 2012a, 2012b, and the
findings in the 3.2.1 section of this study) implies an indirect
trend towards earlier flowering under increasing aridity.
Preflowering also showed delays with wetter springs
(3.3 days/100 mm), matching with the flowering results, but
in the high-mountain bioclimatic group, wetter years were
marginally associated with earlier FBF occurrence
(—8.33 days/100 mm). These mixed results suggest that early
phenophases may be more sensitive to water availability in al-
pine environments, where snowmelt and precipitation are cru-
cial cues (Rose-Person et al. 2024). However, as these results
were marginally significant, interpretations should be made
cautiously.

Taken together, the climate-based models reinforce the tem-
poral trends observed in this study: flowering responds
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strongly and uniformly to temperature, growth retains altitud-
inal structuring, and preflowering and fruiting show little sys-
tematic sensitivity. The reduction of altitudinal differences
supports the idea that phenological timing is becoming more
homogeneous under climate change (Chen et al. 2018,
Vitasse et al. 2018).

Phenological relationships with climate by taxa

Most taxa (~97%) showed significant relationships between
their DOY and at least one climatic variable across their phe-
nophases. Temperature again emerged as a primary driver,
consistent with previous research emphasizing its influence
on developmental processes in plants (Pefiuelas et al. 2002,
Gordo and Sanz 2009, Vogel 2022). Both annual and spring
T showed strong correlations with phenological shifts, espe-
cially for middle and high mountain species, with the results
for the former group presenting a novel contribution to the
field of study. On average, an increase of 1°C in annual T
was associated with an earlier occurrence of 4.3 days/°C on
average in the vegetative phenophase, while an earlier occur-
rence of 12.7 days on average was found in the reproductive
phenophases, similar to Bock et al. (2014) (9.7 days/°C earlier
in the first flowering day). Although phenophase sequencing
was generally consistent across taxa, some anomalies were de-
tected in response to annual T. In C. populifolius, FBF oc-
curred later, while F and FS occurred earlier. This pattern
may reflect an alteration of the chilling and forcing require-
ments due to recent warming, potentially leading to delays in-
stead of advances in some phenophases (Benmoussa et al.
2017, Wenden et al. 2020). Crataegus granatensis displayed
a later FS but earlier F occurrence, increasing its reproductive
period. This may indicate a positive response to longer periods
of optimal temperatures at middle and high elevations, as
warmer conditions in colder zones can extend the thermal
window for reproduction by lengthening the forcing period
(Wenden et al. 2020). S. glacialis presented an earlier occur-
rence of FBF and DVG, but F presented a later occurrence
with increasing annual T. This is a high-mountain species
that flowers and grows between July and August, with FBF
starting 1 month earlier (Supplementary Figures S4-S7;
Rivera et al. 1999). One possible explanation for these incon-
sistencies is that earlier phenophases advance to benefit from
earlier summers and snowmelt (Vitasse et al. 2017).

Precipitation-related variables had weaker effects on pheno-
logical timing, as previously reported (Doi and Katano 2008).
When significant, increased P was associated with later pheno-
phase occurrences, as also observed in Matthews and Mazer
(2016) . The relationships found with the climatic variables
are something remarkable, since projected climatic changes
in the Mediterranean region are expected to exceed those ob-
served over the past century (Giorgi 2006, Alessandri et al.
2014).

Phenological shifts and implications for the HCI

The findings of our study hold important implications for con-
servation efforts concerning the Habitats of Community
Interest (HCI). The affected taxa of the HCI with orophilous
ecology requirements ranged from habitats of different groups
(Supplementary Table S3): HCI4 (Cistus laurifolius rockrose
patches, mountain junipers and orophilous pulvinular thick-
ets), HCI5S (Rhamno-Prunetalia communities), HCI6
(Mediterranean siliceous and basophilous high mountain
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grasslands), and HCI9 (Mediterranean maple forests and
Spanish fir forests). These HCI grouped 19 taxa, of which
18 showed earlier phenology occurrence with time or climatic
variables, highlighting summer deciduous trees and shrubs
such as Acer granatense, Crataegus granatensis and
Cotoneaster granatensis. In addition to these, we also consid-
ered four orophilous taxa that are associated with HCI en-
compassing broader ecological ranges (not exclusively
orophilous) although the taxa themselves are ecologically re-
stricted to high mountain environments. These were Crepis
oporinoides and S. minutum typical of silicic crags,
C. glareosum from western Mediterranean and thermophi-
lous landslides, and Quercus faginea subp. alpestris from
gall-oak forest habitats. These taxa showed advances in repro-
ductive phenology (F, FBF, and FS), with the exception of the
last one that surprisingly did not show significant trends. The
advancing of orophilous taxa seems to be related to earlier
snowmelt and the increase of late winter and early spring tem-
peratures. An advance in high mountain habitat is linked to a
higher risk to atypical frosts, which potentially increase the
damage and mortality of its taxa (Chmielewski et al. 2004,
Augspurger 2013), However, Anderson et al. (2012) found
that individuals flowering earlier in high mountain conditions
could benefit of the entire growing season maximizing fitness
compared to individuals with late flowering.

The recent study by Pareja-Bonilla et al. (2025) analysed
phenological changes in some thermophilous species; how-
ever, their methodological approach differed from ours as
they did not use herbarium specimens. In our case, we exam-
ined a broader set of thermophilous species, highlighting their
relevance to HCI across a nearby, though distinct, study area.
The affected taxa with HCI of more thermophilous ecological
requirements ranged across several habitat groups
(Supplementary Table S4): HCI4 (heathlands and/or thermo-
philous and xeric rockrose patches), HCIS (arid and semi-arid
shrublands), HCI6 (M. tenacissima grasslands), and HCI9
(OlealCeratonia forests, cork oak forests and holm oak for-
ests). These HCI grouped 49 species with thermophilous ecol-
ogy, of which 39 showed phenological trends (~80%).
Affected taxa ranged from widely distributed tree and shrub
species, such as Quercus rotundifolia and Phillyrea angustifo-
lia, to more restricted range shrub species, such as the narrow
endemic A. serpyllifolium subsp. malacitanum. Within this
group of taxa, it is striking that species with similar phylogen-
etic or ecological characteristics exhibited different pheno-
logical trends. For instance, unlike Q. rotundifolia, Quercus
suber did not show significant trends.

The high number of taxa with changes in the scrub-matorral
(HCIS) and temperate heat and scrub (HCI4) groups is of con-
cern, as a large part of the vegetation landscape in the Baetic
Ranges is composed of these types of communities (Loidi
2017). Scrublands and shrublands encompass one of the high-
est floristic biodiversity in the study area (REDIAM 2020) and
provide shelter and food resources to other species, and struc-
ture to other habitats as well (Van Andel et al. 1993). The
phenological trends that these habitats are experiencing could
impact not only the habitat composition and its diversity but
also other types of habitats such as forests, since scrubs and
shrublands are often its predecessors (Drury and Nisbet
1973, West et al. 1981, Swanson et al. 2011).

Given the importance of the ecosystem services provided by
forest habitats (Moran-Ordéiiez et al. 2021), we highlight that
six characteristic taxa of this habitat group (HCI9) exhibited
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phenological advances and delays. A recent vulnerability as-
sessment ranked from low to high the forests in the south of
Spain, based on their sensitivity and adaptive capacity to cli-
mate change (Hidalgo-Triana et al. 2023b). In the assessment,
the HCI of mixed mountain forest was highly vulnerable to
climate change. Here, A. granatense showed significant ad-
vances in the DVG phenophase. Further, the results found
could be indicating another potential vulnerability for this
habitat. In the same vulnerability assessment, Q. rotundifolia
and Q. suber forests were ranked mid-level in vulnerability;
while here Q. suber did not show phenological trends, but
Q. rotundifolia did in patterns of advance in F and DVG, as
Alcézar et al. (2024) found in the same area. One of the high-
est vulnerable HCI assessed in the same study was the pinsapo
fir forest HCI, here, the flowering phase of A. pinsapo showed
a significant delay with annual T increase. However, the de-
crease of P seems to cause the contrary effect in this species,
provoking an earlier flowering. Although, it should be noted
that recent studies have discovered unexpected capacities of
this species to cope with some climate change challenges
(Cortés-Molino et al. 2022); therefore, this habitat could
have more countering capacities than we expected at first.
The study also reported Olea and Ceratonia forests as the se-
cond least vulnerable HCI with climate change, but here we
found phenological trends in both characteristic taxa (Olea
europaea var. sylvestris and Ceratonia siliqua), matching
with the results of Gordo and Sanz (2005). This is something
that would require greater focus of attention in the next few
years since these phenological trends lead to greater uncer-
tainty about the future of these habitats.

Results regarding the endemic taxa turn out to be important
as they present a very reduced area of distribution across the
Mediterranean Basin. Among the 22 endemisms with pheno-
logical trends, 11 were narrow endemic. Given that these types
of endemisms usually present reduced populations with low
genetic flow and a very narrow optimal range of climatic con-
ditions and distribution (Médail and Baumel 2018), these will
be highly affected in the face of future climate change scen-
arios. A big concern highlighted in phenology conservation
is the potential mismatch between plant phenology and other
trophic levels: primary consumers (granivorous birds or herb-
ivorous insects) and secondary consumers (predatory birds,
mammals, insects, etc.) (Thackeray et al. 2016), since many
plants exhibit seasonal dependencies and interactions with
these trophic groups (Visser and Both 2005, Piao et al.
2019). Alternatively, some interactions with other trophic lev-
els could be beneficial due to a phenological advance. For in-
stance, insect herbivores may have more food resources if
young foliage is available longer, increasing food accessibility
for insectivorous birds as well (Wood et al. 2012, Wood and
Pidgeon 2015), while mammalian herbivores could benefit
from an extension of high-quality forage period (Searle et al.
2015). Further, an earlier phenophase occurrence might help
to gain a greater amount of carbon in seedlings or young trees
(Harrington et al. 1989). Understanding how plant phenology
responds to changing climatic conditions in the different ther-
motypes of the Baetic Ranges is crucial for devising effective
conservation strategies and protecting its high biodiversity.

Limitations of the study

One limitation of using herbarium specimens was the lack of
samples in a specific phenophase in some taxa. More than half
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of the non-analysed taxa were Baetic endemisms, which tend
to have fewer available preserved specimens compared to taxa
with a broader distribution. Nevertheless, we believe that we
have covered most of the available data of these endemisms,
given that we collected all their available specimens from the
herbaria of Granada, Sevilla, Malaga and Madrid, which
are the main herbaria within the study area (except
Madrid). Another limitation we found using herbarium speci-
mens was the potential biases of samplers and plant collectors
(Daruetal. 2018, Ahlstrand et al. 2025). Collectors often visit
sites at the same time of the year, or have scheduled samplings
which could alter the randomness and heterogeneity of the
data. Besides, collectors usually pick up the specimens when
they are flowering rather than fruiting, having less data for
this phenophase. The lower number of phenological shifts
found in FS compared to other earlier phenophases may also
be attributed to a pattern whereby later phenophases seems
to be less responsive to warming than earlier ones (Stuble
et al. 2021, Rondinel-Mendoza et al. 2024). However, we ac-
knowledge that differences in sample size among taxa could
have influenced the results. Another challenge was to correctly
identify specimens that were damaged, degraded, or had suf-
fered from herbivory.

While our results provide valuable insights, further research
is needed to clarify the specific mechanisms driving pheno-
logical shifts. Incorporating additional environmental drivers,
such as chilling and forcing requirements or photoperiod,
could enhance our understanding of phenological responses.
Moreover, including other phenophases, such as leaf fall
and senescence, would offer a more comprehensive view of
the ongoing phenological shifts in the Baetic Ranges.
Furthermore, it is essential to encourage and support herbar-
ium collecting so that future researchers can continue the long-
term tracking of phenological trends, particularly for endemic
and rare taxa, as well as for those that could not be analysed
due to a lack of preserved specimens.
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