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LEAF MORPHOLOGICAL VARIATION IN Ribes
alpinum L. ACROSS ELEVATION GRADIENTS IN THE
NORTH-WESTERN DINARIC ALPS: EVIDENCE OF
PHENOTYPIC PLASTICITY AND HABITAT INFLUENCE

Igor POLJAK™, Marijan VUKOVIC', Ana VUKOVIC', Matija MAGDIC', Antonio VIDAKOVIC', Ivana ZEGNAL?,

Doris MARJANOVIC', Irena SAPIC'

SUMMARY

Mountain ecosystems are shaped by steep environmental gradients that influence plant morphology and
adaptation. Ribes alpinum L., a deciduous shrub with a wide European distribution, remains poorly studied
in terms of its intraspecific variability. This study aimed to investigate leaf morphological variation across
five natural populations from the Dinaric Alps, focusing on differences in leaf size and shape in relation
to elevation and habitat conditions. Leaves were sampled from four populations and photographed in situ
at a fifth site located within a strict nature reserve. Ten morphometric traits were measured—five related
to leaf size (e.g., area, length, petiole length) and five describing leaf shape and lobe configuration. Statis-
tical analyses revealed significant differences among populations in seven traits, with leaf size parameters
showing the greatest divergence. Populations from contrasting elevations were consistently identified as
morphologically distinct. The low-elevation population showed the greatest degree of within-population
morphological diversity, likely reflecting the influence of heterogeneous terrain and fine-scale microha-
bitat variation. Multivariate analyses (PCA and clustering) confirmed population-level structuring, while
Redundancy Analysis (RDA) showed that geographic coordinates had no significant influence on trait
variation. Instead, elevation-related environmental gradients emerged as the dominant drivers of morpho-
logical differentiation. These findings suggest that leaf traits in Ribes alpinum are shaped primarily by local
ecological pressures, reflecting phenotypic plasticity rather than broad spatial separation. The study highli-
ghts the adaptive flexibility of Ribes alpinum and underscores the ecological importance of the Dinaric Alps
as a valuable setting for investigating plant responses to environmental heterogeneity.
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INTRODUCTION

Mountain ecosystems are among the most ecologically
and biogeographically distinctive regions on Earth. Cha-
racterized by steep environmental gradients, fragmented
landscapes, and pronounced spatiotemporal heteroge-
neity, they often function as isolated ecological islands
(Korner 2003, Flantua et al. 2020). These environments
support a high number of endemic and specialized

species, particularly among plants adapted to narrow
altitudinal niches (Lomolino 2001, Steinbauer et al.
2016, Perrigo et al. 2019). Yet, the same factors that foster
diversification also make mountain flora especially vul-
nerable to environmental disturbances. Climate change
and land-use pressures increasingly threaten alpine and
subalpine plant populations (Steinbauer et al. 2018, Han-
jali¢ Kurtovi¢ et al. 2025), many of which are confined to
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rear-edge habitats with limited dispersal potential (Watts
et al. 2022). Understanding the variability of mountain
plants is therefore essential — not only for documenting
their adaptive strategies, but also for guiding conserva-
tion efforts aimed at preserving evolutionary potential
under accelerating global change.

The morphology of mountain plants is shaped by a
complex interplay of abiotic stressors and microhabitat
diversity. Alpine environments impose extreme con-
ditions - low temperatures, high UV radiation, short
growing seasons, and mechanical stress from wind and
snow - that favour compact growth forms, reduced sta-
ture, and specialized leaf and root traits (Kérner 2003).
Morphological adaptations such as reduced plant height,
dense leaf hairiness, cushion-like or rosette architecture,
and robust root systems are common strategies that
enhance thermal buffering, reduce water loss, and pro-
tect meristems from frost damage (Neuner 2014, Zhang
et al. 2021, Rai et al. 2025). These traits are not merely
passive responses but reflect evolutionary innovations
that enable survival in topographically complex and cli-
matically unstable habitats.

One of the most influential factors shaping leaf morp-
hology in alpine plants is altitudinal variation. Elevation
affects temperature regimes, atmospheric pressure, and
solar radiation intensity, all of which directly influence
leaf size, thickness, and anatomical structure (Korner et
al. 1989, Korner 2003). Numerous studies have shown
that leaf area tends to decrease with increasing elevation
(Korner et al. 1986, Milla and Reich 2011, Poljak et al.
2018, Liu et al. 2020, Ke et al. 2022), while traits such as
leaf hairiness and margin complexity often increase as
adaptive responses to harsher conditions (Korner 2003,
Moles et al. 2020, Wang et al. 2022). Additionally, topog-
raphic heterogeneity creates fine-scale habitat mosaics
(Bruun etal. 2006, Ford et al. 2013, Bueno de Mesquita et
al. 2018), where soil moisture, snow cover duration, and
nutrient availability vary dramatically over short dis-
tances. These environmental pressures frequently lead
to high intraspecific morphological variability (Korner
2003, Boucher et al. 2013, Opedal et al. 2015), especi-
ally in traits related to leaf size, shape, and architecture.
Such variability may reflect both phenotypic plasticity
and underlying genetic differentiation (Gonzalo-Turpin
and Hazard 2009), making morphometric analyses a va-
luable tool for detecting population-level divergence and
potential local adaptation.

Ribes alpinum L. - commonly known as mountain or
alpine currant - is a deciduous shrub from the family
Grossulariaceae, typically reaching up to 1.5 meters in
height (Schiitt 2011). It lacks spines and features small,
palmately lobed leaves (up to 5 cm), with finely toothed
margins and a variable number of lobes (usually th-
ree to five). The species is functionally dioecious, with
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male inflorescences forming upright racemes of 10-30
flowers, and female racemes bearing 2-10 flowers (IdZoj-
ti¢ 2019). The fruits are smooth, red berries with little
taste, maturing in mid to late summer. Despite its wide
distribution across Europe and southwestern Asia (Hegi
1961, Kriissmann 1962), Ribes alpinum remains poorly
studied from a morphological and ecological perspecti-
ve. Most available data are limited to floristic records and
general habitat descriptions (Horvat 1937, Vukeli¢ and
Raus 1998, Vukeli¢ et al. 2011, Vukeli¢ 2012, Dakskobler
and Rozman 2021, Sirovica 2025), with no insights into
its adaptive traits or population-level differentiation.

Ecologically, Ribes alpinum occupies a broad range of
habitats — from lowland forests in northern Europe to
montane and subalpine zones in the south (Weber 1995).
In Central and Northern Europe, it grows from sea level
up to approximately 2000 meters, with upper elevation
limits reaching around 2020 meters in the Swiss Alps
(Schiitt 2011). However, in southern parts of its range
- including the Dinaric Alps - the species is largely rest-
ricted to mountainous terrain. In the Dinarides, Ribes
alpinum is typically found along forest edges and rocky
slopes, but it also colonizes open high-altitude habitats
such as dwarf pine (Pinus mugo Turra) shrublands (Hor-
vat 1937, Vukeli¢ 2012). It thrives in shady microhabi-
tats with moderate soil moisture (Ellenberg 1979), often
within mixed stands of beech (Fagus sylvatica L.), fir
(Abies alba Mill.), spruce (Picea abies (L.) H.Karst.), and
sycamore maple (Acer pseudoplatanus L.) (Vukeli¢ et al.
2011). The Dinaric Alps are especially notable for their
rich plant diversity and ecological complexity (Médail
and Diadema 2009, Brus 2010, Médail et al. 2019, Liber
et al. 2020), yet no prior research has examined how the-
se conditions influence morphological variation in Ribes
alpinum, making the region an ideal setting for studying
adaptive responses in mountain flora.

This study investigates leaf morphology across five na-
tural populations of Ribes alpinum in Croatia, sampled
from sites differing in elevation, habitat structure, and
microclimatic conditions. The populations span both
shaded forest margins and open subalpine habitats, inc-
luding dwarf pine shrublands. Through detailed morp-
hometric analyses, we aim to quantify variation within
and among populations and assess the extent to which
this variation is shaped by geographic factors, as well as
environmental conditions like elevation, light exposure,
temperature, and precipitation. Importantly, we consi-
der the role of phenotypic plasticity, recognizing that the
observed morphological differences may reflect flexible
responses to local conditions rather than fixed genetic
divergence. We hypothesize that (1) leaf morphology
will vary significantly with elevation and habitat open-
ness, and (2) populations from higher altitudes and more
exposed sites will exhibit traits associated with alpine



adaptation, such as reduced leaf size. By disentangling
the relative influence of geographic and environmental
drivers, this research contributes to a deeper understan-
ding of plant adaptation in mountain ecosystems and hi-
ghlights the ecological significance of the Dinaric Alps as
a natural laboratory for studying evolutionary processes.

MATERIALS AND METHODS

Sample collection

During the 2023 field season, fully developed and inta-
ct alpine currant leaves were sampled from five natural
populations across the Dinaric Alps in Croatia: Snjez-
nik (P1), Risnjak (P2), Bijele and Samarske stijene (P3),
Zavizan (P4), and Zec¢jak (P5) (Table 1, Figure 1). From
four populations (P1, P2, P4, and P5), leaf material was
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physically collected in the field and immediately stored
in cardboard folders for transport to the Herbarium
DEND (Faculty of Forestry and Wood Technology, Uni-
versity of Zagreb), where it was permanently deposited.
At each site, 20 leaves were collected from as many in-
dividual shrubs as possible, usually between 7 and 12
shrubs per site. In the case of the P3 population, located
within the strictly protected Bijele and Samarske stije-
ne nature reserve, sampling was carried out through in
situ photographic documentation with a visible scale,
and subsequent morphometric analyses were performed
using these images. All fieldwork in the protected are-
as was conducted under official permission granted by
the Ministry of Economy and Sustainable Development
(UP/1 612-07/21-33/57).

Table 1 Populations, sampling sites, geographic coordinates, altitude, and bioclimatic variables (BIO1, BI09, BIO17) used in redundancy analysis (RDA), along
with multivariate diversity index (MDI) for five mountain currant (Ribes alpinum L.) populations. Bioclimatic variables: BIO1 (mean annual temperature), BI0O9
(mean temperature of the driest quarter), and BIO17 (precipitation of the driest quarter).

Poplfllsation Population Latitude Longitude
P1 Snjeznik 45.443076 14.577918
P2 Risnjak 45.427662 14.622818
P3 Bijele and Samarske stijene  45.225201 14.968227
P4 Zavizan 44.801167 14.972380
P5 ZeCjak 44.702748 14.992914

Altitude
1391 4.48 -2.53 382 3.12
1384 4.39 -2.60 384 2.18
1280 5.48 -1.58 356 4.60
1608 4.00 11.85 358 3.43
1600 4.08 11.97 345 2.84

Flgure 1 Geogrgghlc distribution of the five natural populations of mountain currant (Ribes alpmum L.) sampled in the Dinaric Alps. Populations are labelled as follows:

— Snjeznik,

Risnjak, P3 - Bijele and Samarske stijene, P4 — Zavizan, and P5 — Zecjak.



Morphometric analysis

Following field collection, all mountain currant leaves
were immediately pressed between absorbent sheets to
ensure flattening and desiccation, and subsequently her-
barized. Dried leaves were scanned at 600 dpi using a
MICROTEK ScanMaker 4800 and saved in TIFF for-
mat. Leaf outlines were analysed using WinFolia™ 2001
software, together with in situ photographs from the
Bijele and Samarske stijene population (P3). A total of
ten morphological parameters were measured (Table 2,

Table 2 Leaf morphometric traits included in this research.
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Figure 2), including traits related to leaf size and shape.
Measurements were performed using the “Leaf Morpho-
logy” and “Interactive Measurements” functions, focu-
sing on overall dimensions, petiole length, base angles,
and lobe geometry. Acronyms and detailed trait definiti-
ons are provided in Table 2.

Statistical analysis

Descriptive statistical analyses were carried out for all
examined traits in accordance with the methodology out-
lined by Sokal and Rohlf (2012). The following parame-

Trait acronym Trait

LA

LL

MLW

PMLW

PL

LBA1

LBA2

ALA

SAC

LTA

Leaf area (cm?)

Leaf length (cm)

Maximal leaf width (cm)

Distance from the leaf base to the point of maximal leaf width (cm)

Petiole length (cm)

Angle closed by the main leaf vein and the line defined by the leaf blade base and a point on the leaf margin at 10% of

leaf blade length (°)

Angle closed by the main leaf vein and the line defined by the leaf blade base and a point on the leaf margin at 25% of

leaf blade length (°)

Angle between the vectors drawn from the leaf base to the tips of the left and right lobes (°)
Angle enclosed between the sinuses of the left and right lobes and the apex of the central lobe (°)

Angle formed by the apex of the left lateral lobe, the apex of the central lobe, and the point at the sinus separating them

PMLW

LL

ALA

PL

Figure 2 Measured leaf morphological traits of Ribes alpinum L. (for description see Table 2). lllustration created by Anamarija Zegnal.
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ters were calculated: arithmetic mean, median, minimum,
maximum, lower quartile (Q1), upper quartile (Q3), stan-
dard deviation, and coeflicient of variation (%). These sta-
tistics were computed collectively across all samples (45
shrubs) using the dplyr package (Wickham et al. 2025) in
R Statistical Software (v4.4.0, R Core Team 2025).

To assess differences among populations, a one-way
analysis of variance (ANOVA) was performed for each
trait using the aov() function, followed by Tukey’s Ho-
nest Significant Difference (HSD) test via the TukeyH-
SD() function. Homogeneous groups were identified
with the aid of the multcompView package (Graves et
al. 2024), and labelled using letter annotations (e.g., “@’,
“ab’, “b” “bc”, “c”) to indicate statistically non-significant
differences.

Box plots were generated for each trait using ggplot2 pa-
ckage in R (Wickham 2016) to visualize trait distributi-
ons across populations. Each box plot displays the first
quartile (Q1), third quartile (Q3), and the interquarti-
le range (IQR = Q3 — Q1). The whiskers extend to the
smallest and largest values within 1.5 x IQR from the
lower and upper quartiles, respectively. Outliers beyond
this range are shown as individual points. The median,
representing the central tendency of the data, is depicted
as a horizontal line within the box. Letter groupings de-
rived from Tukey’s HSD tests were displayed above each
box to indicate statistically homogeneous groups.
Principal component analysis (PCA) was conducted to
examine patterns of variation among individuals and po-
pulations based on morphometric traits. The analysis was
performed in R using the FactoMineR (Lé et al. 2018),
factoextra (Kassambara and Mundt 2020), and ggplot2
(Wickham 2016) packages. Prior to PCA, input variab-
les were standardized, and trait columns were filtered to
retain only numerical data. Eigenvalues, explained vari-
ance, and loadings were extracted to assess component
significance and trait contributions. Visualization out-
puts included scree plots and variable contribution diag-
rams, providing insights into trait influence on principal
components. A biplot was constructed using the first two
principal components, allowing simultaneous interpreta-
tion of both individual clustering and variable orientati-
ons. Contributions (cos” values and percentage influen-
ce) of individual traits and samples were calculated and
graphically represented to identify patterns of association
and structural differentiation among populations.
Euclidean distances were calculated between all pairs of
individuals based on their scores from the first two prin-
cipal components, considering a total of 10 leaf morpho-
logical parameters. The mean Euclidean distance within
each population was used to derive a multivariate diver-
sity index (MDI) as described by Poljak et al. (2024).
The clustering tendency of the dataset was assessed using

the Hopkins statistic, implemented via the hopkins()
function from the clustertend package in R (Wright et
al. 2023). This test was used to determine the appropria-
teness of applying cluster-based algorithms. To identify
the optimal number of clusters, several validity indices
- including silhouette width and within-cluster sum of
squares — were examined across multiple k-values. Based
on these evaluations, k-values of 3 and 4 were selected
for further analysis. K-means clustering was performed
using standardized leaf trait variables through the kme-
ans() function in R. The resulting cluster memberships
were visualized using scatter plots generated with the
factoextra (Kassambara and Mundt 2020) and ggplot2
(Wickham 2016) packages, providing a graphical over-
view of the sample distribution across clusters.

To explore the influence of geographic and environ-
mental factors on leaf morphology in Ribes alpinum, we
performed Redundancy Analysis (RDA) using the vegan
package (v2.6-4, Oksanen et al. 2022) within R Statistical
Software (v4.4.0, R Core Team 2025). Leaf morphologi-
cal traits showing lower intercorrelation (r < 0.85) and
significant population-level differentiation were selected
as response variables. Prior to ordination, these traits
were Hellinger-transformed to reduce scale dependency
and conform to assumptions of constrained ordination.
Predictor variables were categorized into two sets: geog-
raphic predictors, which included latitude and longitude,
and environmental predictors, comprising altitude and
bioclimatic variables. Altitude data were obtained inde-
pendently using GPS measurements, while bioclimatic
data were retrieved from WorldClim v2.1 (Fick and Hij-
mans 2017) at 30 arc-second resolution. Initial environ-
mental dataset included 19 bioclimatic layers; multicol-
linearity among them was addressed using the vifstep
procedure from the usdm package (Naimi et al. 2014),
retaining BIO1 (mean annual temperature), BIO9 (mean
temperature of the driest quarter), and BIO17 (precipi-
tation of the driest quarter) as final climatic predictors.
All predictors were standardized (z-transformed) prior
to the analysis. To partition variation attributable to cli-
mate and geography, three RDA models were construc-
ted: (1) a full RDA model including both environmen-
tal and geographic predictors; (2) a partial RDA where
environmental effects were conditioned on geography
(environment | geography); and (3) a partial RDA whe-
re geographic effects were conditioned on environment
(geography | environment). Significance of the models
was assessed using permutation tests (999 iterations),
and adjusted R” was used to evaluate explanatory power.
Ordination scores for sites, traits, and predictors were vi-
sualized in biplots using ggplot2 (Wickham 2016), with
enhancements via ggrepel (Slowikowski 2024) and ggsci
palettes (Xiao 2024).
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RESULTS

Descriptive statistics for each trait across all 45 shrubs
in the overall sample are presented in Table 3. On ave-
rage, leaves of Ribes alpinum measured 1.98 cm in length
and 2.21 cm in width, with petioles averaging 1.57 cm.
Among all measured traits, the least variable were the
leaf base angles (LBA1 and LBA2), with coefficient of
variation (CV) values of 3.27% and 3.76%, respectively.
Angles obtained through interactive measurements also
exhibited low variability, with CVs ranging from 7.81%
to 12.3%. In contrast, LA was by far the most variable
trait, with a CV of 55.8%, followed by petiole length (PL)
at 34.6%. Other traits related to leaf dimensions showed
medium to high variability across the sample. Leaf length
(LL) had a CV of 24.6%, maximum leaf width (MLW) of
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25.7%, and the position of maximum width (PMLW) of
27.8%. Although these values were lower than those for
leaf area and petiole length, they still reflected a substan-
tial degree of morphological variation.

Descriptive statistics and results of the Tukey’s HSD test
are presented in Figure 3. The analysis revealed clear
distinctions among populations based on leaf morpho-
logy, with statistically significant differences observed in
seven out of ten traits: LA, LL, MLW, PMLW, PL, ALA
and SAC. Population P3 consistently formed a separate
homogeneous group, showing significantly higher valu-
es for leaf area (LA), leaf length (LL), maximal leaf width
(MLW), petiole length (PL), and the distance to maxi-
mal leaf width (PMLW). In contrast, populations PI,
P2, and P4, frequently grouped together, showed similar
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Figure 3 Variation in leaf morphological traits across five natural populations of mountain currant (Ribes alpinum L.) in the Dinaric Alps illustrated by box plots showing
the first and third quartiles, interquartile range, and median values, with whiskers extending 1.5 times the interquartile range, outliers depicted as individual points, and
statistically homogeneous groups identified by letter annotations based on Tukey’s HSD tests following one-way ANOVA. Populations labelled as in Table 1 and trait

acronyms as in Table 2.
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Table 3 Descriptive statistics of morphological variability in mountain currant (Ribes alpinum L.) across five populations in the Dinaric Alps, Croatia. Trait

acronyms as in Table 2.

Descriptive parameters

ogan MO MO 1 gty g Sinded  Colicin
LA (cm?) 3.16 2.94 0.96 9.69 2.05 3.42 1.76 55.8
LL (cm) 1.98 1.94 1.21 3.57 1.70 2.06 0.49 24.6
MLW (cm) 2.21 2.05 1.19 3.91 1.90 2.46 0.57 25.1
PMLW (cm) 0.85 0.80 0.47 1.60 0.72 0.93 0.24 27.8
PL (cm) 1.57 1.46 0.71 3.31 1.25 1.83 0.54 34.6
LBA1 (°) 74.8 75.2 65.8 79.0 73.8 76.1 2.44 3.21
LBA2 (°) 61.9 61.8 56.4 67.2 60.5 63.3 2.33 3.76
ALA (°) 1M1 11 90.1 130 107 117 8.67 7.81
SAC (°) 54.9 54.9 39.0 68.6 50.0 58.5 6.74 12.3
LTA (°) 85.4 84.9 69.2 108 79.5 90.5 7.91 9.25

trait values, while P5 displayed intermediate values and
occasionally overlapped with other groups. Population
P4, within this broader cluster, consistently displayed
the lowest median values for LA, LL, MLW, and PMLW.
For LL and MLW in particular, P4 formed a distinct ho-
mogeneous group, underscoring its tendency toward re-
duced leaf size compared to all other populations. When
examining traits related to leaf base and apex geometry
(LBA1, LBA2, and LTA), all populations fell into a single
homogeneous group, indicating high uniformity in these
structural parameters. Meanwhile, traits associated with
lobe configuration — namely ALA and SAC - showed
moderate differentiation. For ALA, P4 was grouped with
P2 and P3, forming a subset with higher values, whereas
P1 and P5 fell into a group with lower trait expression.
Regarding SAC, P4 was classified into group “a’, while P5

Groups @ P1 O P2 @ P3 @ P4 @ P5

Contribution of variables to PC-1

15
10 -+ | - -
5
0
MLW LA il

Contributions (%)

Contrib 6

formed a distinct group “b”; the remaining populations
(P1, P2, and P3) occupied overlapping groupings (“ab”),
indicating intermediate positioning. These patterns su-
ggest that although P4 did not always form an entirely
separate group, it consistently tended toward elevated
values in lobe angle traits.

The first three principal components had eigenvalues
above 1, and explained 92.3% of total variability. The
first principal component, which explained 52.7% of
total variability, was in a high positive correlation with
LA, LL, MLW, PMLW and PL, i.e. all of the morpho-
metric parameters referring to the leaf size. The second
principal component explained additional 28.4% of total
variability, and was highly positively correlated with
LBAI1, LBA2 and LTA (Figure 4). Additional 11.2% of
total variability was explained by the third principal

>8 — 10 -
Contrib i
6 8 10

" PMLW SAC ALA LBA1 LTA LBA2
PCA - Biplot Contribution of variables to PC-2
! La- | !
i MLW- I 1
4 ey w-fi
- I Y | !
) 2% o b %® :
g b . so-
g e © @ e ) '
8 0T G e e e o [
& o"i%g e {
° =»® 5 > © ALA- -
o S50 S d
° !
| ° - [
e i
| . I .
5 0 5 10 N o o )

PC1 (52.7%)

Figure 4 Principal Component Analysis (PCA) of leaf morphological traits in mountain currant (Ribes alpinum L.) individuals across five natural populations in the Dinaric
Alps. Biplot displays individuals as coloured points based on population affiliation (as in Table 1), with ellipses outlining clustering patterns. Overlaid arrows repre-
sent direction and magnitude of morphological traits, with colour shading indicating trait contributions. Accompanying plots (above and to the right) display variable
contributions to the PC variance. A red dashed reference line indicates the 10% threshold used to highlight variables with notable contribution. Trait acronyms follow

definitions in Table 2.
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component, which was positively correlated with SAC.
The biplot of the principal component analysis based
on 10 morphological parameters is shown in Figure 4.
Although most of the samples were highly intermixed, a
clear separation of populations Zavizan (P4) and Bijele
and Samarske stijene (P3) along the first PC axis is
visible. Namely, individuals within population Zavizan
(P4) were grouped on the left side of the diagram, and
characterized by the smallest leaves, while individuals
within population Bijele and Samarske stijene (P3) were
grouped on the right side of the diagram and characteri-
zed by the largest leaves.

To evaluate morphological variability within populati-
ons, a multivariate diversity index (MDI) was calcula-
ted for each of the five studied populations based on the
mean Euclidean distance between individuals, derived
from their scores along the first two principal compo-
nents encompassing ten leaf morphological traits (Table
1). The highest intra-population diversity was observed
in the Bijele and Samarske stijene population (P3, MDI
= 4.60), followed by Zavizan (P4, MDI = 3.43), Snjeznik
(P1, MDI = 3.12), and Ze¢jak (P5, MDI = 2.84), while
the lowest diversity was recorded in Risnjak (P2, MDI =
2.18). These values reveal notable variation in leaf morp-
hology among individuals across populations.
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Clustering tendency was confirmed by a high Hopkins
statistic (0.9988), indicating a strong underlying struc-
ture suitable for clustering. Based on silhouette analysis
and other validation indices, both three-cluster (k = 3)
and four-cluster (k = 4) solutions were identified as opti-
mal. In the k = 3 configuration (Figure 5), samples from
population P3 were predominantly assigned to Cluster
1, forming a distinct group, while most individuals from
P1, P2, P4, and P5 appeared in Cluster 2, with scattered
assignments to Cluster 3. The k=4 solution provided fi-
ner separation (Figure 6), with P3 samples mainly grou-
ped into Cluster 3 and P5 samples frequently into Cluster
1. Populations P1 and P2 showed dominant membership
in Cluster 1 but with consistent representation in Cluster
2 as well. Notably, population P4 showed a dominant af-
filiation with Cluster 4, with 67% of its individuals grou-
ped therein. Although individuals from P4 appeared ac-
ross all clusters, this concentration in Cluster 4 suggests
the emergence of a distinct morphological subset within
the population.

Redundancy analysis (RDA) revealed that environmental
factors, including altitude and bioclimatic variables,
were the primary drivers of leaf morphological variation
in Ribes alpinum (Table 4). The full RDA model, which
incorporated both environmental and geographic
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Figure 5 Factor map showing mountain currant (Ribes alpinum L.) individuals grouped into three clusters (k = 3) based on leaf morphological traits. Individuals are
plotted as smaller symbols coloured by cluster affiliation, with larger symbols representing cluster centroids. Population labels are as in Table 1.
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Table 4 Performance metrics for full and partial RDA models assessing the effects of environmental and geographic predictors on leaf morphological
variation in mountain currant (Ribes alpinum L.). Adjusted R?, F-values, and p-values are based on permutation tests with 999 iterations.

Model Predictors/effect R?

RDA,, Environment + Geography 0.455
pRDA | Environment | Geography 0.197
pRDAgeo Geography | Environment 0.011

predictors, explained 45.5% of the total variation
(adjusted R* = 0.369) and was statistically significant (F
= 52966, p = 0.001). After accounting for geographic
effects, the pure environmental component remained
significant, explaining 19.7% of the variation (adjusted
R? =0.147, F = 3.4439, p = 0.001). In contrast, the pure
geographic effect explained only 1.1% of the variation
and was not statistically significant (adjusted R*> =
-0.019, F = 0.3904, p = 0.797). These results emphasize
the predominant role of local environmental conditions
- particularly temperature and elevation - in shaping
leaf morphology across populations, whereas spatial
position alone did not exhibit a detectable effect once
environmental differences were controlled for.

The RDA ordination plot (Figure 7) provides a visual rep-
resentation of the relationship between leaf morphological
traits and the underlying environmental and geographic

Rzadi F-value p-value
0.369 5.2966 0.001
0.147 3.4439 0.001
-0.019 0.3904 0.797

gradients. The strongest contributors to the first RDA axis
(RDA1), which explains the majority of constrained varia-
tion, were BIO1 (annual mean temperature) and altitude.
These variables showed high loadings on RDA1 (BIO1 =
0.798; altitude = -0.721) and were highly correlated with
leaf morphology (r* = 0.372 and 0.305, respectively; p =
0.001), indicating that temperature and elevation are the
primary environmental drivers of trait divergence in Ribes
alpinum. Conversely, BIO9 (mean temperature of the driest
quarter), BIO17 (precipitation of the driest quarter), and
geographic coordinates (latitude and longitude) had low r?
values and were not statistically significant (p > 0.1), sug-
gesting minor or negligible influence on morphological va-
riation. Loadings on RDA2 were generally lower, and none
of the predictors showed strong contribution to this axis,
implying that most variation is captured along RDAL1.
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Figure 6 Factor map showing mountain currant (Ribes alpinum L.) individuals grouped into four clusters (k = 4) based on leaf morphological traits. Individuals are plotted
as smaller symbols coloured by cluster affiliation, with larger symbols representing cluster centroids. Population labels are as in Table 1.
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Figure 7 RDA ordination plot visualizing population-level variation in leaf morphological traits of mountain currant (Ribes alpinum L.) in relation to environmental and
geographical gradients across five natural populations. Individuals are shown as coloured circles grouped by population (labels as in Table 1), morphological traits are
displayed as square markers (acronyms as in Table 2), and environmental/geographic predictors are represented by vectors indicating direction and magnitude of
association. The ordination highlights spatial and ecological structuring of trait variation.

DISCUSSION

The morphological data obtained from five natural po-
pulations of Ribes alpinum across the Dinaric Alps of
Croatia reveal pronounced variation in leaf size and sha-
pe, underscoring the complexity of phenotypic expres-
sion within the species. This variation reflects differing
degrees of developmental stability and plasticity across
measured traits. Leaf dimension traits — such as length,
width, and petiole length — showed moderate to high va-
riability, suggesting that these parameters are particular-
ly sensitive to microenvironmental influences. Notably,
petiole length and total leaf area were especially variable,
potentially indicating functional adjustments linked to
photosynthetic optimization or mechanical support (Ta-
kenaka 1994, Filartiga et al. 2022). In contrast, shape-re-
lated traits — especially those quantifying leaf geometry
- remained remarkably consistent across individuals and
populations, implying structural conservatism and redu-
ced environmental responsiveness. This contrast betwe-
en size-related plasticity and geometric stability highli-
ghts the multifactorial architecture of leat morphology,
where certain traits exhibit dynamic shifts, while others
are under tighter developmental or genetic control.

The analysis of morphological variability revealed sig-

nificant differences among populations in seven out of
ten measured traits, with leaf size parameters showing
the greatest divergence. This suggests that populations of
Ribes alpinum differ more in the overall dimensions of
their leaves than in their geometric shape, pointing to a
stronger influence of phenotypic plasticity in size-related
traits. Among all populations, P3 (Bijele and Samarske
stijene) exhibited the highest within-population variabi-
lity (MDI = 4.60), likely reflecting the exceptional habitat
heterogeneity of this site (Vuceli¢ 1987, Sirovica 2025).
The landscape is characterized by rocky outcrops, shal-
low soil pockets, and transition zones along fir-spruce
forest edges. Many shrubs were found growing in these
marginal microhabitats, where soil depth and moisture
availability change drastically over short distances. Such
spatial heterogeneity may foster plastic responses in leaf
morphology, enabling individual plants to modulate
their traits in response to localized environmental con-
ditions (Korner 2003, Boucher et al. 2013, Opedal et al.
2015).

Multivariate analyses revealed clear morphological stru-
cturing among populations of Ribes alpinum, with PCA
and k-means clustering consistently distinguishing P3
(Bijele and Samarske stijene) and P4 (Zavizan) as the
most divergent groups. Although PCA showed partial
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overlap among individuals, the first principal compo-
nent — strongly associated with leaf size traits — separa-
ted P3 and P4 along a clear gradient. P3, sampled from
the lowest elevation site (1280 m), was characterized by
larger leaves and formed a coherent cluster in both k = 3
and k = 4 solutions. In contrast, P4, from the highest
elevation site (1608 m), exhibited markedly smaller le-
aves and showed dominant affiliation with Cluster 4 in
the k = 4 configuration, suggesting the emergence of a
distinct high-altitude morphotype. These patterns align
with broader ecological findings that leaf size tends to
decrease with increasing altitude due to lower tempera-
tures, increased solar radiation, and reduced atmosphe-
ric pressure, which collectively constrain leaf expansion
and favour compact morphologies for thermal and hyd-
raulic efficiency (Korner et al. 1986, Korner 2003, Milla
and Reich 2011). Whether these morphological differen-
ces stem primarily from phenotypic plasticity - flexible
trait expression under environmental influence - or rep-
resent true local adaptation driven by selective pressures,
remains uncertain. Phenotypic plasticity likely enables
populations to modulate trait expression in response to
environmental variability (Crispo 2008). However, when
such plastic responses are consistently favoured across
generations, they may become developmentally canali-
zed and ultimately contribute to adaptive divergence. In
reality, both mechanisms often act in tandem (Nicotra
et al. 2010, Nonaka et al. 2015), and their relative cont-
ribution may vary across traits, environments, and po-
pulations.

Recent studies further suggest that phenotypic plasticity
may be mediated by epigenetic mechanisms, particular-
ly DNA methylation, which has been shown to increase
in variance under stressful conditions such as elevated
radiation (Nicotra et al. 2015). These epigenetic modifi-
cations can influence ecologically relevant traits without
altering the underlying genetic code, providing a rapid
and reversible source of phenotypic variation (Rapp and
Wendel 2005; Bossdorf et al. 2008). Although direct evi-
dence remains limited, such mechanisms may contribu-
te to the observed morphological shifts in alpine plant
populations, including Ribes alpinum, and enhance their
capacity to persist under changing climatic conditions.

Redundancy Analysis (RDA) revealed that geographic
coordinates — specifically latitude and longitude - did
not significantly contribute to the observed morpho-
logical variation among populations of Ribes alpinum.
This suggests that horizontal spatial positioning across
the Dinaric Alps has limited explanatory power for leaf
trait variability (Vidakovi¢ et al. 2025). In contrast, ele-
vation-related environmental gradients — such as tempe-
rature, solar radiation, and habitat structure - emerged
as the dominant factors influencing morphological diffe-
rentiation. These vertical gradients shape microclimatic

conditions more directly and consistently than geograp-
hic location (Korner et al. 1986, Korner 2003, 2007), es-
pecially in mountainous terrain where ecological tran-
sitions occur over short distances. The lack of correlati-
on with geographic coordinates reinforces the idea that
local environmental pressures, rather than broad spatial
separation, are the main drivers of trait variation in Ri-
bes alpinum across the Croatian Dinarides. Comparable
findings were reported for Dianthus sylvestris Wulfen in
the Balkan Peninsula, where environmental factors were
shown to play a potentially more important role than ge-
ography in shaping morphological variability (Terlevi¢
et al. 2023).

Although our study revealed a clear elevational signal in
leaf morphology, particularly in leaf size traits, it is im-
portant to note that elevation does not uniformly shape
plant traits across species or even within species (de Vil-
lemereuil et al. 2018, Lampei et al. 2019, Liu et al. 2023,
Vidakovic¢ et al 2025). Notably, phenotypic responses are
often population-specific (Pfennigwerth et al. 2017), as
illustrated in our dataset by population P5, which occu-
pies a relatively high elevation, slightly lower than P4, yet
displayed intermediate leaf sizes compared to both lower
(P3) and higher (P4) elevation populations. This unexpe-
cted pattern may reflect microhabitat complexity within
the sampling area: individuals from P5 occurred along
a transitional ecotone between subalpine dwarf pine
stands and the upper belt of beech-dominated monta-
ne forests, potentially experiencing moderate light, soil,
and temperature conditions. Such ecotonal zones can
buffer plants from extreme alpine stressors or lowland
competition, resulting in intermediate trait expression.
Similar population-specific responses have been docu-
mented in other woody taxa. For instance, Pfennigwerth
et al. (2017) found that trait variation in Rhododendron
maximum L. across elevation gradients in the Appalac-
hian Mountains was largely driven by phenotypic plas-
ticity, with trait-environment associations differing sig-
nificantly across sites. This suggests that morphological
differentiation along elevational gradients arises through
a spectrum of plastic and genetic mechanisms, whose
relative contributions vary among taxa, traits, and eco-
logical settings.

Additional observations from cultivated specimens of
Ribes alpinum grown in Croatian arboreta and botani-
cal gardens - typically located at low elevations, slightly
above 100 m a.s.l. - provide compelling evidence of the
species’ morphological responsiveness to environmental
variation. In these lowland settings, leaves were consis-
tently larger than those recorded in natural montane po-
pulations, often exceeding the upper range documented
in our study. Moreover, cultivated plants exhibited a ne-
ar-complete absence of trichomes, which are otherwise
prominent on leaves from high-altitude habitats. These



differences suggest that phenotypic plasticity in Ribes al-
pinum extends beyond leaf size to include surface traits,
highlighting the species’ capacity to modulate its morp-
hology in response to habitat structure and elevation.
These observations are further supported by data from
dendrological literature, which typically reports leaf si-
zes ranging from 3 to 5 cm (Hegi 1961, Kriissmann 1962,
Schiitt 2011), in contrast to the average dimensions of
approximately 2 cm recorded in our montane samples.
This discrepancy likely reflects the limited ecological
scope of earlier descriptions, probably based on herbari-
um specimens of lowland populations from the northern
parts of the species’ natural range, where Ribes alpinum
is known to occur in lowland habitats (Weber 1995, Sc-
hiitt 2011). In contrast, our findings, derived from in
situ sampling across diverse high-elevation sites in the
Dinaric Alps, underscore the importance of ecological
context in morphological assessments and highlight the
need for geographically and environmentally inclusive
trait documentation.

Taken together, these results emphasize the practical sig-
nificance of integrating field-based measurements with
broader ecological and biogeographical perspectives. By
capturing both inter- and intra-population variability,
such studies not only refine species-level trait descrip-
tions but also contribute to a deeper understanding of
how environmental gradients shape plant morphology.
This has implications for conservation, habitat manage-
ment, and predictive modelling under changing climatic
conditions, in which trait plasticity may play a key role in
species resilience and adaptive potential.

CONCLUSIONS

The morphometric analysis of Ribes alpinum populations
in the Dinaric Alps revealed substantial variation in leaf
traits, primarily driven by elevation-related environmen-
tal gradients rather than geographic positioning. Leaf
size traits exhibited greater variability than shape-rela-
ted parameters, suggesting a strong role of phenotypic
plasticity in response to local microclimatic conditions.
Populations from contrasting altitudes — particularly P3
and P4 - showed clear morphological differentiation,
with P3 also displaying the highest within-population
diversity, likely due to its heterogeneous habitat. RDA
confirmed that latitude and longitude had no significant
influence on trait variation, reinforcing the importance
of vertical ecological gradients in shaping plant morpho-
logy in mountainous landscapes. These findings highli-
ght the adaptive flexibility of Ribes alpinum and unders-
core the ecological value of the Dinaric Alps as a natural
setting for studying intraspecific variation and environ-
mental adaptation.
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