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Abstract

Aims Plant mortality associated with the grow-
ing frequency and intensity of heatwaves and dry
spells is increasingly occurring in various ecosys-
tems worldwide. However, the impacts of extreme
events on plant communities of ultramafic soils are
still unknown. Here, we describe a first case of plant
mortality on serpentine outcrops in Italy following a
heat and drought event that occurred between autumn
2016 and summer 2017.

Methods Mortality of perennial plants was assessed
in thirty plots representing ten major serpentine areas
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along a SW-NE gradient, with the sparse vegetation
of ultramafic soils. Statistical modelling was based
on temperature and precipitation data and local site
conditions.

Results Responses of single species were largely
different and not related to their taxonomic position,
growth form or level of edaphic specialization for
serpentine soils. Notably, obligate serpentine endem-
ics were not less impacted than non-endemics. As
expected, species mortality decreased with increasing
chromosome number, suggesting higher tolerance and
adaptive capacity in taxa of likely polyploid origin.
Mortality increased with decreasing number of rainy
days and duration of the heatwave and decreased with
increasing distance from the Tyrrhenian coastline,
reaching 60% in the southern and western areas with
a Mediterranean climate. Local site conditions such
as increasing soil depth and north-facing aspect sig-
nificantly increased plant survivorship.

Conclusions Our findings show that extreme
drought and heat can have a previously unrealized
impact on ultramafic plant communities in the short
term. Further studies should examine the recovery
capacity and resilience of serpentine plants, together
with the long term effects.

Keywords Climate change - Drought stress - Heat
stress - Precipitation - Serpentine plants - Temperature
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Introduction

Since the few last decades, the frequency, intensity
and duration of heatwaves and drought spells are
increasing at the global scale (Perkins et al. 2012;
IPCC 2019) and in the Mediterranean Basin, where
the number of compound warm spells and droughts
increased significantly over the last 40 years (Vogel
et al. 2021). Climate change models have predicted
a further increase of these events in the second half
of the 21 century (Meehl and Tebaldi 2004, NAS
2016, IPPC 2019). The latest projections foresee
increases in: mean temperature in most lands and
oceans, hot extremes in most inhabited areas, heavy
precipitation in several regions, and the probability
of drought and precipitation deficits in some others
(IPPC, 2018).

As a consequence, plant mortality has been
shown to increase in many parts of the world.
Recent studies have documented severe impacts
on tree species survival in different continents and
biome types, raising growing concern because of
their potential to disrupt forest function worldwide
(Gitlin et al. 2006; Allen et al. 2010; Senf et al.
2018; Crouchet et al. 2019). Furthermore, seri-
ous threats have been predicted concerning plant
diversity (Thuiller et al. 2005) and endemic floras
(Loarie et al. 2008). According to McDowell et al.
(2008) climate warming and increased frequency
of extreme events will probably cause increased
regional mortality episodes, and multidecadal cli-
mate oscillations may increase plant susceptibility
to drought-induced mortality by stimulating shifts
in hydraulic architecture. More recently, Vogel et al.
(2021) predicted that the increase in deseasonal-
ised compound events (at their highest in spring
and early summer) can potentially have a significant
impact on the functioning of Mediterranean ecosys-
tems as this is the peak phase of ecosystem produc-
tivity and a vital phenophase.

So far, however, drought and heat-induced mortal-
ity of plants other than trees in non-forest ecosystems
remains undescribed. In particular, no data exist for
pioneer plant communities that are formed by edaphic
specialists and it is still poorly known how soil types
with different physical and chemical characteristics
can modulate the effects of heatwaves and drought
on plants that grow on them. Ultramafic rocks across
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the world support paradigmatic examples of pioneer
communities formed by edaphic specialists able to
tolerate the selective pressure of the chemical and
physical anomalies of the soils that originate from
these rocks (serpentine soils; Kruckeberg 2002).
These anomalies include the low Ca:Mg ratio (usu-
ally < 1.0), the pH values from basic to ultrabasic, the
nutrient deficiency, especially in nitrogen and phos-
phorus, and the phytotoxic concentrations of met-
als (Brooks 1987). Tolerance to metals is a typical
trait of the plants growing on these soils, which are
in fact known as metallophytes (Wéjcik et al. 2017).
Moreover, the considerable amount of bare ground
and the typical dark colour of serpentine soils caused
by the high iron content produce unusual extremes of
temperature, due to radiant losses and gains during
the diurnal cycle (Brooks 1987; Cacho and Strauss
2014). Dark soils adsorb more solar radiation and
pose more threats to plants than light soils because
high soil temperatures may cause root injury (Hall
2001). Krause (1958) highlighted the strong micro-
climatic effect exerted by exposed serpentine soils on
root systems due to their porous nature which permits
elevated aeration. Moreover, Malpas (1992) pointed
that their granular texture and shallowness results
in a strong drainage and moisture deficiency even in
regions with elevated rainfall. Another physical prob-
lem of serpentine soils is that the Mg excess causes
the formation of stable viscous lumps which gives a
stickiness to the soil material under wet conditions
but dry out to a hard impermeable structure during
drought (Brooks 1987). Such natural anomalies can
be expected to be amplified during periods of high
temperatures and intense drought, making serpentine
soils a very hostile habitat but also a suitable system
to study the impact of climate extremes on open plant
communities formed by herbaceous and small-sized
woody species. Although adaptation to water deficit
and high temperatures are typical of serpentine plants
thanks to their specific traits (Cacho and Strauss
2014; Rajakaruna 2017), their resistance cannot be
unlimited and one may wonder how they respond
when the intensity of these stress factors increase to
unusual levels during heat waves and drought cri-
sis. Indeed, climate extremes could be an underesti-
mated but incumbent threat to metallicolous plants of
ultramafic soils, besides those that have already been
documented at the global and regional level (Whiting
et al. 2004; Selvi et al. 2017).
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So far, the responses of these special communi-
ties to various scenarios of climate change have been
under investigation mainly in western North America
(Harrison et al. 2009, 2015; Fernandez-Going and
Harrison 2013, Damschen et al. 2015; Copeland et al.
2016). These studies provided fundamental concep-
tual frameworks, working hypotheses and scenarios,
highlighting that serpentine plants, as well as other
edaphic specialists, can hardly move or migrate out-
side their native range because of the natural frag-
mentation of the outcrops (see also Corlett and Tom-
linson 2020). Populations are often confined to their
current “edaphic islands” and can become early vic-
tims of climate change if not able to tolerate or adapt
in situ to the new conditions (Damschen et al. 2015).
Adaptation timescales, however, are much longer
than those of recent recurrent heat and drought waves
linked to climate change, to which most species can-
not respond with sufficiently rapid phenotypical or
physiological responses. Hence, edaphic specialists
may be mostly helpless in the face of these sudden
events, which can have unpredictable impacts on their
survival when tolerance limits are exceeded. High
temperatures can have direct damaging effects asso-
ciated with hot tissue temperatures or indirect effects
associated with the plant-water-deficits that can arise
due to high transpiration rates (Hall 2001). Extreme
temperatures can in this way cause the premature
death of plants, and if this happens for a significant
proportion of individuals, a reduction of popula-
tion size and genetic variability is to be expected,
with further detrimental consequences on the species
adaptive potential in the face of global change (Boul-
ding 2009).

In this work, we describe a first case of plant mor-
tality observed in open serpentine vegetation after a
heat and drought event that occurred in Italy in the
years 2016-2017. Based on temperature and precipi-
tation data from the European Space Agency and
regional sources, this event was very long (November
2016-September 2017) and intense due to unusually
high summer temperatures and strong reduction of
precipitation and soil moisture, especially in lowland
areas with the Mediterranean or sub-Mediterranean
climate (Magno et al. 2018).

The documented effects on evergreen and decidu-
ous woody species in regional forests and maquis
on various soil types, including serpentine, were

impressive, and included widespread defoliation, par-
tial or total desiccation of crowns and dieback of tree
branches (Pollastrini et al. 2019). Using a field-based
observational approach, in autumn 2017 we deter-
mined species-level mortality in thirty representative
plots across ten major ultramafic outcrops in Tuscany,
one of the richest regions in serpentine flora in Italy
(Selvi 2007). Data were then analyzed to: compare
responses of the different species in relation to their
taxonomic/phylogenetic position, plant growth form,
degree of edaphic specialization and chromosome
number (aim 1), assess the relationship between mor-
tality and local climate data (aim 2) and evaluate the
effect of local site conditions (aim 3).

Materials and Methods
The climatic event

The year 2017 was characterized by a strong decline
in soil moisture in most of southern Europe and espe-
cially in Italy, as documented by the European Space
Agency (https://phys.org/mews/2017-09-italy-drought-
space.html). In our study area, soil water deficit started
in autumn and winter 2016 and increased in the follow-
ing spring and summer (Magno et al. 2018). Variation
of maximum daily temperatures from June to August
2017 and monthly precipitation during 2017, compared
with the median values of the period 1975-2016, are
shown in Figs. S1 and S2 in supplementary materials.
Data were retrieved from eight interpolated weather
stations of the Agri4Cast 25x25 km grid closest to
our ultramafic areas (https://agridcast.jrc.ec.europa.
eu/DataPortal/Index.aspx). The Agri4Cast grid is well
suited for this purpose as it offers long-term data, not
available for local weather stations. An increase in tem-
peratures and a dramatic drop of precipitation are evi-
dent in all localities, in some of which peaks over 40°C
were registered for more consecutive days between the
end of July and the beginning of August.

Study area, field data collection and mortality
assessment

The investigation was conducted in Tuscany, a region

of central-western Italy with extensive outcrops of
ultramafic rocks (Lazzarotto 1993). These belong to
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the so-called “Ligurids” formation and share a very
similar mineralogical composition consequent to their
common origin (Vergnano Gambi 1992). Our sam-
pling was designed to cover the largest part of the lat-
itudinal, longitudinal and altitudinal gradient of these
outcrops, from 43°02° to 43°54’N, from 10°25’to
12°04°E and from 130 to 625 m above sea level. This
resulted in ten major areas sampled (Table 1). During
autumn 2017 (September to November), each area
was surveyed by placing three random 5 X 5 m plots
in outcrops with the typical garrigue-like vegetation
of the Tuscan serpentine soils (the Armerio-Alys-
setum bertolonii association; Chiarucci et al. 1995),
resulting in a total of 30 plots surveyed (Table 1);
only in one area (Riparbella) we selected only two
plots because of human disturbance, which was com-
pensated by adding a plot in the close and highly nat-
ural area of Caselli (4 plots). Tree and shrub cover (>
1.3 m) and local site conditions potentially influenc-
ing plant growth and survival were recorded in each
plot, such as slope aspect and inclination, depth of the
bedrock barrier in the soil (mean of five points in the
plot), percentage of solid parent rock and dominant
texture at the soil surface, according to three major
categories (thin gravel, coarse gravel and debris, solid
rock; Table 1). Next, all species were recorded and
counting of living and dead individuals was carefully
made for each one to assess mortality (Gitlin et al.
2006). Because of the late season, this survey could
not include the annual species (therophytes), which
usually dry out soon after the release of the seeds in
late spring or early summer. However, annuals repre-
sent only a minor proportion of the serpentine veg-
etation of Tuscany, which is mainly formed by per-
ennials (both woody and herbaceous; Chiarucci et al.
1995).

Dead individuals of herbaceous perennials
(hemicryptophytes), dwarf shrubs with woody base
(chamaephytes) and shrubs (phanerophytes) were
identified by the yellowish, reddish-brown or grey
color of the photosynthetic organs, their position
mostly incurved downwards and collapsed to the
ground, and their dry and often fragile tissues; in
addition, most of these individuals did not oppose any
resistance when eradicated from the ground, due to
the death of the root system. Anatomical observations
on the roots of three representative species, the grass
Festuca robustifolia, the chamaephyte Odontarrhena
bertolonii and the perennial herb Plantago subulata
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L. were also made to shed light on the possible causes
of death. Transverse sections were obtained with a
microtome, colored with toluidine blue and Lugol
staining, and observed at a Zeiss light microscope
with a digital camera.

Estimation of climatic data at the sampling sites

Since climatic data at the sampling sites during sum-
mer 2017 could not be directly measured at the plot
level, we used data collected in ten Regional reference
weather stations close to the ten areas, available from the
Regional Hydrological and Geological Service (hereaf-
ter referred to as SIR, https://www.sir.toscana.it/). The
Agri4Cast data used above to describe the extreme event
in 2016-2017 were not helpful to this scope, due to the
insufficient resolution of the 25x25 km grid. We used
precipitation and temperature data from 1 June 2017
to 31 August 2017, which represents the timeframe in
which the heat waves were registered and that caused
the major stress to the vegetation in the study area. For
precipitation, we considered for each site the total mil-
limeters of rainfall (Tot. rainfall) and the number of
rainy days (Rainy days). For temperatures, we calculated
for each site the mean of maximum daily temperatures
(Mean Ty,,) and the maximum length of heat waves
(Max Heat Wave Length), defined as the maximum
number of consecutive days in which the daily Ty,, was
above the monthly mean of the Ty,,. Table 2 summa-
rizes the climatic variables for the ten areas which were
used in the statistical models below.

Data analysis

We first determined the rate of mortality for each
species across the areas, as the percentage of dead
individuals and ratio alive:dead individuals. Next,
mortality was examined in relation to the major plant
growth forms in our species dataset: 1) hemicrypto-
phytic (perennial) herbs, 2) hemicryptophytic (peren-
nial) graminoids (e.g. including species of families
Poaceae and Cyperaceae), 3) dwarf shrubs (chamae-
phytes and nano-phanerophytes), and 4) shrubs
(phanerophytes); data were retrieved from Pignatti
(2005) and Selvi (2007). Moreover, we compared
mortality in three major edaphic groups of species: 1)
obligate serpentinophytes (growing only on serpen-
tine soils or nearly so in our region), 2) basiphilous
species growing on serpentine but also on calcareous
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Table 2 Main climatic variables for the ten investigated areas in summer 2017, including an evaluation of heat waves, defined as
periods of at least two consecutive days with maximum temperature above the monthly mean maximum temperature.

Area Taean (°C) T ypax (°C)  Number of Number of Mean heat wave Max heat wave ~ Number of Total
days above the  heat waves duration (num-  length (number rainy days rainfall
monthly Mean ber of days) of days) (mm)
Tatax
1.Impruneta 33.0 414 51 9 5.6 12 6 62.8
2.Pievescola 332 422 55 7 6.4 13 9 47.6
3.Merse 332 41.6 53 8 53 12 7 532
4.Mt. Ferrato 329 40.8 53 9 5.7 12 7 26.4
5.Mt. Pelato 30.1 37.2 47 8 53 12 6 47.0
6.Roccated- 30.2 38.8 46 9 4.8 8 12 352
erighi
7.Mt. Rognosi ~ 31.9 39.9 53 8 5.4 9 17 95.4
8.Pieve 30.9 39.1 49 7 53 9 15 61.6
S.Stefano
9.Riparbella 29.8 36.6 48 5.4 14 5 384
10.Caselli 31.2 38.0 49 7 5.0 18 6 472

soils, and 3) “indifferent” species, those found on a
variety of soil types, including serpentine; data were
taken from Selvi (2007). Statistical comparisons
between growth forms and edaphic groups were per-
formed with non-parametric Kruskal-Wallis analysis
of variance followed by a pairwise Mann-Whitney
U-test.

We also related mortality to the somatic chromo-
some number of the taxa, based on information in the
Chromosome Counts Database (CCDB, version 1.46;
http://ccdb.tau.ac.il/) and Chrobase (http://bot.biolo
gia.unipi.it/chrobase/index_actap.php). We examined
the relationship between the two variables by means
of a general linear model of regression. Thus, we
compared the rate of mortality among diploids and
putative polyploids, e.g. taxa with a high chromo-
some number divisible by four or more (Appels et al.
1998), using a non-parametric Mann-Whitney U Test.

Next, we used Generalized Least Squares (GLS)
models to evaluate the effects of temperature, precipi-
tation and local site conditions. These models allow
to include a variance component term which accounts
for a source of correlation between observations. In
our case, we used an autocorrelation matrix account-
ing for the spatial autocorrelation within and among
localities, thus also accounting for the effect of the
hierarchical structure of our sampling design (i.e.
plots nested within sampling areas). We selected the
most adequate structure for the autocorrelation matrix
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comparing different models fitted with Gaussian, Lin-
ear, Ratio, and Spherical structure of the autocorre-
lation (Pinheiro et al. 2019). Finally, we selected the
structure which minimized the Akaike information
criterion (AIC) values. Considering that the fixed
effect terms remained the same, in both the compari-
son procedure and the estimation of variance compo-
nents, models were fitted with restricted maximum
likelihood (REML).

First, we analyzed the effect of the climate vari-
ables potentially affecting plant survival at the plot
level, namely temperature and precipitation. We fit-
ted two separate GLS models, a first one to test the
role of precipitation using the total millimeters of
rainfall (Tot. rainfall) and the number of rainy days
(Rainy days) as explanatory variables. A second GLS
model was fitted to test the role the mean of maxi-
mum daily temperatures (Mean Ty,,) and the maxi-
mum length of heat waves (Max Heat Wave Length).
In both of these models, we included two main com-
ponents describing the climate features of the refer-
ence period: one accounting for the direct mean value
of the climatic factors (i.e. total millimeters of rainfall
and mean Ty, and one accounting for the duration
of the exposure to drought and heat (i.e. number of
rainy days and length of heatwaves).

Next, we evaluated the role of the local site con-
ditions. To this purpose, we fitted a series of GLS
models with mortality as response variable and
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distance of the plots from the Tyrrhenian coastline
(km), northness, slope aspect, total vegetation cover,
mean soil depth and rockiness as explanatory vari-
ables. Again, we added the proper variance compo-
nent term accounting for spatial autocorrelation and
nested structure. To evaluate the importance of pre-
dictors, we used the framework of multi-model infer-
ence through the Information-Theoretic Approach
(Burnham and Anderson 2002) to select a set of “best
models”. Model comparisons were performed adopt-
ing the corrected AIC (AICc). We selected all the
models with a AAICc (which represents the differ-
ence between each model and the most parsimonious
one) with values < 6, as recommended in Richards
(2008). According to this procedure, the correlation
coefficients of each predictor were averaged among
the selected best-fitting models and the significance
of the estimated coefficient was calculated with a
z-Wald test. We estimated the relative importance w,,
of each predictor j as the sum of the AICc weights
across all models in which the selected predictor
appeared (Burnham and Anderson 2002). Predictors
with higher w,;, (i.e. closer to one) have a greater
weight of evidence to explain the response variable
with the given data (i.e. higher relative importance).
As the models shared the same variance component,
but different fixed effect terms, they were fitted with
maximum likelihood (ML) for the comparison and
the “best models” were re-fitted with restricted maxi-
mum likelihood (REML) for the estimation and aver-
age of coefficients.

All statistical analyses were run in R vers. 4.0.0 (R
Core Team 2019), and relative graphs were produced
with ggplot2 vers. 2.2.1 (Wickham 2009). The GLS
models were fitted using the nlme package vers. 3.1-
143 (Pinheiro et al. 2019). The multi-model compari-
sons and inference was performed using the MuMIn
package vers. 1.43.15 (Barton 2019).

Results

Mortality by species, functional group, chromosome
number and edaphic category

Occurrence of plant species across the areas and
plots, with number of estimated dead and living indi-
viduals and mean percentage of mortality per area
is given in Supplementary Table S1. Total species

mortality across all areas was 31.55% and the ratio
alive:dead individuals was 2.17. Figure 1 shows
examples of dead plants of regionally common ser-
pentine species, three of which endemic (Odontar-
rhena bertolonii (Desv.) Jord & Fourr., Armeria den-
ticulata Bertol., Festuca robustifolia Markgr.-Dann.).
Field and laboratory examination of dead plants of
these and other species showed no signs of parasite
attacks, damages by phytophagous insects or diseases
by pathogenic fungi. In O. bertolonii (Fig. 2A,B)
and P. subulata (Fig. 3C), the secondary phloem and
xylem appeared not in contact to the vascular cam-
bium, and the woody growth rings appeared incoher-
ent in several points; in the latter species the cambium
was dead and the primary cortex was disrupted. In F.
robustifolia there were no apparent signs of tissue
degeneration (Fig. 2D). Rate of mortality was largely
variable between the 41 taxa in our dataset, ranging
from O to 57% in Cistus creticus L. (Fig. 3); overall,
the three species of Cistus were severely impacted (on
average 47.9% of dead plants). In 14 taxa, mortality
was over 20% and in 22 it was over 10%, while no
dead individuals were observed for 13 species. Mean
rate of mortality of regional endemic species was
32%, reaching 37% in the Ni-hyperaccumulator O.
bertolonii (Fig. 1B,C,D; Fig. 3). At the family level,
Plantaginaceae was the most affected group, fol-
lowed by Rubiaceae and Poaceae. In grasses and most
other families where average mortality was between
5 and 10%, however, there were large differences
between species of different genera, showing no rela-
tion between mortality and familial position. The four
families in which no mortality was recorded consisted
of succulent (Crassulaceae) or woody taxa (Oleaceae,
Santalaceae, Anacardiaceae).

Small woody plants (dwarf shrubs: chamaephytes
+ nano-phanerophytes) suffered the highest mortality,
followed by hemicryptophytic herbs and graminoids;
larger woody taxa (shrubs: cespitose phanerophytes)
were less affected (Fig. 3). However, large variation
within all four functional types resulted in no statisti-
cal differences between them (p-value > 0.05). Mor-
tality was higher in obligate serpentinophytes (median
21.7%, mean 24.1%) than in serpentine-calcicolous
(median 13.5%, mean 14.8%) and edaphically indif-
ferent species (median 1.3%, mean 16.3%), though
differences were not significant (p-value > 0.05) due
to large variation within the two latter groups.

@ Springer



Plant Soil

Fig. 1 Examples of serpentine landscapes and dead plants on
Tuscan ultramafic outcrops in September-October 2017. A)
Landscape at Mt. Ferrato (Prato province); B) Odontarrhena
bertolonii, Merse; C) O. bertolonii, Caselli; D) O. bertolo-

Chromosome number was instead positively
related to plant survivorship, as taxa with higher num-
ber had lower mortality (p-value = 0.010; Fig. 4A).
Diploid species had a lower percentage of survivor-
ship than putative polyploids (Mann Whitney p-value
= 0.008; Fig. 4B).

Mortality by plot and effect of climate and site
conditions

The total amount of precipitation was not related to
the mean rate of individual mortality across plots.
However, the mean mortality of individuals was sig-
nificantly affected by the number of rainy days dur-
ing summer (p-value = 0.021, Table 3); in particular,
mortality decreased with the increase of the number
of rainy days (Fig. 5A). Concerning the effect of
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nii, Mt Ferrato; E) Festuca robustifolia, Impruneta; F) Heli-
chrysum italicum, Merse; G) Plantago subulata, Mt. Pelato; H)
Armeria denticulata, Roccatederighi; 1) Juniperus oxycedrus
seedlings, Caselli

temperature, mortality was not affected by the mean
Tyas however, there was a significant effect of the
length of heat waves (p-value = 0.039, Table 2).
Indeed, mortality increased with increasing maxi-
mum length of the heat waves (Fig. 5B).

Among site conditions, distance from the Tyr-
rhenian coastline was selected as important factor
in most of the best-fitting models and had a signifi-
cant effect on mortality, which decreased with dis-
tance from the sea (relative variable importance:
0.96, p-value = 0.026, Table 3, Fig. 6A). Total plant
mortality by area ranged from over 12% in the east-
ern subcontinental area of Mt. Rognosi (Upper Tiber
valley) to 60% in the western and southern areas of
Monte Pelato, Caselli and Merse, with a typical
Mediterranean climate. Other local site conditions
selected as important factors in a high number of the
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Fig. 2 LM micrographs

of cross-sectioned roots

of dead plants of: A, B)
Odontarrhena bertolonii,
Root. 1 growth rings of
secondary xylem; 2 line

of vascular cambium;

3 secondary phloem; 4
cortex; 5 corky periderm;
red arrows indicate the
detachment between annual
rings of secondary xylem;
C) Plantago subulata, Root.
1 secondary xylem; 2 sec-
ondary phloem; 3 collapsed
primary cortex; 4 periderm;
red arrows indicate the line
of detachment between
growth rings (4-5) and that
of dead vascular cambium;
D) Festuca robustifolia.
Root. 1 vascular cylinder
with primary xylem and
phloem; 2 endodermis; 3
cortex; 4 corky exodermis

Dwarf shrubs Herbs Graminoids Shrubs
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growth forms, determined as the proportion of dead plants plots where the species was recorded
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Fig.4 A) Relationships between mortality and chromosome number of the species in the plots; B) Boxplot showing difference

between diploid taxa and species of putative polyploidy origin

best-fitting models were the mean soil depth (relative
variable importance: 0.90, p-value = 0.009, Table 4)
and Northness (relative variable importance: 0.73,
p-value = 0.004, Table 4). Mortality decreased with
increasing mean soil depth (Fig. 6B) and was lower in
plots located on north-facing slopes (Fig. 6C).

Discussion

Serpentine plant specialists are considered well adapted
to low moisture conditions and more able than non-
serpentine plants to withstand increased aridity and
high temperatures consequent to climate change
(Rajakaruna 2017). Previous evidence also supports
that plant communities on such infertile soils may
be less sensitive to global warming thanks to their

Table 3 Results of Generalized Least Squares models on the
role of rainfall and of maximum daily temperature of extremely
hot days (Ty,,) on the mortality in the 30 monitored plots.
Denominator degrees of freedom = 27. Num DF = Numerator

stress-tolerant traits (Damschen et al. 2012; Fernandez-
Going et al. 2012; Harrison et al. 2015). Indeed,
concerning Tuscan serpentines already Chiarucci
et al. (1995) suggested that drought stress events may
play a pivotal role in determining the typical scattered
vegetation of these habitats, by causing recurrent
episodes of local extinction of many late-successional
species and favouring serpentine plant specialists (see
also Chiarucci 2003). However, how these communities
respond to the anomalous heat and drought that can
occur on these soils during extreme events is still
poorly known due to the scarcity of either observational
or experimental studies. Recently Sianta and Kay
(2019) suggested that obligate serpentine species (i.e.
Californian serpentine endemics) should respond better
than serpentine generalists to heat and drought events,
being more adapted to bare habitats. In their study

degrees of freedom. Significance codes: P-value < .001 “***’;
P-value < .01 “**’; P-value < .05 “*’; P-value < .01 *-°.

Model Term Num DF F-value p value
Rainfall (Intercept) 1 94.36 <0.001 *okk
Tot. rainfall 1 1.81 0.189
Rainy days 1 6.01 0.021 *
Temperature (Intercept) 1 76.10 <0.001 HkE
Mean Ty, 1 0.03 0.873
Max Heat Wave Length 1 4.72 0.039 *
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Fig. 5 A) Effect of number

: 0.84A
of rainy days on plant mor-
tality by plot; B) Effect of o
heat waves length (number
of days) on plant mortality 0.64 8
by plot 8

Mortality

0.0+
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Rainy days

0.84B

Mortality

0.04

7.5 10.0
Max heat wave length (days)

of the effects of drought on Californian herbaceous
vegetation, Copeland et al. (2016) found a consistent
decrease of cover and species richness in both
serpentine and non-serpentine communities and little
evidence for higher resistance to drought on serpentine
soils, possibly due to severe conditions which may have
exceeded tolerance thresholds for even the relatively
stress-tolerant serpentine species. Our investigation
goes in this direction and provides first circumstantial
evidence of even more dramatic impacts that can occur
when thresholds are exceeded to likely extreme levels.
Both the anatomical observations of the root system of

12.5 15.0 17.5

selected species and the largely synchronous death of
individuals of taxonomically and functionally distant
species supported that these were killed by a transversal
abiotic factor, such as heat and drought.

Serpentine plant mortality across the study sites
was widely variable across the 41 taxa found in the
plots and largely species-specific. Moreover, it was
not clearly associated with phylogenetic or taxonomic
patterns, though some genera and families such as
Cistaceae were significantly more affected than oth-
ers. Growth form was also not relevant, though
the taxa that suffered the highest mortality were
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Fig. 6 Effect on plant mor-
tality of A) distance from
the sea, B) mean soil depth,
C) northness
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Table 4 Average

. . Term Relative Full Averaged Adjusted SE  zvalue p Value

.coefﬁment and relative importance Coefficient
importance for each
eﬁvﬁfon?e?al Igedlcwl? . (Intercept) 0.330 0.034 5612 <0001
within the best Generalize Distance from coastline ~ 0.96 -0.068 0.029 2225 0026 @ *
Least Square models
(AICc < 6) explaining Mean soil depth 0.90 -0.062 0.023 2.596  0.009 ok
the mortality in the Northness 0.73 -0.049 0.016 2.884  0.004 ok
29 H}%ﬂltored Pgﬁ& bl Rockiness 0.25 -0.026 0.023 1.086  0.278

ignificance codes: P-value
< 001 “*¥%; P_value < .01 Slope 0.22 -0.017 0.017 0.985 0.325
“k#>: P_yalue < .05 ¥, Canopy cover 0.08 0.006 0.015 0.378 0.705

prevalently small woody plants that are usually con-
sidered well adapted to summer-dry Mediterranean
sites with strong solar radiation and shallow soils,
such as Cistus creticus, Helichrysum italicum (Roth)
G. Don and Artemisia alba Turra. Responses of the
annual species could not be analysed here, though
these plants are likely to suffer less than perennials,
because of their rapid and short life-cycle that usu-
ally anticipates the summer drought and heat. Moreo-
ver, therophytes represent a very minor proportion of
the garrigue-like serpentine vegetation in our region,
ranging from 1-5% vs. 31-84% of hemicryptophytes
and 16-57% of chamaephytes, based on the total num-
ber of species (Chiarucci et al. 1995). Unexpectedly,
specialization for serpentine soils did not reduce the
negative effect of drought and heat on the communi-
ties, as shown by the impact on the obligate endem-
ics Odontarrhena bertolonii and Festuca robustifo-
lia as well as on some preferential serpentinophytes
such as Plantago subulata. The inconsistent relations
between mortality, taxonomy, growth form and eda-
phism, suggest that resistance to extreme drought
and/or temperature depends on structural and/or
physiological species-specific traits, among which the
water status management strategy may be a relevant
one. According to McDowell et al. (2008), isohydric
and anisohydric water potential regulation may par-
tition species between survival and mortality. Aniso-
hydric plants are often relatively drought tolerant but
also at higher risk of hydraulic failure under severe
stress than isohydric plants, because they keep their
stomata open and photosynthetic rates high for longer
periods, even in the presence of decreasing leaf
water potential (Sade et al. 2012). In both cases, ele-
vated temperatures can exacerbate hydraulic failure,
and biotic agents may amplify and be amplified by
drought-induced plant stress (McDowell et al. 2008).

The only variable considered in this study that
was significantly associated with a reduction of
mortality was increasing chromosome number. Most
of the taxa with an elevated number of chromosomes
in their somatic cells are of likely polyploid origin
and have a relatively large genome size compared
to related diploids (Appels et al. 1998). Polyploid
plants usually show enhanced genomic plasticity and
expression of fitness genes conveying higher vigor
(“heterosis”) and adaptive capacity to environmental
disturbances and stresses (Stebbins 1950; Van de
Peer et al. 2017), including drought (Maherali
et al. 2009). For example, Hao et al. (2013) found
that plants of Atriplex with higher ploidy level
have consistently greater resistance to drought-
induced loss of hydraulic conductivity, while Rao
et al. (2020) showed that tetraploids of Lycium
possess a superior resistance under severe drought
stress compared with diploids, thanks to a strongly
increased production of abscissic acid. Similarly,
Godfree et al. (2017) provided empirical evidence
of fixed and homeostatic patterns of polyploid
advantage in grasses exposed to drought and heat
stress. Higher resistance and faster adaptability to
habitat changes allowed by genome duplication
are the main reasons why polyploids have been
predicted to take advantage of the consequences
of global change, and polyploidy have been even
foreseen as a major speciation mechanism (Sessa
2019; Levin 2019). Hence, further studies on
responses of serpentine plants or communities to
climate change should also incorporate ploidy level
of taxa and/or populations in models and conceptual
frameworks predicting the likelihood of local
extinction, in-situ adaptation or migration outside
their native range (Harrison et al. 2009; Damschen
et al. 2012; Corlett and Tomlinson 2020).
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Although the effects of water and temperature
stress could not be separately assessed, the causal
relationship between the event and the observed plant
mortality on Italian serpentine outcrops is supported
by the analysis of climatic variables and the local fac-
tors in modulating species responses. A first variable
positively affecting plant survival was the number of
rainy days during the summer months. Small precipi-
tation events may be crucial for perennial serpentine
species when distributed in more days, as they repeat-
edly reduce drought stress and lower the temperature
at the air-soil interface through evaporation. On the
contrary, when the number of rainy days during sum-
mer falls below a critical threshold, the prolonged
lack of relief from internal water deficit exceeds toler-
ance limits of most species and cause severe stress.
According to Onyekachi et al. (2019), events of pro-
longed drought associated with sudden shifts in pre-
cipitation regimes driven by climate changes often
disturb plant metabolism and arrest photosynthesis,
exposing non-adapted plants to premature death.
When precipitation is abundant in a single event, as
often during summer in the Mediterranean, serpen-
tine outcrops are subject to a strong run-off and drain-
age because of the soil texture (Brooks 1987). Cou-
pled with rapid evaporation caused by the high soil
temperature, this is likely to prevent perennial plants
with a deep root system to use water efficiently, ulti-
mately accounting for the non-significant effect of the
total amount of summer precipitation observed here.

Length of the heat waves was also significant in
driving mortality of serpentine plants, while maxi-
mum daily temperatures in our study areas were
apparently not relevant. Hence, the duration of the
period with temperatures higher than usual had appar-
ently a more severe impact than the intensity of single
heat peaks. These findings are to be interpreted in the
light of early studies showing that time of exposure
to heat is crucial to cause plant death (Hare 1961)
and that the relationship between time and tempera-
ture in perennial herbaceous species is an exponential
function (Wright 1970). The lethal impact of these
extreme temperatures can be supposed in the light of
early evidence that that the so-called “thermal death
point” (e.g. the lowest temperature that results in no
survival after a fixed period of exposure) of numerous
plants of temperate biomes lies between 50 and 55 °C
for the above-ground parts and ca. 45°C for the roots
(Wright 1970). To test this hypothesis, more studies
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would be needed to investigate the thermal death
points of serpentine plants, as well as their “thermal
death time”, e.g. the time of exposure at a given tem-
perature required for death of the organism (Wright
1970). To date, however, very little is known about
the effects of heat stress on serpentine plants, and this
comes from a study on Alyssum species from Iran that
showed decreased resistance with increasing Ca:Mg
ratio in the growing substrate (Ghasemi et al. 2015).
Hence, further studies should investigate whether
plant resistance to heat on ultramafic outcrops may be
also affected by the element composition in the soil
and the high levels of trace metals such as Mg, Ni, Cr
and Co.

Local factors influencing microclimate such as
slope aspect also modulated mortality. Serpentine
communities on north-facing sites were on average
less impacted than those on the south- or west-
facing slopes due to the lower solar radiation,
temperature and water stress, in line with evidence
from other plant communities from dry regions
of North America (Gitlin et al. 2006). Mortality at
the plot scale was also reduced by the depth of the
bedrock barrier in the soil, as this is a major factor
increasing plant rooting depth and soil moisture
retention at the global scale (Fan et al. 2017).
Rooting depth is known to have a strong positive
effect on survival in drought-adapted Mediterranean
plants because associated with the ability to uptake
water several centimeters below the soil surface
(Padilla and Pugnaire 2007; Hidalgo-Triana and
Pérez Latorre 2018; Bristiel et al. 2019). In our
study we did not evaluated the contribution of litter
cover on the ground, as in our sites litter is usually
sparse and thin, thus unlikely to limit loss of water
by evaporation. Also, mortality appeared negatively
associated with the distance of the areas from the
Tyrrhenian Sea, which, in our region, underlies the
shift from the Mediterranean to the subcontinental
climate. Baldi et al. (2006) evidenced that heat waves
over Italy are generally a country-scale symptom
of warm spells in the Mediterranean basin. Hence,
it is conceivable that increasing distance from the
Tyrrhenian sea may involve a reduction of heat spell
magnitude or result in a decreasing temperature
gradient. Distance from the sea also affects the
precipitation regime by increasing the amount and
frequency of rainfall during the summer months,
potentially improving plant survivorship during
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extreme events. Nevertheless, the non-significant
relation between mortality and T, discussed above
would exclude a direct effect of the latter variable
and further studies are needed to unravel the direct
factors and mechanisms underlying this pattern.

In conclusion, the results of our study provide
early circumstantial evidence that climate extremes,
in the form of heat and drought events, are a previ-
ously unrealized threat to the persistence of species
and populations of ultramafic plant communities,
and ultimately, to the biodiversity of metallophytes.
Further studies should also look at plant mortality in
open vegetation of non-ultramafic soils and compare
the responses of serpentine and non-serpentine popu-
lations of non-obligate serpentine species, to examine
whether their response to extreme events is affected
by soil type. Moreover, the impact of extreme drought
and heat events on serpentine plants and communities
may also appear during a prolonged recovery phase.
According to McGillivray et al. (1995), resistance and
resilience to drought may be even negatively linked in
herbaceous plant communities, depending on species
traits, competitive interactions, potential feedbacks
and indirect effects through soil processes (see also
Copeland et al. 2016). Hence, a deeper understanding
of the impact of such events would require to monitor
changes over a longer period through a system of per-
manent plots, as well as a better understanding of the
various means and adaptive strategies that may allow
recovery of serpentine plants in the long-term.
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