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Abstract: The sensitivity of stomatal behavior and patterning (i.e., distribution, density, size) to
environmental stimuli, renders them crucial for defining the physiological performance of leaves.
Thus, assessing long-term modifications in stomatal traits in conserved specimens arises as a valuable
eco-physiological approach to predict how the rising trend of warmer, drier summers could affect
plant fitness; particularly in mountain areas already experiencing climate aggravation and lacking
the related monitoring schemes like Mediterranean high-mountains. Variations in foliar and stomatal
traits were studied in conserved specimens of Senecio pyrenaicus subsp. carpetanus from Sierra de
Guadarrama over the past 71 years. Our findings revealed decreasing trends in leaf width, stomatal
size, and increasing tendency in stomatal density, all correlated with the recent 30-year climate
exacerbation in these mountains. This evidenced a positive selection favoring traits that allow
safeguarding plant performance under drier, hotter weather conditions. The significant relation
between stomatal traits and climatic variables upholds the role of stomatal patterning in sensing
environmental cues in this species, feasibly optimizing physiological responses involved in the
growth—water loss trade-off. The transition to smaller, densely packed stomata observed in recent
decades could indicate local-adaptive plasticity in this species, enhancing stomatal response, as
coarser environmental conditions take place in Sierra de Guadarrama.
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1. Introduction

In terrestrial ecosystems, plants provide an array of services that constitute the basis for the
sustainability and long-term dynamics of ecosystems; besides driving their ability to respond to
disturbances [1]. Therefore, the assessment of universally appropriate predictors of ecosystem function
and responsiveness to change is critical, especially in view of the ongoing biodiversity and climate crises
imperiling our ecosystems [2,3]. Knowledge and identification of these plant functional attributes,
associated with primary strategies (i.e., growth, resource gaining, reproduction), could grant improved
predictions of the responses of plant species, and in turn that of plant communities, to impending
disturbances in their environments [4,5]. For instance, appraisal of functional leaf traits could help
identify adaptive features on leaf architecture linked to carbon gain, nutrient loss, and water usage
in plants. This will enable evaluating changes in plant performance over time, inferring population
dynamics and, by extension, community assembly in the face of changing environmental conditions [5].
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Particularly, if properly selected, these plant functional attributes and their time-related changes could
inform on the functional plasticity of plant populations responding to environmental fluctuations.

Experiments under controlled environments, though important for studying plant responses to
changing levels of environmental factors, are unable to reproduce the effects of these changes through
prolonged periods or involving numerous generations [6,7]. Thus, the study of longstanding plant
responses to environmental wavering requires for observational and long-term monitoring schemes,
which are infrequently feasible approaches given the scarcity of established surveying programs within
the past century, especially in hardly accessible areas such as high-mountains. A rarely explored
alternative is the indirect approach of studying the long-term variations and trends of plant traits
via the use of historic leaf herbarium specimens [6,8,9]. Provided the studied traits are adequately
preserved in the conserved specimens, assessment of herbarium collections offers a valuable tool not
only to study long-term distributional, morphological, and phenological variations of species across
spatial scales; but also, to reproduce long term phenotypic variations along shifting climates when
monitoring programs are inexistent [7].

Stomata play a key role in determining the trade-off between growth and water conservation in
plants [10]; having the rate at which a gas diffuses through the stomatal aperture (stomatal conductance,
gs) ultimately limited by the number and size of stomata on the leaf epidermis [11]. Consequently,
stomatal distribution, density, and regulation govern the CO, and water exchange rates. Since these
have a direct effect on the photosynthetic carbon assimilation to water-loss ratio or evaporative
cooling, they become key attributes in the definition of the physiological potential and photosynthetic
performance of leaves [6,10,12,13]. Stomatal behavior and patterning (i.e., distribution, density, size)
respond to a series of environmental factors and plant signals. Similarly, changes in leaf morphology
can be induced by climate gradients, such as those prevailing in high-mountain areas; especially in
broad-leaved species given their higher liability to climatic variations [14,15]. Seeing as species-specific
adjustments in stomatal density (number of stomata per mm?, SD) and anatomy (i.e., stomatal size,
SS) are unequivocally linked with ecological heterogeneity, studying their variation alongside other
leaf morphological traits could expound acclimation responses of species [12,16,17]. Furthermore,
long-term anatomical adjustments in SD and SS ultimately target an improved stomatal sensitivity
and faster adjustment of aperture in response to changing environments, thus having an effect on
the cost-effectiveness of photosynthesis [18]. In turn, assessing modifications in stomatal patterning
and structures in leaves from conserved specimens (a morphological trait well conserved in ex situ
collections for prolonged periods) provides insight on the conditions and plant responses at the time
of collection [19,20]. Additionally, given the strong link between stomata and water loss in plants,
evaluating stomatal patterning modifications through time in collected individuals could also enable
unveiling the response to impending warmer and drier growth seasons, particularly in water-limited
environments such ass Mediterranean high-mountains [12,16,21,22]. Currently available studies
on stomatal morphology, its long-term variation, and ecophysiological connotations are limited to
lowland or woody species and rarely involve herbaria specimens; while their study in high-mountain
herbaceous vegetation remains somewhat scant and focused on plants from mountains with temperate
climates [12,17,23,24]. To our knowledge, the information accumulated in herbaria through years
of systematic collection of populations has been scarcely regarded and considered for describing
variations along gradients [25] or in response to shifting climate [9,23,26].

In the high-mountains of Mediterranean-type climate, such as the Sierra de Guadarrama in
Central Spain, the greatest constraint for plant growth is summer drought, co-occurring with high
temperatures and irradiance during the short active growing season of vegetation. Climate records have
advocated for a general annual shift towards drier conditions since the 1990s, coupled to an increase in
summer warming overlapping with the brief active-growing season [27,28]. In turn, physiological
and morphological adaptations are impending in plants inhabiting these areas to counteract the
constraining environmental conditions befalling the brief window for plant activity. Senecio pyrenaicus
subsp. carpetanus (hereafter ‘S. carpetanus’) is a frequent species of the pioneer plant community
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thriving in stony, siliceous, mobile screes in areas above the tree line in Sierra de Guadarrama. Its
coverage surges alongside increased soil consolidation and integrity in any stony soil, fostering the
gradual establishment of species proper of these psicroxerophitic grasslands [29]. To date, studies
on long-term changes in leaf anatomical traits in Mediterranean orophytes through assessment of
herbarium specimens are inexistent, similar to the lack of studies relating longstanding modifications
in stomatal and foliar traits with climatic factors, despite the critical demand existing to unveil the
response of these species to the ongoing climate warming. Albeit the absence of programs monitoring
the long-term variations in the aforementioned traits in Mediterranean high-mountain orophytes, their
study is feasible on account of their existing herbarium collections. The assessment of these herbarium
collections offers a valuable tool to reproduce the adjustments in these orophytes along wavering
climates and, thus, enable reconstructing their plastic responses in stomatal and foliar traits to shifting
conditions, within the context of climate change.

Assessing the real effect of climate aggravation on the species conforming Mediterranean
high-mountain communities is critical for their conservation, since they shelter an important number
of endemics and high-mountain specialists reaching their southernmost limit in these mountains [30].
The latter is further exacerbated given the restricted possibility of these orophytes to migrate to avoid
the constraints of climate change as a result of the relatively small altitudinal range of these mountains
(e.g., warming, increased species competition with lower-altitude and upcoming species); and further
precluded by the E-W orientation of Sierra de Guadarrama, impeding extending their ranges to higher
latitudes [30-32]. In order, the persistence of these orophytes in these mountains ought to be driven by
their ability to overcome the effects of climate exacerbation, via either local-adaptations or phenotypic
plasticity in traits related to primary strategies. Consequently, and given the nonexistence of related
monitoring programs, we evaluated the potential variations in morpho- and micro-morphological leaf
traits in herbarium specimens of S. carpetanus inhabiting the highest summits of Sierra de Guadarrama
through the last 72 years, expecting to reveal possible adjustments in leaf morphology, SD and SS. In
accordance, we hypothesize that (1) these potential adjustments in leaf macro and micro-morphological
traits occurred in function of the reported aggravation of climatic conditions during the brief growing
season (summer period) in Sierra de Guadarrama, as an outcome of climate change [28]. Or (2) advocate
the observed changes should be regarded as monotonic, meaning they only vary as a response to the
environmental gradients characteristic of high-mountains.

2. Results

Analysis of climatic records for the period 19462018, indicate an increasing tendency towards
warmer summers and winter seasons in these mountains in the last 10 years (2009-2018; Figure 1a,b).
In addition, we detected a decreasing trend in annual rainfall in the last decade. These data records also
reflect an abrupt shift towards drier conditions in Sierra de Guadarrama mountains as from the 1980s.

Morphological and Micromorphological Parameters

Our analyses revealed a significant reduction in leaf width under years with lower rainfall during
the growing season (p value= 0.02), whilst denoting higher values in samples from specimens growing
under wetter conditions. The latter refers to samples from the period 1956-1973, where the sourced
specimens possessed the highest values for leaf width, associated with the wetter and cooler conditions
registered (Figure 2b). Moreover, the tendency of rising temperatures recorded from the 90s and
onwards, had a significantly negative effect (p value = 0.03).
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Figure 1. (a) Modeled data for temperature variations during the summer season in Mediterranean
high-mountains of Sierra de Guadarrama (i.e., active growing season of S. carpetanus) between 1946
and 2018; (b) modeled trend of the rainfall patterns befalling the summer season during the last 72
years in Sierra de Guadarrama high-mountain areas. In both graphics, the blue line corresponds to the
modeled data; the gray area represents the “smoothed” parameter estimation.
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Figure 2. Generalized additive models for (a) changes in leaf area in S. carpetanus from the high-mountain
habitats of Sierra de Guadarrama in the last 72 years; (b) leaf width variations in conserved specimens
of S. carpetanus over the last 72 years. The blue lines correspond to the modeled data; the gray

area represents the “smoothed” parameter estimation, in accordance to the generalized additive
models (GAMs).

A significant reduction in leaf area (LA) was observed in specimens from the last 18 years, subject
to the significantly higher temperature and low rainfall conditions (p value < 0.001, for both parameters)
befalling the active growing season (Figure 2a, Figures S2 and S3). In addition, the negative effect of
reduced precipitation during the growing season was more significant in samples from the last three
decades, compared to those from earlier dates (p value < 2 x 1071¢ and =1.29 x 107, respectively).

The significant effect of higher temperatures befalling the growing season in recent years over SD
was reflected in the increasing trend of this trait in samples from 1990 to 2018 (Figure 3a,b); whilst
denoting a significant reduction when subject to a colder, wetter growing season (1956-1973). Seasonal
rainfall patterns, either during the wet or dry season, showed to have no overall significant effect on SD.
A significant increase in SD was observed in samples before the 90s, while no significant differences
were observed among those from the last 28 years.
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Figure 3. Generalized additive models for (a) changes in stomatal density over the last 72 years
in S. carpetanus conserved specimens from Sierra de Guadarrama mountains; (b) stomatal density
fluctuations in response to mean daily temperatures during the active growing season (summertime)
on S. carpetanus conserved specimens. Blue lines fit the modeled data, while the immediate gray area
denotes the “smoothed” parameter estimation compliant with the GAMs.

Additionally, our results suggest the plausible association between the observed shrinkage trend
of SS and the registered decreasing rainfall patterns during the growing season over the last 20 years
(Figure 4a,b). The latter given the reduced SS found in individuals collected under growing seasons

with rainfall below normal values, expressly in 2009 and 2011 registered as two of the driest growing
seasons in these mountains within the time of our study.
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Figure 4. (a) Variations in stomatal size in response to rainfall regimes during the growing seasons
throughout 72 years in S. carpetanus from Sierra de Guadarrama mountains; (b) overall variation in
stomatal size in conserved specimens of S. carpetanus from Sierra de Guadarrama between 1946 and
2018. Blue lines represent the modeled data and the surrounding gray area indicates the estimated
variation of the parameter, according to the GAMs.

The smaller SS was particularly notable for individuals from the 90s and onwards which displayed
a significant reduction in SS in response to the overall decline in annual precipitation regimes observed
in Sierra de Guadarrama [27]. Moreover, the higher temperatures befalling the active vegetation period
in recent years also had a significant effect over the variation in SS (p value = 0.02).
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3. Discussion

In plants, growth strategies are commonly related with specific habitat adaptations, primarily
in herbaceous species with shorter life spans [33]. Variations in SD and SS can be the result of the
effect of genetic and environmental factors to which the plant is subject during its growing season [18].
However, the rapid rate of the modern climate change could be a greater crucial driver of the ecological
response of plants, compelling them to display local plant trait variations in order to buffer the effects
of such change and persist in their habitats [34]. The latter is particularly plausible in areas enclosing
steep environmental gradients within short distances, such as high-mountains, where the expression of
a single phenotype by a species will unlikely grant proper fitness under the diversity of environmental
settings varying at short scales in these habitats [15,34,35]. In turn, life history results in a vital factor
shaping trait differentiation and functional ecology of “subordinate” species as S. carpetanus, able to
thrive in similar niches through a variety of habitats granting them a high degree of homeostasis when
exposed to fluctuating or constraining settings [4,33].

Under cooler conditions, plants can foster the development of bigger leaves to heighten
their boundary layer thickness, allowing a faster attainment of the propitious temperatures for
photosynthesis [36]. The greater LA observed in conserved specimens of S. carpetanus that experienced
continual cold, wet growing seasons between 1956 and 1973 (Figures 1b and 2a; [27]) contrasts the
response of those specimens collected in years with drier, hotter growing seasons. This suggests the
ability of S. carpetanus to adjust its leaf macro-morphology to potentially maximize photosynthetic
returns in temperate growing seasons through improved heat exchange capacity as an outcome of the
greater boundary layer thickness in bigger leaves [36].

In context of the ongoing rising of global temperatures, plants not only need to reduce water loss
but also tackle leaf overheating to prevent potential photoinhibition, leaf damage, and yield reductions.
In turn, this could lead to higher SD and possibly increased gs, enabling overcoming heat stress through
increased transpiration-mediated cooling [18]. The significant effect of higher seasonal temperatures
on LA could justify the decreasing pattern observed in this trait within the past three decades in
S. carpetanus conserved specimens (Figure 2a and Figure S2a). These findings allow suggesting the
observed shift towards smaller leaves as a response in this species to avoid photosynthetic impairment
caused by the latent inefficient convective heat-transfer in bigger leaves under drier, hotter climates [37].
Additionally, the significant decline in SD observed in conserved specimens from years with milder
growing seasons contrasts the densely-packed, smaller stomata in S. carpetanus individuals from recent
decades growing under drier, hotter conditions (Figure 3a,b and Figure S1). The latter indicates the
proposed morphology—fitness relationships being context—driven, i.e., responding to environmental
conditions present in each growing season.

The concurrent decrease in LA and SS, coupled to higher SD in S. carpetanus individuals in
response to the latest 30-year climate exacerbation in the Sierra de Guadarrama summits, provides
evidence of positive selection favoring traits that allow safeguarding plant performance under drier,
hotter weather in this species [38]. Similar findings in different species experiencing concomitant
warming and drought, support the proposed existence of a feasible uniform trait response across
phylogenetic scales in plants habituated to recurrent dry growing seasons [38,39]. Correspondingly,
our findings further contribute to underlining the importance of examining local plant trait variations
for indicating the ability of plants to adapt to wavering environmental factors, aiding to outline their
vulnerability to the foreseen climate exacerbation [34,40].

The strong and significant relations found between stomatal traits and climatic variables befalling
the growing season (i.e., temperature, rainfall) put forward the implication of stomatal patterning in
the local acclimatization of S. carpetanus, feasibly optimizing the physiological responses involved in
the growth—water loss trade—off of this species. Similar to that observed in alpine herbs [23], our study
revealed the significant effect of warmer growing seasons on SD accompanied by the development
of smaller stomata in S. carpetanus, particularly in recent years. Concurring with recent studies in
this species [41], the present findings advocate for an enhanced ecological tolerance in S. carpetanus
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to the governing stress factors during the growing season in Sierra de Guadarrama. Moreover, our
results also resemble those of Carlson et al. [38], Xu and Zhou [22] indicating an increased SD and
reduced SS as an enhancement of drought tolerance in plants experiencing dry growing seasons
in their natural habitats. The transition to smaller, densely—packed stomata in S. carpetanus could
indicate a local-adjustment strategy in this species to optimize stomatal response, coupled to a
potential improvement of water—use—efficiency (WUE), as coarser environmental conditions take place.
Nevertheless, it is worth noting that the implemented approach of assessing general trends in these
plant and stomatal traits limits our power for pinpointing whether these reflect adaptive processes (i.e.,
evolutive) or merely phenotypic plasticity.

Inferring ecological trends as the stronger driver for regulating behavior of stomata [17,42], the
observed effects of the long-term exposure of S. carpetanus to gradual increases in water deficit during the
growing season denotes an apparent higher resilience capacity to the forthcoming climate aggravation
in Mediterranean high-mountains. Moreover, the association among reduced SS and, consequently,
higher & 13C with historic drought regimens in Spanish accessions of Arabidopsis thaliana [43], provides
additional evidence inferring the observed adjustments in stomatal morphology in S. carpetanus as the
outcome of the ecological trends recorded in the last three decades, i.e., the aggravation of climate in
the growing season. However, further studies incorporating photosynthetic and stomatal regulation
parameters, added to nutrient status, are encouraged to determine whether these adjustments are
sufficient to sustain efficient photosynthetic activity. Incorporation of these analyses will provide
a holistic understanding of the ecophysiology in S. carpetanus, coupled to accurately assessing the
vulnerability of the structure and dynamics of these high-mountain communities, in the context of
climate change.

As postulated, the use of specimens preserved in historical collections may contribute to evaluating
the long-term responses of key leaf traits linked to the adjustment capacity of high-mountain plants to
shifting climatic conditions, the latter considering that alterations in the frequency of certain plant
traits are anticipated as consequence of wavering climate [44]. Consequently, these findings support
them as practical tools to monitor wild populations of plant species and assess the impact of future
climate change upon biodiversity in habitats highly vulnerable to the effects of climate change, such as
Mediterranean high-mountains. More to the point, the use of conserved specimens could translate
into an upgraded ability for reconstructing past plant behavior in these habitats with actual evidence
of the latter and where monitoring schemes are unavailable. What is more, the outcomes of such
studies could be indicative of the sensitivity of these orophytes to the expected coarser conditions in
Mediterranean high-mountains, as consequence of the ongoing climate crisis.

4. Materials and Methods

4.1. Study Area

We selected plant material from populations from the Sierra de Guadarrama range, a segment
of the Sistema Central mountain range in central Spain. The chosen area corresponds to the optimal
altitude distribution range of S. carpetanus in the region (Figure 5; [29]). The Sierra de Guadarrama
range experiences a Mediterranean-type climate: cold temperatures during winter, and elevated
temperatures added to limited rainfall during summer. Mean annual rainfall is ~1350 mm, with a
summer-drought period going from May to October that accounts for <10% total annual rainfall. The
topsoil water content (10 cm) measured in these summits as part of the GLORIA project reads of <5% in
August and <10% in September, translating into reduced water availability during the active growing
season of high-mountain flora [45].
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Figure 5. Location of sampling points (red points) and meteorological stations (black squares) along
the Sierra de Guadarrama mountain range in Central Spain. BM, Bola del Mundo; CH, Cabeza de
Hierro; COT, Puerto de Cotos; LV, Lozoya del Valle; LEO, Alto del Ledn; M, Puerto de la Morcuera; PN,
Puerto de Navacerrada; Nv, Navafria; Nev, El Nevero; P1, Pefialara 1; P2, Pefialara 2; PIN, La Pinilla;
SOM, Somosierra; Val, Valdesqui.

4.2. Plant Material

Senecio pyrenaicus is a highly variable perennial herb, with several variants among the Spanish
mountains. The S. pyrenaicus subsp. carpetanus (Willk.) Rivas-Mart. (from now ‘S. carpetanus’) growing
in Sierra de Guadarrama is a perennial herb regarded as the dominant species on stony;, siliceous
mobile screes [29]. It finds its altitude optimum above 1800 m; with its emergence strongly related to
snow melting time. S. carpetanus reaches heights between 20 and 45 cm, with erect, densely leafed
stems that only branch in inflorescence [46].

Herbarium collections of this subspecies were sourced for locations of the highest summits in
Sierra de Guadarrama. Specimens studied (at least one per year assessed) comprised those herbarium
specimens collected between the period 1947-2018 and within 1773-2428 m.a.s.l. (Figure 5). The
S. carpetanus specimens were kindly provided by MAF Herbarium (UCM, Madrid, Spain), SALA
Herbarium (University of Salamanca, Salamanca, Spain), the Herbarium of the Universitat de Valencia
(University of Valencia, Valencia, Spain), the RJB Herbarium (Real Jardin Botanico, Madrid, Spain), and
CIEMAT (Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas, Madrid, Spain). In
addition, we collected new, fully developed individuals in recent years during the growing season
in these mountains (summertime) at 2244 m, consisting of fully developed individuals. These were
pressed and handled as herbarium sheets in order to have all assessed samples under similar conditions.
A list of all specimens and their respective location is provided in Table S1.

4.3. Stomatal and Other Leaf Traits

Assessment of stomatal features was performed on fully developed leaves of conserved specimens.
Leaf imprints were made following the silicone rubber technique described by Weyers and Johansen [47],
using impression material (A-Silicone Putty Fast Set. VANINI Dental Industry, Grassina, FI, Italy), and
image analysis was carried out as described by Fanourakis et al. [48]. Leaf rubber impressions were
taken from the mid—portion of the abaxial surface of the leaves, avoiding the main vein. A total of
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20 stomata per leaf surface were randomly chosen to determine stomatal length and width. SD and
SS were determined in five non—overlapping fields of view per imprint using a Nikon (ECLIPSE 80i)
digital microscope attached to a camera control unit (DS Camera Control Unit DS-L2, Nikon Metrology
Inc.; Nikon Metrology GmbH Alzenau, Germany).

General leaf morphological traits were also measured on all conserved specimens according to the
protocols established by Cornelissen et al. [49]. The leaf length and width, plant height, and leaf area
were measured in all samples, on dry fully developed leaves. LA was calculated using Image J free
image analysis software (Image], U. S. National Institutes of Health, Bethesda, MD, USA), from scanned
dry and fresh leaves. For specimens collected in 2018, plant height measurements were taken in situ
on fully developed individuals. Fully developed fresh leaves were collected for LA measurements,
following their pressing and drying to obtain the corresponding dry LA.

4.4. Climate Data and Statistical Analysis

Data of 28 climatic descriptors for the Sierra de Guadarrama summits was obtained from the
meteorological station Puerto de Navacerrada, Madrid (ran by the Spanish Institute of Meteorology),
which were used to characterize each year. In order to select the most relevant climatic descriptors, we
performed PCA analysis using the packages “stats”, “Factoextra”, and “FactoMineR” [50-52]. In this
paper, the “dry season” refers to the summer stress interval (May-September), befalling the active
growing season in Mediterranean high-mountains; and the “wet season” denotes the period with
higher rainfall and snowfall in the area of study (October—April).

In order to determine the effect of these climatic descriptors on changes in LA, leaf width,
SD and SS, we performed generalized additive models (GAMSs) using the data collected from the
conserved samples (1947-2018) using the “mgcv” package [53]. The initial models for all traits included
the additive effect of the climatic variables determined as relevant in the PCA (i.e., mean annual
temperature, mean annual rainfall, dry season average temperature, dry season average rainfall),
and the additive effect of altitude as predictors. Moreover, based on studies indicating an increasing
tendency in drier, hotter conditions in these mountains as from the 90s [27,28], the data was further
subdivided into two groups (1) samples before 1990; and (2) samples from 1990 and onwards. These
subsets were also analyzed with GAMs, maintaining the same factors as in the overall first analyses.

Prior to the GAM analyses, we tested for multicollinearity among predictors assessing the variance
inflation factor (VIF) with the “vif” function of the “car” package [54]. Given maximum VIF values
were lower than three, all variables were included in the initial models.

All statistical analyses were performed with the R statistical software [51].

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/3/395/s1.
Figure S1: Mean SD variation in S. carpetanus samples from the summits of Sierra de Guadarrama in response to
the increasing annual temperatures over the last 72 years (1946-2018). The blue line represents the data and the
surrounding gray area indicates the estimated variation in the response in compliance with the GAMs; Figure
S2: Generalized additive models for (a) changes in leaf area in S. carpetanus from the high-mountain habitats of
Sierra de Guadarrama in response to the increasing temperatures during the growing season over the last 72
years; (b) changes in the leaf area on conserved specimens of S. carpetanus over the last 72 years as a function of
variations in the rainfall regimes incident during its growing season (summertime). The blue lines correspond to
the modeled data; the gray area represents the “smoothed” parameter estimation, in accordance to the GAMs;
Figure S3: Generalized additive models for the variations in leaf width of S. carpetanus leaves collected through
1946-2018 in response to the decreasing rainfall patterns during its growing season in Sierra de Guadarrama; Table
S1: Herbaria data of the studied S. carpetanus specimens selected for the present study, coupled with the mean
morphological parameters measured per herbarium record. Herbaria data includes the respective location and
information of each consulted sheet. Significant effects of summer temperature and rainfall are represented by
asterisks: ***, p < 0.001; **, p < 0.01; %, p < 0.05.

Author Contributions: Conceptualization: RM.U., A.E. and R.G.G.; methodology: RM.U.; software: RM.U.
and R.G.G.; Validation: RM.U.,, AEE.,, D.SM. and R.G.G.; formal analysis: RM.U.; investigation: RM.U.;
resources: RM.U., D.S.M., A E. and R.G.G.; data curation: RM.U., A E., D.S.M. and R.G.G.; writing—original draft
preparation: RM.U.; writing—review and editing: RM.U., A.E., D.S.M. and R.G.G; visualization: RM.U., A.E.
and R.G.G.; supervision: D.5S.M., A.E. and R.G.G.; project administration: A.E. and R.G.G.; funding acquisition:
A.E. and R.G.G. All authors have read and agreed to the published version of the manuscript.


http://www.mdpi.com/2223-7747/9/3/395/s1

Plants 2020, 9, 395 10 of 12

Funding: This research was funded by the Madrid Autonomous Region Government [REMEDINAL-TE CM,
P2018/EMT-4338].

Acknowledgments: The authors want to acknowledge the curators and staff of the collections of vascular plants
from the MAF Herbarium, SALA Herbarium, the Herbarium of the Universitat de Valencia, the RJB Herbarium
and CIEMAT Madrid for providing the material required for the present study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. McLaren, J.; Turkington, R. Ecosystem properties determined by plant functional group identity. J. Ecol.
2010, 98, 459—-469. [CrossRef]

2. Chen, 1.C; Hill, J.K; Ohlemiiller, R.; Roy, D.B.; Thomas, C.D. Rapid range shifts of species associated with
high levels of climate warming. Science 2011, 311, 1024-1026. [CrossRef] [PubMed]

3.  Pimm, S.L,; Jenkins, C.N.; Abell, R.; Brooks, T.M.; Gittleman, J.L.; Joppa, L.N.; Raven, PH.; Roberts, C.M.;
Sexton, J.O. The biodiversity of species and their rates of extinction, distribution and protection. Science 2014,
344, 1246752. [CrossRef]

4. Grime, ].P; Hodgson, ].G.; Hunt, R. Comparative Plant Ecology: A Functional Approach to Common British Species,
2nd ed.; Askew, A.P.,, Hodgson, J., Hunt, R., Eds.; Castlepoint Press: Dalbeattie, UK, 2007.

5. Diaz, S.; Hodgson, J.G.; Thompon, K.; Cabido, M.; Cornelissen, J.H.C.; Jalili, A.; Montserrat-Marti, G.;
Grime, J.P; Zarrinkamar, F.; Asri, Y.; et al. The plant traits that drive ecosystems: Evidence from three
continents. J. Veg. Sci. 2004, 15, 295-304. [CrossRef]

6.  McElwain, J.; Chaloner, W. Stomatal density and index of fossil plants track atmospheric carbon dioxide in
the Paleozoic. Ann. Bot. 1995, 76, 389-395. [CrossRef]

7. Suarez, A.; Tsutsui, N.D. The value of museum collections for research and society. BioScience 2004, 54, 66-74.
[CrossRef]

8.  Royer, D. Stomatal density and stomatal index as indicators of paleoatmospheric CO2 concentration. Rev.
Palaeobot. Palynol. 2001, 114, 1-28. [CrossRef]

9. Lang, P; Willems, FM.; Scheepens, J.F; Burbano, H.A.; Bossdorf, O. Using herbaria to study global
environmental change. New Phytol. 2019, 221, 110-122. [CrossRef]

10. Farquhar, G.; Dubbe, D.; Raschke, K. Gain of the feedback loop involving carbon dioxide and stomata.
Theory and measurement. Plant Physiol. 1978, 62, 406—412. [CrossRef]

11.  Dow, G.; Bergmann, D. Patterning and processes: how stomatal development defines physiological potential.
Curr. Opin. Plant Biol. 2014, 21, 67-74. [CrossRef]

12.  Hetherington, A.M.; Woodward, EI. The role of stomata in sensing and driving environmental change.
Nature 2003, 424, 901-908. [CrossRef] [PubMed]

13. Franks, P.; Beerling, D. Maximum leaf conductance driven by CO2 effects on stomatal size and density over
geologic time. Proc. Natl. Acad. Sci. USA 2009, 106, 10343-10347. [CrossRef]

14. Ackerly, D.; Knight, C.A.; Weiss, S.B.; Barton, K.; Starmer, K.P. Leaf size, specific leaf area and microhabitat
distribution of chaparral woody plants: contrasting patterns in species level and community level analyses.
Oecologia 2002, 130, 449-457. [CrossRef] [PubMed]

15. Byars, S.; Papst, W.; Hoffmann, A. Local adaptation and cogradient selection in the alpine plant, Poa hiemata,
along a narrow altitudinal gradient. Evolution 2007, 61, 2925-2941. [CrossRef]

16. Franks, PJ.; Adams, M.A.; Amthor, J.S.; Barbour, M.M.; Berry, J.A.; Ellsworth, D.S.; Farquhar, G.D.;
Ghannoum, O.; Lloyd, J.; McDowell, N.; et al. Sensitivity of plants to changing atmospheric CO2 concentration:
from the geological past to the next century. New Phytol. 2013, 197, 1077-1094. [CrossRef]

17.  Korner, C.; Neumayer, M.; Menendezried], S.P.; Smeetsscheel, A. Functional Morphology of Mountain Plants.
Flora 1989, 182, 353-383. [CrossRef]

18. Bertolino, L.; Caine, R.; Gray, J. Impact of Stomatal Density and Morphology on Water-Use Efficiency in a
Changing World. Front. Plant Sci. 2019, 10. [CrossRef]

19. Hayat, M.Q.; Ashraf, M.; Jabeen, S.; Shaheen, N.; Yasmin, G.; Khan, M.A. Taxonomic implications of foliar
epidermal characteristics with special reference to stomatal variations in the genus Artemisia (Asteraceae).
Int. ]. Agric. Biol. 2010, 12, 221-226.


http://dx.doi.org/10.1111/j.1365-2745.2009.01630.x
http://dx.doi.org/10.1126/science.1206432
http://www.ncbi.nlm.nih.gov/pubmed/21852500
http://dx.doi.org/10.1126/science.1246752
http://dx.doi.org/10.1111/j.1654-1103.2004.tb02266.x
http://dx.doi.org/10.1006/anbo.1995.1112
http://dx.doi.org/10.1641/0006-3568(2004)054[0066:TVOMCF]2.0.CO;2
http://dx.doi.org/10.1016/S0034-6667(00)00074-9
http://dx.doi.org/10.1111/nph.15401
http://dx.doi.org/10.1104/pp.62.3.406
http://dx.doi.org/10.1016/j.pbi.2014.06.007
http://dx.doi.org/10.1038/nature01843
http://www.ncbi.nlm.nih.gov/pubmed/12931178
http://dx.doi.org/10.1073/pnas.0904209106
http://dx.doi.org/10.1007/s004420100805
http://www.ncbi.nlm.nih.gov/pubmed/28547053
http://dx.doi.org/10.1111/j.1558-5646.2007.00248.x
http://dx.doi.org/10.1111/nph.12104
http://dx.doi.org/10.1016/S0367-2530(17)30426-7
http://dx.doi.org/10.3389/fpls.2019.00225

Plants 2020, 9, 395 11 0f12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bano, A.; Ahmad, M.; Zafar, M,; Sultana, S.; Khan, M.A. Comparative foliar micromorphological studies of
some species of Asteraceae from alpine zone of Deosai Plateau, Western Himalayas. |. Anim. Plant Sci. 2015,
25, 422-430.

Fraser, L.; Greenall, A.; Carlyle, C.; Turkington, R.; Friedman, C.R. Adaptive phenotypic plasticity of
Pseudoroegneria spicata: response of stomatal density, leaf area and biomass to changes in water supply and
increased temperature. Ann. Bot. 2009, 103, 769-775. [CrossRef]

Xu, Z.; Zhou, G. Responses of leaf stomatal density to water status and its relationship with photosynthesis
in a grass. J. Exp. Bot. 2008, 59, 3317-3325. [CrossRef] [PubMed]

Yan, W.; Zhong, Y.; Shangguan, Z. Contrasting responses of leaf stomatal characteristics to climate change: a
considerable challenge to predict carbon and water cycles. Glob. Change Biol. 2017, 23, 3781-3793. [CrossRef]
[PubMed]

Pefiuelas, J.; Matamala, R. Changes in N and S leaf content, stomatal density and specific leaf area of 14 plant
species during the last three centuries of CO; increase. J. Exp. Bot. 1990, 41, 1119-1124. [CrossRef]
Kouwenberg, L.L.; Kiirschner, KW.; McElwain, J. Stomatal frequency change over altitudinal gradients:
prospects for paleoaltimetry. Rev. Mineral. Geochem. 2007, 66, 215-241. [CrossRef]

Guerin, G.R.; Wen, H.; Lowe, A.]. Leaf morphology shift linked to climate change. Biol. Lett. 2012, 8, 882-886.
[CrossRef] [PubMed]

Ruiz-Labourdette, D.; Génova, M.; Schmitz, M.E,; Urrutia, R.; Pineda, F.D. Summer rainfall variability in
European Mediterranean mountains from the sixteenth to the twentieth century reconstructed from tree
rings. Int. |. Biometeorol. 2014, 58, 1627-1639. [CrossRef]

Nogués-Bravo, D.; Araujo, M.B.; Lasanta, T.; Moreno, J.I.L. Climate Change in Mediterranean Mountains
during the 21st Century. Ambio 2008, 37, 280-285. [CrossRef]

Fernandez-Gonzalez, F. Estudio Floristico y Fitosociolégico del Valle del Paular Madrid. Ph.D. Thesis,
Facultad de Biologia, Universidad Complutense de Madrid, Madrid, Spain, 1988.

Jiménez-Alfaro, B.; Gavilan, R.G.; Escudero, A.; Iriondo, ].M.; Ferndndez-Gonzalez, F. Decline of dry
grassland specialists in Mediterranean high-mountain communities influenced by recent climate warming. J.
Veg. Sci. 2014, 25, 1394-1404. [CrossRef]

Pauli, H.; Gottfried, M.; Dullinger, S.; Abdaladze, O.; Akhalkatsi, M.; Alonso, ]J.L.B.; Coldea, G.; Dick, J.;
Erschbamer, B.; Calzado, R.F; et al. Recent Plant Diversity Changes on Europe’s Mountain Summits. Science
2012, 336, 353-355. [CrossRef]

Gottfried, M.; Pauli, H.; Futschik, A.; Akhalkatsi, M.; Baranc¢ok, P.; Alonso, J.L.B.; Coldea, G.; Dick, J.;
Erschbamer, B.; Kazakis, G.; et al. Continent-wide response of mountain vegetation to climate change. Nat.
Clim. Chang. 2012, 2, 111-115. [CrossRef]

Liu, H.; Taylor, S.H.; Xu, Q.; Lin, Y,; Hou, H.; Wu, G.; Ye, Q. Life history is a key factor explaining functional
trait diversity among subtropical grasses, and its influence differs between C3 and C4 species. J. Exp. Bot.
2019, 70, 1567-1580. [CrossRef]

Gratani, L.; Crescente, M.F.; Amato, V.D.; Ricotta, C.; Frattaroli, A.R.; Puglielli, G. Leaf traits variation in
Sesleria nitida growing at different altitudes in the Central Apennines. Photosynthetica 2014, 52, 386-396.
[CrossRef]

Vitasse, Y.; Bresson, C.; Kremer, A.; Michalet, R.; Delzon, S. Quantifying phenological plasticity to temperature
in two temperate tree species. Funct. Ecol. 2010, 24, 1211-1218. [CrossRef]

Michaletz, S.; Weiser, M.D.; McDowel, N.G.; Zhou, ].Z.; Kaspari, M.; Helliker, B.R.; Enquist, B.J. The energetic
and carbon economic origins of leaf thermoregulation. Nat. Plants 2016, 2, 16129. [CrossRef] [PubMed]
Roth-Nebelsick, A.; Konrad, W. Fossil leaf traits as archives for the past-and lessons for the future? Flora
2019, 254, 59-70. [CrossRef]

Carlson, J.E.; Adams, C.A.; Holsinger, K.E. Intraspecific variation in stomatal traits, leaf traits and physiology
reflects adaptation along aridity gradients in a South African shrub. Ann. Bot. 2016, 117, 195-207. [CrossRef]
Carlson, J.; Holsinger, K.; Prunier, R. Plant responses to climate in the Cape Floristic Region of South Africa:
evidence for adaptive differentiation in the Proteaceae. Evolution 2011, 65, 108-124. [CrossRef] [PubMed]
Pauli, H.; Gottfried, M.; Grabher, G. Effect of climate change on the alpine and nival vegetation of the Alps. J.
Mt. Ecol. 2003, 7, 9-12.

Magana Ugarte, R.; Escudero, A.; Gavilan, R.G. Couneracting summer-drought: Assessing the role of Pro
and NSC accumulation in Mediterranean high-mountain plants. Frontiers 2020, in press.


http://dx.doi.org/10.1093/aob/mcn252
http://dx.doi.org/10.1093/jxb/ern185
http://www.ncbi.nlm.nih.gov/pubmed/18648104
http://dx.doi.org/10.1111/gcb.13654
http://www.ncbi.nlm.nih.gov/pubmed/28181733
http://dx.doi.org/10.1093/jxb/41.9.1119
http://dx.doi.org/10.2138/rmg.2007.66.9
http://dx.doi.org/10.1098/rsbl.2012.0458
http://www.ncbi.nlm.nih.gov/pubmed/22764114
http://dx.doi.org/10.1007/s00484-013-0766-4
http://dx.doi.org/10.1579/0044-7447(2008)37[280:CCIMMD]2.0.CO;2
http://dx.doi.org/10.1111/jvs.12198
http://dx.doi.org/10.1126/science.1219033
http://dx.doi.org/10.1038/nclimate1329
http://dx.doi.org/10.1093/jxb/ery462
http://dx.doi.org/10.1007/s11099-014-0042-9
http://dx.doi.org/10.1111/j.1365-2435.2010.01748.x
http://dx.doi.org/10.1038/nplants.2016.129
http://www.ncbi.nlm.nih.gov/pubmed/27548589
http://dx.doi.org/10.1016/j.flora.2018.08.006
http://dx.doi.org/10.1093/aob/mcv146
http://dx.doi.org/10.1111/j.1558-5646.2010.01131.x
http://www.ncbi.nlm.nih.gov/pubmed/20840595

Plants 2020, 9, 395 12 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Deans, R.M.; Brodribb, T.J.; Busch, EA_; Farquhar, G.D. Plant water-use strategy mediates stomatal effects on
the light induction of photosynthesis. New Phytol. 2019, 222, 382-395. [CrossRef]

Dittberner, H.; Korte, A.; Mettler-Altmann, T.; Weber, A.P.M.; Monroe, G.; de Meaux, J. Natural variation
in stomata size contributes to the local adaptation of water-use efficiency in Arabidopsis thaliana. Mol. Ecol.
2018, 27, 4052-4065. [CrossRef] [PubMed]

Pellissier, L.; Brathen, K.A.; Pottier, J.; Randin, C.E; Vittoz, P, Dubui, A.; Yoccoz, N.G.; Alm, T,
Zimmermann, N.E.; Guisan, A. Species distribution models reveal apparent competitive and facilitative
effects of a dominant species on the distribution of tundra plants. Ecography 2010, 33, 1004-1014. [CrossRef]
Gutiérrez-Girdn, A.; Gavilan, R.G. Plant functional strategies and environmental constraints in Mediterranean
high mountain grasslands in central Spain. Plant Ecol. Div. 2013, 6, 435-446. [CrossRef]

Tutin, T.G.; Heywood, V.H.; Burges, N.A.; Moore, D.M.; Valentine, D.H.; Walters, S.M.; Webb, D.A. Flora
Europaea, Plantaginaceae to Compositae (and Rubiaceae); Cambridge University Press: Cambridge, UK, 1976;
Volume 4, p. 534.

Weyers, J.; Johansen, L. Accurate estimation of stomatal aperture from silicone rubber impressions. New
Phytol. 1985, 101, 109-115. [CrossRef]

Fanourakis, D.; Heuvelink, E.; Carvalho, S. A comprehensive analysis of the physiological and anatomical
components involved in higher water loss rates after leaf development at high humidity. J. Plant Physiol.
2013, 170, 890-898. [CrossRef]

Cornelissen, ]. H.C.; Lavorel, S.; Garnier, E.; Diaz, S.; Buchmann, N.; Gurvich, D.E.; Reich, P.B.; Ter Steege, H.;
Morgan, H.D.; Van Der Heijden, M.G.A.; et al. A handbook of protocols for standardised and easy
measurement of plant functional traits worldwide. Aust. J. Bot. 2003, 51, 335-380. [CrossRef]

Le, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1-18.
[CrossRef]

R-Core-Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2018.

Kassambara, A.; Mundt, E. Factoextra: Extract and Visualize Results of Multivariate Data Analyses; R package
version 1.0.5; R Foundation for Statistical Computing: Vienna, Austria, 2017.

Wood, S. Fast stable restricted maximum likelihood estimation of semi parametric generalized linear models.
J. R. Stat. Soc. 2011, 73, 3-36. [CrossRef]

Fox, J.; Weisberg, S. An R Companion to Applied Regression; Sage: Thousand Oaks, CA, USA, 2011.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/nph.15572
http://dx.doi.org/10.1111/mec.14838
http://www.ncbi.nlm.nih.gov/pubmed/30118161
http://dx.doi.org/10.1111/j.1600-0587.2010.06386.x
http://dx.doi.org/10.1080/17550874.2013.783641
http://dx.doi.org/10.1111/j.1469-8137.1985.tb02820.x
http://dx.doi.org/10.1016/j.jplph.2013.01.013
http://dx.doi.org/10.1071/BT02124
http://dx.doi.org/10.18637/jss.v025.i01
http://dx.doi.org/10.1111/j.1467-9868.2010.00749.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Area 
	Plant Material 
	Stomatal and Other Leaf Traits 
	Climate Data and Statistical Analysis 

	References

