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Abstract

Semi-natural grasslands are high-value biodiversity hotspots that provide critical ecosystem services, yet land-use changes and shift-
ing precipitation patterns increasingly threaten them. Understanding the ecological stability of these habitats requires high-reso-
lution data integrating taxonomic and functional perspectives. This paper presents a multi-proxy dataset (https://doi.org/10.5281/
zenodo.19052795) collected within the “CAROLINA: Impact of land-use change on climate resilience of semi-natural grasslands” 
project, focusing on the short-term impacts of grazing exclusion and simulated drought across three distinct Italian climatic zones: 
Mediterranean plains (San Rossore), Central Apennine hills (San Venanzo), and Alpine mountains (Tesino). The experimental de-
sign employs a manipulative approach using three treatment levels: grazed, as a control, grazing exclusion, and grazing exclusion 
+ drought, with the latter simulated via rain-out shelters following the International Drought-Net protocol. The dataset integrates 
taxonomic diversity from floristic-vegetational surveys (88 plot × 164 species), leaf morphological functional traits for 39 species 
(leaf area, LA, specific leaf area, SLA, leaf dry matter content, LDMC, and plant height, H), and ecophysiological functional traits 
based on carbon and nitrogen elemental and stable isotope composition (δ13C, δ15N) from 37 surveyed species across the three sites. 
This comprehensive repository provides a foundational resource for long-term monitoring and ecological modelling of grassland 
responses to global change, supporting the development of effective conservation practices.
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Introduction

Semi-natural grasslands are environments with a long 
history of traditional, low-intensity pastoral and agri-
cultural activities (Gorris et al. 2025). These environ-

ments have largely developed as a result of various ag-
ricultural land-use practices that replaced forest areas 
– the local potential natural vegetation (Poschlod and 
WallisDeVries 2002). It is widely documented that sem-
inatural grasslands possess high ecological value and 
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serve as global biodiversity hotspots, providing essen-
tial ecosystem services ranging from food production 
to carbon sequestration (Katoch et al. 2025; Milić et 
al. 2024; Shipley et al. 2024). The interaction between 
management practices, like extensive grazing, and abi-
otic factors, such as precipitation patterns, determines 
the ecological stability of these habitats (McSherry and 
Ritchie 2013). Despite their importance, these ecosys-
tems are increasingly threatened by land-use change, 
abandonment or intensification, and by climate change, 
both leading to species loss and degradation of grass-
land ecosystem (Lv et al. 2024) with a detrimental effect 
on the vital ecosystem services that they provide (Pran-
gel et al. 2024). Understanding how grasslands respond 
to these stressors requires high-resolution data on plant 
community composition and plant functional traits. 
Research indicates that grasslands undergo rapid com-
positional reorganisation in response to drought and 
temperature shifts (Zhu et al. 2024). To isolate these ef-
fects, manipulative experiments using standardised pro-
tocols, such as the International Drought Experiment 
(IDE) framework, are essential for simulating altered 
precipitation regimes (Knapp et al. 2017). The dataset 
presented here was collected within the two-year proj-
ect “CAROLINA: Impact of land-use change on climate 
resilience of semi-natural grasslands”. An important 
part of the research focuses on the short-term impact 
of abandonment, and variation in precipitation regime 
on soil biochemical properties and on taxonomic and 
functional diversity of vascular plants across different 
climatic zones. Based on the Köppen-Geiger climate 
classification (Beck et al. 2023, https://koppen.earth/), 
the selected areas encompass: hot-summer Mediterra-
nean coastal plains (Csa), the hilly transition between 
Mediterranean and warm temperate climates in the 
Central Apennines (Csa/Cwa), and the high-altitude 
gradient of the Alps, ranging from humid continental 
(Dfb) to subarctic (Dfc) conditions. The project employs 
a field-based manipulative approach to simulate grazing 
exclusion (mimicking grazing abandonment) and pre-
cipitation reduction (mimicking future drought scenar-
ios). The presented dataset integrates two dimensions of 
plant biodiversity: i) taxonomic, and ii) functional (in-
cluding leaf morphological and plan ecophysiological 
traits). This paper provides a comprehensive repository 
of data collected as baseline measurements during the 
initial characterisation of three experimental sites (be-
tween 2024 and 2025) and one year after treatment ap-
plication for two of them (2025). The dataset includes: 
i) Taxonomic diversity data, reported as floristic-vegeta-
tional surveys; ii) Plant functional diversity data, report-
ed as leaf morphological functional traits, and carbon 
and nitrogen isotopes measurements.

The dataset aims to take an important step towards 
understanding the dynamics linking the two diversity 
layers and identifying the best management and con-
servation practices for these valuable grassland habitats 
and their characteristic plant communities. By providing 

a comprehensive multidimensional framework of plant 
structural and performance-based differences, these data 
offer a foundational resource for long-term monitoring 
and ecological modelling of Mediterranean and temper-
ate grassland responses to global change.

Study area and methodology
The experimental phase of the project was designed 
to study the short-term effects of grazing suppression 
through fencing, as well as the impact of reduced pre-
cipitation, which was simulated using rain shelters. The 
experiment was conducted across three sites. San Ros-
sore (43°44'06.5"N, 10°19'31.9"E, 5 m a.s.l.), located in 
the Migliarino, San Rossore, Massaciuccoli Regional 
Park extending along the coast of the Tuscany region 
(Northwestern Italy), is characterised by a mild and 
dry climate (mean annual temperature of 16.2 °C and 
approximately 540 mm of rainfall, Csa climate zone of 
the Köppen-Geiger climate classification), and lays on 
a recent alluvial geological substrate composed of san-
dy and silty deposits from the Serchio and Arno rivers. 
Within this setting, the alternation of wetlands and 
sandy ridges supports hygrophilous and mesophilous 
herbaceous vegetation, maintained through extensive 
rotational cattle grazing. San Venanzo (42°49'38.6"N, 
12°15'52.6"E, 500 m a.s.l.), which is found on private 
pastures in the Umbrian Apennines (Central Italy), is 
characterised by a temperate continental climate (mean 
annual temperature of 12.9 °C and 801 mm of rainfall) 
as it is situated in a transition zone between hot-sum-
mer Mediterranean (Csa) and more temperate climates 
(Cwa), and it rests on a unique Pleistocene volcanic sub-
strate known for the presence of rare rocks like Venan-
zite. This geological setting, shaped by the San Venanzo 
volcanic complex, supports a landscape mosaic where 
Turkey oak (Quercus cerris) forests alternate with open 
pastures, which were restored in the 1980s for exten-
sive cattle grazing. Tesino (46°06'51.7"N, 11°42'11.7"E, 
1667 m a.s.l.) is located in the Passo Brocon area (Cinte 
Tesino), within the Lagorai mountain range of the East-
ern Alps in the Trentino-Alto Adige region at an ele-
vation of 1667 m a.s.l. The site features a harsh subal-
pine climate spanning the humid continental (Dfb) 
and subarctic (Dfc) zones (mean annual temperature of 
5.5 °C and 1866 mm of rainfall), and sits upon a geo-
logical substrate of metamorphic rocks, specifically 
the quartz phyllites of the Lagorai chain. These acidic, 
nutrient-poor soils support subalpine grasslands dom-
inated by Nardus stricta and Norway spruce (Picea ab-
ies) forests, maintained through seasonal cattle grazing 
managed under local municipal leases. Climate data are 
provided by the Euro-Mediterranean Centre on Climate 
Change (CMCC) (Adinolfi et al. 2021; Raffa et al. 2023).

At each location, an area of 135 m2 was fenced off to 
prevent cattle from grazing. Specifically, at the San Ros-
sore site, grazing management involves 15 head of cattle 

https://koppen.earth/
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occupying an area of 3.4 hectares. The San Venanzo pas-
ture covers 60 hectares and supports a herd of 25 cattle, 
while in the Tesino subalpine pastures, a herd of 51 cattle 
grazes an area of 15 hectares. Three treatment levels were 
established, each with three replicate blocks (2 × 3 m): 
Control (G as per ‘grazed’), which was located outside the 
fence and exposed to ambient precipitation and extensive 
grazing; Grazing Exclusion (GE), which was located in-
side the fence and exposed to ambient precipitation; and 
Grazing Exclusion + Drought (GED). A schematic figure 
of the experimental design is available in the Suppl. mate-
rial 1. Following the international Drought-Net protocol, 
rain-out shelters were used to simulate extreme drought, 
targeting the 1st percentile of long-term local precipitation. 
This resulted in site-specific expected reductions in rain-
fall of 57% (308 mm) for San Rossore, 50% (400 mm) for 
San Venanzo, and 33% (616) for Tesino. The sites’ details 
are summarised in Table 1. Figure 1 shows the location of 
the sites on a map. The sampling design and methodology 
employed to collect the presented data are outlined in the 
following paragraphs.

Vegetation data

Vegetation surveys were conducted at San Rossore in late 
April 2024, San Venanzo in mid-May 2024, and Tesino 
in early July 2025. These dates were specifically selected 
to align with the peak vegetative season of each site, ac-
counting for regional climatic variations to ensure opti-
mal sampling results. Vegetation surveys were conducted 
in two 1 × 1 m subplots, one at each of the opposite cor-
ners of the main plot. Within the GED plots, the subplot 
was delineated 50 cm towards the centre of the plot to 
avoid the margin effect and ensure the entire subplot was 
covered by the rain shelter. Due to unexpected mowing 
at San Rossore shortly before sampling took place, the 
number of control replicates for that site was reduced to 
two. For each subplot, the present species were recorded 
and assigned a relative abundance with a percentage scale. 
Total cover could exceed 100% to allow for overlap. Most 
species were identified in situ; however, those that were 
difficult to identify were collected and determined in the 
laboratory. Taxonomic nomenclature follows the Portal to 
the Flora of Italy, version 2024.3 (http://dryades.units.it/
floritaly/), derived from Checklists of the native floras of 
Italy (Bartolucci et al. 2024).

Morphological and physiological functional 
traits

To assess functional diversity, we targeted the most abun-
dant species in each plot following the 80% cumulative 
cover criterion (Pérez-Harguindeguy et al. 2013). How-
ever, full trait coverage for this threshold was achieved 
through a combination of newly collected measurements 
and existing data sources. In particular, trait values for 
some species were obtained from the TRY database (Katt-
ge et al. 2020) and from an internal trait database when 
direct field sampling was not feasible. In total, we directly 
measured leaf functional traits for 39 species, which rep-
resent the subset of species for which original measure-
ments are provided in this dataset. The remaining species 
contributing to the 80% cover threshold are not includ-
ed here, as their trait values were derived from external 
sources. Ecophysiological (isotopic) analyses were con-
ducted on a subset of individuals from the same set for 
which leaf traits were measured, with minor exceptions. 
Due to sample loss during laboratory processing, two 
species were not analysed for isotopic composition. Plant 
height was recorded in the field, and leaf samples were 

Table 1. Climatic characteristics, specific rainfall reduction, soil properties, and stocking density across the three study sites (San 
Rossore, San Venanzo, and Tesino). MAT: Mean Annual Temperature; MAP: Mean Annual Precipitation. Specific rain reduction 
under the shelter in mm and in %.

Site MAT, °C MAP, mm Expected rain reduction, mm Expected rain reduction, % Soil texture Stocking density, head/ha
San Rossore 16.2 540 308 57 Sandy loam 4.4
San Venanzo 12.9 801 400 50 Loam 0.4
Tesino 5.5 1866 616 33 Sandy loam 3.4

Figure 1. Geographic location and environmental characteris-
tics of the three study sites in Italy. The map indicates the posi-
tions of San Rossore (coastal), San Venanzo (hilly), and Tesino 
(alpine). The table summarises the elevation (m a.s.l.) and the 
Köppen-Geiger climate classification for each site, highlighting 
the environmental gradient across the study areas.

http://dryades.units.it/floritaly/
http://dryades.units.it/floritaly/
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processed in the laboratory within 24 hours of collection. 
For each individual, five healthy leaves were weighed and 
scanned (using an EPSON Perfection V370 Photo at 300 
dpi), and these scans were analysed using ImageJ software 
(Schneider et al. 2012) to determine leaf area in mm2 (LA). 
After drying at 70 °C for 48 hours, the leaves were weighed 
again (using an analytical balance with an accuracy of 
0.01 mg with an AS 60/220.R2, Radwag). We calculated 
specific leaf area (SLA, mm2/mg) as the ratio of leaf area to 
leaf dry mass, and leaf dry matter content (LDMC, mg/g) 
as the ratio of oven-dry mass to water-saturated leaf fresh 
mass (Cornelissen et al. 2003; Pérez-Harguindeguy et al. 
2013). Dried leaves were then ground into a homogeneous 
powder using a 4-ball mill (MM 400, Retsch). An aliquot 
of leaf was weighed and analysed for C and N concentra-
tion (dry mass basis, %) and isotope composition (δ13C, 
δ15N). Analyses were performed with an elemental anal-
yser (model NA 1500, Carlo Erba, Milan, Italy) coupled 
with a continuous-flow isotope ratio mass spectrometer 
(ISOPRIME, GV Instruments, Manchester, UK).

The isotope ratios of C (R = 13C/12C) and N (R = 15N/14N) 
were measured to calculate δ13C and δ15N (‰) referring to 
the Vienna Pee Dee Belemnite (VPDB) and atmospheric 
N2 standards, respectively, as:

δ δ

Where Rsample is the isotope ratio of the sample, and Rstd 
is the isotope ratio of the international standard. For 
δ13C calibration, IAEA-CH-7 Polyethylene Foil (δ13C = 
−32.15‰), IAEA-CH6 sucrose (δ13C = −10.43‰), and 
IAEA-600 caffeine (δ13C = −27.5‰) were used to scale 
the measurements to the Vienna Pee Dee Belemnite 
(VPDB) international standard. For δ15N calibration, 
IAEA-600 caffeine (δ15N = +1‰), USGS40 L-Glutamic 
Acid (δ15N = −4.5‰), and IAEA-NO-3 potassium nitrate 
(δ15N = +4.7‰) were used to normalise results to the at-
mospheric N2 standard (Portarena et al. 2024). For both 
δ13C and δ15N, the standard deviation of replicate mea-
surements for each standard and sample was ± 0.1‰. For 
C concentrations, instrument precision of standard mea-
surements was ± 1.0%, for N ± 0.04%.

Data description, database structure and 
content

The dataset presented has been deposited in the open-ac-
cess Zenodo repository, which was selected for its long-
term preservation policy, Digital Object Identifier (DOI) 
assignment, and compliance with the FAIR principles 
(Findable, Accessible, Interoperable, Reusable). It con-
tains seven separate tabs, which are described below. 
Overall, the database includes data sampled in 88 treat-
ment plots: 18 at San Venanzo and a further 18 plots at San 
Rossore, where surveys were repeated for two years (2024 
and 2025). However, two plots could not be surveyed in 
2024 due to unexpected mowing at San Rossore. Finally, 

there are 18 plots at Tesino, which were surveyed just once 
in 2025 due to the inability to construct the experimen-
tal design during the first year. There are three types of 
treatment plots (G, GE, and GED) at each site. Each type 
has three repetition plots, with two subplots placed at op-
posite corners of each plot (tab ENV in the database). A 
total of 164 plant species were recorded during the two-
year floristic survey (tab SURVEY), while 358 individuals 
belonging to 39 species were measured for leaf functional 
traits (tab LEAF TRAITS PER LEAF). Average leaf traits 
measurements were then calculated at the species level 
(tab LEAF TRAITS PER SPECIES). Some species were 
measured at more than one site depending on their abun-
dance. Ecophysiological analyses of carbon and nitrogen 
elemental and stable isotope composition were conducted 
on 283 individuals from 37 species at the individual level. 
Of these, 75 individuals from 9 species were measured at 
San Rossore, 141 individuals from 21 species at San Ve-
nanzo, and 67 individuals from seven species at Tesino 
(tab ISOTOPES PER INDIVIDUAL). Average isotope 
measurements were then calculated at the species level 
(tab ISOTOPES MEAN PER SPECIES). The metadata 
were carefully structured, with a description of the data 
contained in each column of each tab provided in the first 
tab (tab METADATA).

All trait measurements were collected by trained bota-
nists following standardised protocols (see the ‘Morpho-
logical and physiological functional traits’ section), and 
taxonomic identification was harmonised according to 
national floristic references. Data quality control (QC) 
was primarily based on expert visual inspection. All re-
cords were screened to identify evident transcription or 
digitalisation errors (e.g., inconsistent units, misplaced 
decimal points, or clearly implausible values). When such 
errors were detected, they were corrected by referring to 
the original field records, when available, or in few cas-
es, measurements were repeated, when possible, to verify 
and correct the original values. No formal statistical out-
lier detection procedure was applied, and no observations 
were removed based on predefined outlier criteria. The 
dataset is structured in long format, where each row rep-
resents a single trait measurement. The absence of records 
for a given species–trait–replicate combination reflects 
that no measurement is available. No imputation of miss-
ing observations was performed. Metadata were carefully 
structured to facilitate integration with other vegetation 
databases and to ensure reusability for ecological analyses 
and conservation planning at different spatial scales.

Application and future perspective
This multi-proxy dataset provides robust data with which 
to investigate the interactions between land-use abandon-
ment and climate stressors in semi-natural grasslands. By 
integrating taxonomic and functional layers, the dataset 
serves as a foundational resource for ecological modelling 
and predicting the climate resilience of plant communi-
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ties in Mediterranean and temperate regions. While this 
dataset offers a multidimensional perspective on grass-
land resilience (Figures 2–5), it is important to acknowl-
edge its limitations, including the short-term nature of the 
post-treatment observations and the geographical restric-
tion to three Italian sites. These limitations may prevent 

the dataset from capturing the full range of environmen-
tal variability across the Mediterranean and Alpine bi-
omes. Nevertheless, this comprehensive repository could 
support the development of evidence-based management 
practices and serve as a critical asset for long-term moni-
toring and global meta-analyses.

Figure 2. The histograms show the dominant plant families across the three study sites (San Rossore, San Venanzo, and Tesino), 
based on their frequency of occurrence in the sampling plots. For clarity, only the five most frequent families at each site are dis-
played. The y-axis represents the total occurrences, defined as the cumulative number of individual species records per family across 
all sampling plots within each site. The taxonomic structure reveals a clear dominance of Poaceae and Asteraceae across all locations, 
which is characteristic of Mediterranean and temperate herbaceous communities. However, the internal ranking varies, reflecting 
different climatic and soil conditions.
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Figure 3. The boxplots illustrate the distribution of species richness (number of species per plot), with the horizontal line repre-
senting the median. Individual data points (plots) are overlaid and distinguished by treatment: G = grazing, GE = grazing exclusion, 
and GED = grazing exclusion and drought. Colours and shapes of the points correspond to the different experimental treatments, 
while the box colours represent the sites. Median richness was similar between San Rossore and Tesino, while the highest values 
were observed at San Venanzo. The spread of the boxplots and the position of the whiskers further indicate the degree of vegetation 
homogeneity. A compact boxplot suggests a more uniform plant community, whereas a wider spread reflects greater environmental 
heterogeneity within the site. Accordingly, Tesino exhibited the most homogeneous vegetation.

Figure 4. The density plots for leaf traits show how values for four key functional traits are distributed, considering the means cal-
culated for each measured species. These are Specific Leaf Area (SLA), Leaf Dry Matter Content (LDMC), Leaf Area (LA), and Plant 
Height (H). These plots show how often values occur for species in the database. The distributions of SLA and LDMC are crucial in-
dicators of the leaf economics spectrum. A peak in high SLA values suggests dominance by ‘acquisitive’ (fast-growing) species, while 
a wide LDMC distribution indicates a variety of strategies for nutrient retention and leaf toughness. Most species have relatively small 
leaves and are low-growing, with a few ‘functional outliers’ (large-leaved or tall species).
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Schematic representation of the 
experimental design
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Data type: docx
Explanation note: The layout includes three replicated blocks for 

each treatment: (GED) Grazing exclusion and drought in-
duced by rainout shelters (shaded grey areas); (GE) Grazing 
exclusion under ambient precipitation; (G) Grazed control 
plots. Blue squares represent the subplots (A and B) designat-
ed for floristic surveys within each experimental unit.
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Database License (http://opendatacommons.org/licenses/
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and use this Dataset while maintaining this same freedom 
for others, provided that the original source and author(s) 
are credited.
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