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Abstract
Desertification is a global concern, reducing vegetation cover and soil fertility. Arbuscular mycorrhizal symbiosis (AM), 
the most common plant-fungi association, can enhance plant fitness and stress tolerance. Despite its significance, com-
prehensive data on community-wide patterns and drivers of plant AM traits are limited in the Mediterranean, one of the 
regions most vulnerable to desertification. We examined four traits: colonization frequency, intensity, arbuscule abundance, 
and spore density in the rhizosphere of 20 plant species across ten agroecosystems in desertification-prone areas of Italy, 
Spain, and Portugal. We analysed whether these traits varied across Raunkiær’s plant life forms and were affected by 
vegetation cover, soil properties, precipitation, and temperature, both overall and regionally, to explore potential context-
dependency. All plants showed a high frequency of AMF colonization, with an average intensity of 54%, indicating 
obligate AMF interactions, and arbuscule abundance was significantly correlated with spore density. These traits were 
significantly higher in microhabitats dominated by trees and shrubs compared to those dominated by herbaceous plants. 
Phanerophytes (perennials) presented lower trait values than therophytes (annuals), while the highest values were found 
in hemicryptophytes. Lampedusa, a region with hotter and drier climate conditions in Southern Europe, had significantly 
lower AMF trait levels, though Spanish site values resembled those in Sicily more than Portugal. Soil organic carbon, 
nitrogen, and the overall positive interaction between precipitation and temperature significantly influenced all AMF traits. 
However, the magnitude and direction of soil and climate related effects differed among regions, indicating strong context 
dependency. Our study contributes to better define indicators for monitoring desertification and evaluating restoration 
efforts while highlighting the need of site-specific evaluations and careful interpretation of broad generalisations.

Keywords  Arbuscular Mycorrhizal Fungi (AMF)  · Plant symbiosis · Desertification · Mediterranean ecosystems · Plant 
life- forms · Soil organic carbon
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Introduction

Land degradation threatens biodiversity and ecosystems, 
leading to vegetation loss, soil decline, and desertification 
[1, 2]. Arbuscular mycorrhizal fungi (AMF) symbiosis, the 
primary plant-fungi interaction worldwide, aids in combat-
ing desertification by reducing nutrient leaching, improving 
nutrient uptake, and boosting resistance to stressors such as 
warming and drought [3, 4]. Low AMF colonization inten-
sities reduce host plant growth and stress tolerance, finally 
influencing vegetation dynamics [5–8]. AMF radical myce-
lium biomass can be up to four times higher than extrara-
dical biomass, aiding therefore ecosystem services such as 
soil carbon storage [7, 9]. AMF root colonization and soil 
spore density have been used as key indicators of environ-
mental change, reflecting respectively nutrient exchange 
efficiency and reproductive capacity [10, 11].

Abiotic factors, such as temperature, precipitation, and 
soil properties, influence plant-AMF relationships, but the 
findings vary widely. Increased temperatures can stimulate 
AM symbioses globally due to a change in energy alloca-
tion from storage (e.g. in vesicles) in cooler climates to 
hyphal expansion and spore production in warmer condi-
tions [5]. However, such relationship is variable, with other 
studies reporting negative effects on hyphal development 
[12], positive effects on spore abundance with no impact 
on hyphal density [13] or variable responses shifting from 
positive to negative depending on warming intensity [5, 14]. 
Precipitation increases soil moisture and permeability, thus 
favouring plant growth, although its cascading influence 
on AMF root colonization is relatively limited on a global 
scale [15]. Conversely, the role of precipitation seems to be 
more relevant in drier regions such as the Mediterranean, 
for example constituting a primary factor impacting AMF 
colonization and spore abundance within the rhizosphere of 
a key tree species [16] and modulating the abundances of 
different AMF families [17].

Soil properties are also relevant factors in modulat-
ing plant-AMF colonization. Among these properties, soil 
organic carbon (SOC) may represent an important indica-
tor, once carbon dynamics from the atmosphere to the soil 
are strongly mediated by plant-AMF relationships [9, 10]. 
Additionally, SOC levels influence the dynamics of other 
nutrients like nitrogen (N) and cation exchange capac-
ity (CEC) [18]. N is a key element for plant growth, and 
together with phosphorus (P), is reported as the main nutri-
ent AMF deliver to plants. However, the relationship of N 
and AMF root colonization are still not fully understood, 
with positive, neutral and negative effects observed in field 
and laboratory studies so far [5, 6, 15]. Given the main 

nutrient exchange objective of plant-AMF relationship, in 
more fertile soils, such relationships are supposed to be less 
crucial once plants can access easily [10, 19, 20]. However, 
existing studies show that typically only a subset of soil 
variables account for AMF patterns, with effects that vary 
consistently or even contrast across different study areas, 
plant species, or spatial gradients [14, 21–23]. Additionally, 
the absence of standardized methods for selecting soil vari-
ables complicates the comparison and interpretation of soil 
properties’ effects on AMF.

Several studies show that vegetation cover and plant 
life form are highly influential among biotic factors affect-
ing AMF plant-root colonization. For example, vegetation 
cover can negatively affect AMF colonization by reducing 
plant carbon production through shading. In turn, cover 
can create favourable microenvironments by lowering tem-
perature extremes and increasing SOC, thus with potential 
positive effects on AMF [24–26]. Plant life forms, such as 
those defined by the Raunkiær, provide a consistent way to 
categorize plants based on their response to environmental 
stress [27]. Therefore, the magnitude of interaction with 
AMF is expected to vary across different plant life forms. 
However, how different cover types and plant life forms 
may predict AMF traits over broader scales remains largely 
unexplored [7, 28–30]. Recent molecular studies have 
advanced understanding of AMF distribution, diversity, and 
how biotic and abiotic variables modulate community com-
position [3, 5, 31–35]. However, few studies have evaluated 
simultaneously different AMF traits across a comprehensive 
set of plant species, cover types, and life forms in field con-
ditions, particularly within the Mediterranean region e.g. 
[36, 37]. Additionally, it remains uncertain how such colo-
nization patterns vary across larger spatial scales and pedo-
climatic gradients, thereby limiting our understanding of 
the variability in the intimacy of plant–AMF relationships 
and consequent vegetation responses to climate change and 
desertification.

Our study aims to address these gaps by quantifying 
AMF traits (colonization frequency, intensity, arbuscule 
abundance, and spore density) of AMF in the rhizosphere 
of representative Mediterranean plant species. We tested 
their relationship with soil properties and climatic vari-
ables across a broad spatial gradient, from Sicily (Italy) 
to Extremadura (Spain) and Alentejo (Portugal), all areas 
highly vulnerable to desertification. Our objectives are to 
answer three main questions: (1) How significant is vegeta-
tion cover and plant life form in determining AMF traits? 
(2) What is the connection between soil physico-chemical 
properties and AMF traits? (3) Are the patterns and drivers 
of AMF traits consistent across different spatial scales?
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Methods

Study Areas and Species Selection

Research was conducted at 10 sites across three Mediter-
ranean Europe regions: four in southern Italy (Sicily), 
three in central Spain (Extremadura), and three in south-
ern Portugal (Alentejo) (Fig. 1, Table S1). The sites repre-
sented extensively managed agroecosystems over a broad 
area with diverse climate, soil, and land cover, from mixed 
broad-leaf and coniferous forests to open pasturelands. All 
sites share high desertification sensitivity index [1]. For 
details, see [18, 38]. Lampedusa, located 150 km from Sic-
ily has a distinct climate (Table S1) and vegetation (i.e. 
dominance of garrigue vegetation with endemic species and 
other species only found in the driest parts of Sicily), was 
treated separately. Plant species sampling aimed to include 
native species representative of each site (i.e. contributing 
to predominant cover) (Table S2, Table S3), as well as to 
comprehend different life forms according to Raunkiær’s 
classification obtained from https://floraveg.eu; [39]. This 
classification categorises such life forms considering the 
position and protection of the renewal buds and is widely 

used to group plants in seasonal climates [27]. As a com-
plementary sampling, we included one exotic species, the 
prickly pear (Opuntia ficus-indica), cultivated in one Sicil-
ian site, in order to diversify the plant traits analyzed, given 
the known resistance to desertification of this cultivated 
species [40].

In total we analysed AMF colonization frequency, inten-
sity and arbuscule abundance in 195 plant root samples and 
spore density in their rhizosphere soil. Plant specimens were 
assigned to 20 species across 11 families, including new 
quantitative records for AM symbiotic status for 12 wild 
species, not previously documented, and the first report for 
an endemic Sicilian species.

Root Colonization by Arbuscular Mycorrhizal Fungi 
(AMF)

In May 2018 and May 2022, we randomly collected healthy 
individual plants (i.e., predominantly green leaves, new 
shoots, and/or flowers) with similar heights (approxi-
mately 40–60 cm) across all vegetation cover types, manu-
ally extracting them with the topsoil (0–30 cm) in order to 
include their rhizosphere soil. Within a 5 m radius circular 

Fig. 1  Location and landscapes of the study sites across the four regions of Lampedusa (LAM) and Sicily (SI, Italy), Extremadura (EX, Spain) 
and Alentejo (A, Portugal)
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dissecting stereoscope (Olympus Corporation, Tokyo, Japan 
Olympus SZ51) at 10x magnification and counted to deter-
mine spore density (number/g dry soil).

Temperature, Precipitation and Soil Physico-
Chemical Analyses

The monthly mean temperature and total precipitation data 
were extracted from the ERA 5 Land dataset with a resolu-
tion of approximately 7 km [46]. Data from the last four 
months prior to sampling (January – April) were used for 
this analysis, as this period best reflects the accumulated soil 
moisture and is most relevant for plant development (grow-
ing seasons, flowering) in the Mediterranean. Soil physico-
chemical properties were measured by sampling the topsoil 
(0–10 cm) from the immediate surroundings (< 2 m) of the 
sites where individual plants were collected. Soil samples 
were air-dried and sieved before analysing SOC (g C kg− 1), 
N (g N kg− 1 ), CEC (meq 100 g− 1), and pH, following the 
procedures recommended by the Soil Survey Staff [47].

Literature Review Reporting AMF Symbiosis in the 
Plant Species

Previous information regarding AMF colonization for the 
plant species in our study was obtained through a data-
base search on Scopus using as keywords both the genus 
and plant species, followed by “Myco”, “Mycorrhizae”, 
“Mycorrhizal”, “AMF”, “Arbuscular”, “Fungi”, “AM”, and 
“Root”. Inclusion criteria were articles that reported both 
quantitative (intensity of colonization) and qualitative (pres-
ence/absence) data on AMF. We focused on studies analys-
ing at the species level, although we also reported some 
information at the genus level.

Statistical Analysis

All statistical analyses and figures were produced using R 
v 4.3.2 [48]. To account for different spatial scales (global 
and between regions), our analysis employed a two-step 
approach. First, we ran a global model with all data com-
bined, then we created separate models for each region 
(excluding Lampedusa due to low variability in soil and cli-
matic variables). To test the effects of soil properties (SOC, 
pH, TN, and CEC) and climatic variables (temperature and 
precipitation) on colonization intensity, arbuscule abun-
dance and spores, we used generalised linear mixed models 
(GLMM, package glmmTMB) in the global models, includ-
ing site as a random factor to account for spatial variability. 
In the regional models, random factors were not included 
due to the limited number of sites per region (N = 3). All 
models employed a backwards procedure, starting from the 

plot around each sampled individual, dominant vegetation 
was classified into three main types (trees, shrublands, and 
herbaceous vegetation) with an additional prickly pear class 
for the Sicilian site (Figure S1). In the laboratory, roots were 
gently washed to remove any adherent soil and stored in 
distilled water at 4 °C until analysis. Subsamples of the fin-
est roots were washed and stained following the procedure 
described by Phillips and Hayman [41], which involves 
three main steps: clearing with KOH (10%), acidification 
with HCl (2%), and staining with trypan blue (0.05%) in 
lactic acid. The stained roots were then immersed in lactic 
acid and stored in 20 ml tubes at 4 °C in the dark until fur-
ther analysis. Quantitative assessment of AMF colonization 
on 1 cm finest root fragments (N = 50 when available and 
at least 25 per individual) was performed using a compound 
microscope at 50x magnification, following the procedure 
of Trouvelot et al. [42] and using the INOQ Calculator 
Advanced provided by Mercy [43]. This method determines 
the following parameters: frequency of root infection (F, 
hereafter frequency), estimated as percentage of root frag-
ments containing any fungal structures (hyphae, vesicles, or 
arbuscules), indicating the overall colonization occurrence 
in the root system; colonization intensity of root cortex (M, 
hereafter intensity) providing the mean degree of coloniza-
tion across all fragments, and arbuscule abundance in root 
cortex (A, hereafter arbuscule abundance), the proportion 
of colonized root cortex containing arbuscules, calculated 
as the percentage of arbusculated area relative to the total 
colonized area. All variables were expressed as percentages.

AMF Spore Density in Soil

Spores of arbuscular mycorrhizal fungi were isolated using 
the wet sieving and decanting method described by Gerde-
mann and Nicolson [44], followed by density sucrose gradi-
ent centrifugation [45]. 100 g of air-dried root-rhizosphere 
soil was placed in a glass container with 1000 ml of tap 
water. The root-soil mixture was then vigorously mixed 
with a glass rod for 30 s. After a 10-second pause to allow 
heavier particles and organic matter to settle, the remain-
ing soil-root-hyphae spore suspension was gently poured 
through a set of three sieves. The sieves had pores of 500-
100-50 μm diameter. Most spores were retained on the 45 
μm sieve. Spores were purified by re-suspending the sieving 
in the 60% sucrose solution and centrifugation was carried 
out at 3000 rpm for 2 min. The spores were taken at the 
interface between the two liquid phases, then rinsed in a fil-
ter of 40 μm pore size with distilled water to remove the 
sucrose. The top sieve captures large sporocarps and spores 
associated with roots, and the extracts were washed again 
from the sieves into 10 cm diameter Petri dishes. The spores 
were collected using a pipette or needle with the aid of a 
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coefficients. Finally, a principal component analysis (PCA) 
was conducted to explore the relationship and dimensional-
ity of the predictor variables across regions, soil, and envi-
ronmental gradients.

Results

Patterns of AMF Colonization Frequency, Intensity 
and Abundance

All the species analysed were mycorrhizal and eleven had 
never been described as mycorrhizal before, including one 
endemic species to Lampedusa (Chiliadenus lopadusanus). 
Colonization frequency was generally high, with an aver-
age of 96% (± 9.06), ranging from 56.3% to 100%, indi-
cating a potential obligate AMF association (Table 1). All 
species showed high average frequencies, with the lowest 
value for Cistus ladanifer (69.4%). The average coloniza-
tion intensity was 54.4% (± 18.5), ranging from 6.1% to 
94%. Species-specific values ranged from 12.9% for Con-
volvulus lineatus up to 66.3% for Artemisia arborescens. 
Arbuscule abundance averaged 22.7% (± 21.6), from 0.5% 
to 72.7%, with a high inter-specific variation, from 1.92% 
on Thymelaea hirsuta to 56.8% on Artemisia arborescens. 
Spore density was also highly variable and averaged 70.3 
(± 56.2) spores/g soil, ranging from 4 to 226. Colonization 

full model and selecting the one with the lowest AICc [49], 
using the MuMIn package. Model fit and residual disper-
sion were evaluated simultaneously with the performance 
and DHARMa packages. For colonization intensity and 
arbuscule abundance (percentages), a beta distribution with 
a logit link was used [50], while for spores abundance (a 
count variable), a negative binomial distribution was applied 
due to high overdispersion in the Poisson and quasi-Poisson 
models. The same procedure was used to test differences 
across regions, vegetation cover, and life form. Because 
of the highly skewed distribution and very low variation 
in colonization frequency (> 75% of individuals exhib-
ited > 97% colonization), this variable was not included 
in the environmental/soil GLMMS, and non- parametric 
tests (Kruskal-Wallis and Dunn post hoc test) were used to 
assess differences across vegetation cover, life forms, and 
regions. The R package emmeans was used to obtain esti-
mated marginal means from the GLMMs; when significant 
differences emerged between categorical predictors (vegeta-
tion cover and life form), the pairwise function of emmeans 
was used for post- hoc comparisons. Interaction terms in the 
climatic model were removed if non-significant or if they 
decreased the model fit (increase in AICc). To account for 
potential temporal variations, data from both years were 
pooled for subsequent analyses. All soil and environmental 
predictors were standardized prior to analysis, and collin-
earity between predictors was checked by examining VIF 

Table 1  Plant species, life form and number of individuals (N) sampled in our study and respective mean (± SD) values of colonization frequency, 
intensity and arbuscule abundance and spores. The asterisks indicate species that have not been reported as mycorrhizal in the literature, to our 
knowledge. References reporting previous AM symbiosis observations are reported in table S4 The species indicated with e are endemic of the 
region
Life form Family Species N Frequency Col. Intensity Arbuscule ab. Spore density
Chamaephyte Asteraceae Chiliadenus lopadusanus*e 6 100 (± 0) 39.58 (± 3.47) 3.28 (± 1.05) 39.17 (± 12.64)

Convolvulaceae Convolvulus lineatus* 6 96.1 (± 4.18) 12.87 (± 4.84) 2.32 (± 1.7) 10.17 (± 3.54)
Fabaceae Cytisus multiflorus* 12 99.67 (± 1.15) 61.64 (± 17.68) 10.58 (± 7.89) 22.04 (± 18.23)
Lamiaceae Coridothymus capitatus 6 100 (± 0) 49.18 (± 15.43) 5.35 (± 2.73) 56.99 (± 31.76)

Hemicryptophyte Asteraceae Reichardia gaditana* 6 90.13 (± 17) 60.15 (± 24.25) 47.72 (± 19.21) 142.13 (± 16.69)
Poaceae Lygeum spartum 3 100 (± 0) 48.27 (± 8.41) 36.07 (± 6.49) 89 (± 8)

Phanerophyte Apocynaceae Periploca angustifolia* 3 87.77 (± 4.23) 16.9 (± 4.54) 4.8 (± 2.55) 8 (± 1)
Asteraceae Artemisia arborescens* 3 100 (± 0) 66.23 (± 14.23) 56.83 (± 18.7) 114.67 (± 29.5)
Cactacee Opuntia ficus-indica 12 92.86 (± 13.91) 55.25 (± 12.32) 16.95 (± 11.94) 58.83 (± 68.57)
Cistaceae Cistus ladanifer* 6 69.37 (± 9.2) 26.92 (± 6.43) 17.37 (± 3.25) 59.83 (± 9.62)

Cistus uris* 3 94.7 (± 4) 55.03 (± 4.86) 43.23 (± 10.58) 132 (± 19)
Lamiaceae Lavandula stoechas 24 95.8 (± 10.11) 53.57 (± 9.69) 25.98 (± 19.77) 70.85 (± 54.94)
Liliaceae Asparagus acutifolius 12 98.47 (± 2.89) 57.95 (± 10.52) 27.59 (± 18.28) 40.43 (± 21.11)
Thymelaeaceae Thymelaea hirsuta 6 96.08 (± 6.3) 14.52 (± 7.49) 1.92 (± 1.66) 16.5 (± 9.14)

Therophyte Asteraceae Andryala integrifolia 36 99.43 (± 1.58) 65.57 (± 11.1) 39.51 (± 21.71) 90.5 (± 69.67)
Anthemis secundiramea* 3 81.1 (± 18.37) 60.83 (± 3.12) 7.13 (± 1.97) 26.33 (± 2.52)

Brassicaceae Diplotaxis scaposa* 3 92.5 (± 10.61) 36.05 (± 5.16) 5.35 (± 0.78) 17.5 (± 2.12)
Fabaceae Lotus edulis* 3 98.87 (± 0.98) 45.47 (± 8.91) 27.9 (± 11.81) 87.67 (± 22.74)
Poaceae Avena fatua 36 97.12 (± 7.01) 63.1 (± 13.87) 38.09 (± 19.67) 91.64 (± 50.06)

Hordeum leporinum 3 100 (± 0) 70.07 (± 7.2) 53.93 (± 1.7) 129.33 (± 33.5)
Lolium multiflorum 3 95.3 (± 4.4) 49.9 (± 5.4) 35.4 (± 4.6) 47.6 (± 12.5)
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herbaceous, shrubland, trees, prickly pear crop; χ2 = 0.16, 
p = 0.98; Fig.  2, Table S5). However, arbuscule abun-
dance (χ2 = 11.1, p = 0.011) and spore density (χ2 = 34.05, 
p < 0.001) showed higher values in tree- and shrub-domi-
nated areas than in herbaceous zones. Pairwise emmeans 
comparisons showed significant differences in mycor-
rhizal status among plant life forms (Fig.  3, Table S6). 
Chamaephytes, that include Chiliadenus lopadusanus, 
Convolvulus lineatus, Cytisus multiflorus and Corido-
thymus capitatus, showed high colonization frequency 

intensity was positively correlated with frequency, arbus-
cule abundance, and spore density. Spore density was also 
highly correlated with arbuscule abundance (Supplemen-
tary Figure S2).

Variation Across Vegetation Cover and Life Form

GLMM analysis indicated that AMF colonization fre-
quency and intensity did not differ significantly in 
plants sampled across the four vegetation types (namely 

Fig. 3  Patterns of AMF colonization frequency (A) intensity (B), arbus-
cules abundance (C) and spore density (D) across the four life form 
types in the study sites of Sicily and Lampedusa (Italy), Extremadura 
(Spain) and Alentejo (Portugal). Large circles indicate means and bars 
indicate ± 95% CI testing differences between life forms. Means ± 95% 

CI in B, C and D estimated by GLMMs. Small circles show observed 
values. Different letters indicate significant differences after Dunn test 
for frequency and emmeans pairwise comparisons for colonization 
intensity, arbuscule abundance and spore density. ns = non-significant. 
Life forms of the plant species analysed are indicated in Table 1

 

Fig. 2  Patterns of AMF colonization frequency (A) intensity (B), 
arbuscules abundance (C) and spore density (D) across the four veg-
etation cover types surrounding the sampled individuals in the study 
sites of Sicily and Lampedusa (Italy), Extremadura (Spain) and Alen-
tejo (Portugal). Large circles indicate means and bars indicate ± 95% 

CI testing differences between cover types. Means ± 95% CI in B, C 
and D estimated by GLMMs. Small circles show observed values. Dif-
ferent letters indicate significant differences after emmeans pairwise 
comparisons. ns = non-significant
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AM Symbiosis Variability Across Regions

Colonization frequency (χ2 = 12.7, p = 0.005), intensity 
(χ2 = 90.9, p < 0.001), arbuscule abundance (χ2 = 80.2, 
p < 0.001), and spore density (χ2 = 32.8, p < 0.001) all sig-
nificantly varied across the four southern Mediterranean 
regions (Fig. 4, Table S5). The first and second PCA axes, 
representing soil, precipitation, and temperature, explained 
66.28% of the dataset variation, illustrating the broad envi-
ronmental variability of our sites while showing some over-
lap even across sites thousands of kilometres apart (Fig. 5). 

and intensity but low arbuscule and spore density lev-
els. Hemicryptophyte (including Reichardia gaditana 
and Lygeum spartum), conversely, displayed the highest 
arbuscule abundance and spore density. Phanerophytes 
(Table  1, including Periploca angustifolia, Artemisia 
arborecens, Opuntia ficus-indica, Cistus ladanifer, Cistus 
uris, Lavandula stoechas, Asparagus acutifolius, Thyme-
laea hirsuta) had lower colonization values than other 
groups, with overall lower AMF colonization in woody 
perennials (Phanerophytes) than in herbaceous annuals 
plants (Therophytes).

Fig. 5  Biplot of principal com-
ponent analyses (PCA) showing 
the soil (SOC, TN, pH, CEC) and 
environmental gradient (precipi-
tation and temperature in the last 
4 months) sampled across the 
four regions

 

Fig. 4  Patterns of colonization frequency (A) intensity (B), arbus-
cules abundance (C) and spore density (spore/g soil− 1 (D) across the 
study regions of Lampedusa and Sicily (Italy), Extremadura (Spain) 
and Alentejo (Portugal). Large circles indicate means and bars indi-

cate ± 95% CI testing differences between regions. Means ± 95% CI in 
B, C and D estimated by GLMs. Small circles show observed values. 
Different letters indicate significant differences after Dunn test for fre-
quency and emmeans pairwise comparisons for the others
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by measuring colonization frequency, intensity, arbuscule 
abundance, and spore density at the community level and 
relating these to vegetation type, plant form, soil, tem-
perature, and precipitation across 10 Mediterranean sites. 
It also expands understanding of the mycorrhizal status of 
key Mediterranean species, including endemics previously 
unreported as mycorrhizal, providing a comprehensive base 
layer to monitor temporal dynamics and the effects of cli-
mate change on plant community development in Southern 
Europe.

Patterns of AMF Colonization Frequency, Intensity, 
Arbuscule Abundance and Spore Density

All roots of the analysed plant species were colonised by 
AMF, suggesting a potentially beneficial relationship. AMF 
colonization and arbuscule abundance detected in this 
study were generally higher compared to other Mediterra-
nean studies, including herbaceous, shrubs and tree species 
[16, 25, 36, 51]. Similar levels were observed in a Sicilian 
endemic tree [52], and even higher values were reported in 
five woody species on gypsum soils in Spain [53], high-
lighting context-dependency. Although these previous stud-
ies contributed to our understanding of AMF traits in the 
Mediterranean, none analysed the four traits simultaneously 
as we did in our study, thus limiting deeper comparisons.

In our study, arbuscule abundance and spore densities 
were always highly correlated (Supplementary S2), fol-
lowing similar patterns regardless of life form, cover type, 
or region (Figs. 2, 3 and 4), indicating that increased spore 
density corresponds with higher colonization and vice versa.

AMF Traits Across Vegetation Cover and Life Form

Our investigation shows variable effects of vegetation cover 
type on AM symbiosis traits. Colonization frequency and 
intensity were unaffected, but arbuscule abundance and 
spore density were higher in plant samples from woodland 
or shrubland contexts. Shrubs and trees alter soil properties, 
reduce grazing by large herbivores, moderate temperature, 
and increase moisture, which positively influence AMF [26, 
54–56], although, shaded environments near shrubs and 
trees may lower photosynthesis and AMF colonization [57]. 
Mediterranean studies showed shading’s limited impact on 
colonization [51], and the higher arbuscule and spore lev-
els near shrubs and trees in our study suggest greater nutri-
ent exchange, dispersal potential and overall soil benefit 
by roots. The effect of woody cover (e.g., hedgerows) was 
reported beneficial not only on AMF colonization but also 
on AMF diversity in agricultural lands [56, 58, 59]. Given 
that one consequence of desertification is the gradual loss 
of vegetation cover, particularly trees, our results suggest 

However, no clear geographical pattern of AM colonization 
was evident. AMF traits values on Portuguese sites differed 
from both the closer Spanish locations and the more distant 
Sicilian sites, although Sicily and Alentejo exhibit roughly 
similar abiotic characteristics (Fig.  5). Lampedusa plants 
displayed significantly lower intensities of AMF coloni-
zation and spore abundances than all other sites (Fig.  4), 
confirming that the geographic location of Lampedusa also 
corresponds to a pedoclimatic extreme for Southern Europe, 
likely representing the conditions found in North Africa.

Effects of Soil Properties, Precipitation and 
Temperature

GLMM models showed variable and sometimes contradic-
tory relationships between soil properties and fungal traits, 
both globally and in the three southern European regions. 
Globally, SOC and TN mainly influenced these traits, but 
their effects varied: colonization intensity was positively 
related, while arbuscule abundance and spore density were 
negatively affected by SOC and TN (Table 2). Spore density 
was negatively affected by CEC, whereas soil pH showed no 
significant effect. Regionally, patterns were more diverse, 
with no single predictor significant for all response vari-
ables. For example, SOC positively influenced colonization 
intensity and arbuscule abundance in Sicily, but negatively 
impacted them and also spore density in Extremadura, while 
the effect of SOC was not significant in Alentejo. TN effects 
were opposite to SOC, while pH negatively affected arbus-
cule abundance and spore density in more acidic Iberian 
sites but positively in Sicily, where conditions are more 
neutral.

The effects of temperature and precipitation on coloni-
zation intensity varied in direction and significance —non-
significant for precipitation and negative for temperature 
overall, but positive for both parameters in Extremadura 
(Table 3).

Precipitation was positively related to arbuscule abun-
dance and spore density across models. The GLMM indi-
cated a significant positive interaction between precipitation 
and temperature in the global model, suggesting that as tem-
perature increases, precipitation’s impact on these traits also 
increases (Table 3).

Discussion

AMF traits related to root colonization and dispersion 
(spores) are key indicators of plant-AMF relationships, 
essential for understanding vegetation dynamics, nutrient 
cycling, and tracking climate change and desertification 
effects. Our study advances knowledge of AMF symbiosis 

1 3

   70   Page 8 of 15



Patterns and Drivers of Plant Arbuscular Mycorrhizal Traits Across a Pedo-Climatic Gradient in Mediterranean…

Ta
bl

e 
2 
Su
m
m
ar
y 
of
 th
e 
G
LM

M
 (a
ll 
si
te
s)
 a
nd
 G
LM

 (r
eg
io
ns
) r
es
ul
ts
 e
xa
m
in
in
g 
ho
w
 so
il 
va
ria
bl
es
 in
flu
en
ce
 c
ol
on
iz
at
io
n 
in
te
ns
ity
, a
rb
us
cu
le
 a
bu
nd
an
ce
, a
nd
 sp
or
e 
de
ns
ity
 (n
. s
po
re
s g
-1
 so
il 
dw

) 
ac
ro
ss
 a
ll 
re
gi
on
s a
nd
 in
di
vi
du
al
ly
 b
y 
re
gi
on
. L
am

pe
du
sa
 w
as
 in
cl
ud
ed
 e
xc
lu
si
ve
ly
 in
 th
e 
al
l r
eg
io
ns
 a
na
ly
si
s

C
ol
on
iz
at
io
n 
in
te
ns
ity

A
rb

us
cu

le
 a

bu
nd

an
ce

Sp
or
e 
de
ns
ity

A
ll 

si
te

s
Es

tim
at

e
SE

t
p

Es
tim

at
e

SE
Z

p
Es

tim
at

e
SE

Z
p

In
te
rc
ep
t

0.
23

0.
15

1.
55

0.
12

-0
.9

1
0.

20
-4
.6
0

< 
0.
00
1

4.
23

0.
13

33
.1
6

< 
0.
00
1

SO
C

0.
33

0.
11

2.
97

0.
00

3
-0
.6
3

0.
20

-3
.1
8

0.
00

1
-0

.5
5

0.
17

-3
.2
1

0.
00

1
pH TN

-0
.3
4

0.
10

-3
.3
5

< 
0.

00
1

0.
37

0.
16

2.
32

0.
02

0
0.
46

0.
14

3.
33

< 
0.

00
1

C
EC

-0
.2

0
0.

09
-2
.4
0

0.
01

7
Si

ci
ly

In
te
rc
ep
t

0.
53

0.
16

3.
30

< 
0.
00
1

-0
.7
3

0.
28

-2
.6
2

0.
00

8
3.
96

0.
22

18
.2
4

< 
0.
00
1

SO
C

0.
73

0.
37

1.
98

0.
04

8
0.

91
0.
34

2.
65

0.
00

8
pH

0.
58

0.
15

3.
84

< 
0.

00
1

0.
73

0.
14

5.
29

< 
0.

00
1

TN
-0
.3
1

0.
22

-1
.4
3

0.
15
3

0.
44

0.
20

2.
19

0.
02

9
C

EC
-0
.1
6

0.
07

-2
.3
0

0.
02

1
-0

.1
1

0.
06

-1
.8

2
0.
06
8

E
xt

re
m

ad
ur

a
In
te
rc
ep
t

0.
50

0.
09

5.
55

< 
0.

00
1

-0
.6
6

0.
14

-4
.6
7

< 
0.
00
1

3.
20

0.
62

5.
15

< 
0.
00
1

SO
C

-0
.6
2

0.
17

-3
.7
2

< 
0.

00
1

-0
.5
4

0.
16

-3
.4
2

< 
0.

00
1

pH
-1
.3
4

0.
63

-2
.1
4

0.
03

2
TN

0.
45

0.
15

2.
88

0.
00

4
0.

19
0.
13

1.
49

0.
13
6

C
EC

-0
.1

7
0.

10
-1
.6
5

0.
09

8
A

le
nt

ej
o

In
te
rc
ep
t

0.
59

0.
17

3.
54

< 
0.

00
1

-0
.9

1
0.

29
-3
.1
8

0.
00

1
4.
08

0.
17

23
.6
0

< 
0.
00
1

SO
C

pH
-1

.2
1

0.
61

-2
.0

0
0.

04
5

-1
.2

9
0.
35

-3
.6
5

< 
0.

00
1

TN
1.

82
0.
33

5.
59

< 
0.

00
1

C
EC

0.
39

0.
18

2.
15

0.
03

2
-0
.4
5

0.
13

-3
.3
5

< 
0.

00
1

1 3

Page 9 of 15     70 



R. S. Bueno et al.

Ta
bl

e 
3 
R
es
ul
ts
 o
f t
he
 G
LM

M
 (a
ll 
si
te
s)
 a
nd
 G
LM

 (r
eg
io
ns
) s
ho
w
in
g 
th
e 
ov
er
al
l e
ffe
ct
s o

f p
re
ci
pi
ta
tio
n,
 te
m
pe
ra
tu
re
 a
nd
 th
ei
r i
nt
er
ac
tio
n 
on
 c
ol
on
iz
at
io
n 
in
te
ns
ity
 (%

), 
ar
bu
sc
ul
e 
ab
un
da
nc
e 
an
d 

sp
or

es
 (n

. s
po

re
s g

− 
1  s
oi
l d
w
) i
n 
al
l r
eg
io
ns
 a
nd
 fo
r e
ac
h 
re
gi
on

C
ol
on
iz
at
io
n 
in
te
ns
ity

A
rb

us
cu

le
 a

bu
nd

an
ce

Sp
or
e 
de
ns
ity

A
ll 

si
te

s
Es

tim
at

e
SE

t
p

Es
tim

at
e

SE
Z

p
Es

tim
at

e
SE

Z
p

In
te
rc
ep
t

0.
28

0.
08

3.
52

< 
0.
00
1

-1
.0

8
0.

18
-6
.0
4

< 
0.
00
1

4.
01

0.
16

25
.2

0
< 
0.
00
1

Pr
ec

ip
ita

tio
n

0.
12

0.
11

1.
08

0.
28

1.
09

0.
13

8.
32

< 
0.

00
1

1.
13

0.
11

10
.1
6

< 
0.

00
1

Te
m

pe
ra

tu
re

-0
.2
6

0.
10

-2
.6
5

0.
00

8
-0
.1
4

0.
16

-0
.8

8
0.
38

0.
20

0.
13

1.
55

0.
12

Pr
ec

*T
em

p
0.

21
0.

07
3.
01

0.
00

3
0.

20
0.

10
2.

10
0.

04
0.
16

0.
08

2.
12

0.
03

4
Si

ci
ly

In
te
rc
ep
t

0.
04

0.
13

0.
34

0.
73

-0
.4
6

0.
17

-2
.7

5
0.
00
6

5.
13

0.
13

40
.2
6

< 
0.
00
1

Pr
ec

ip
ita

tio
n

-0
.0
4

0.
10

-0
.4
3

0.
66
0

0.
81

0.
13

6.
13

< 
0.

00
1

3.
00

0.
35

8.
53

< 
0.

00
1

Te
m

pe
ra

tu
re

-0
.6
9

0.
35

-2
.0

1
0.

04
5

0.
12

0.
44

0.
27

0.
79

1
1.
65

0.
34

4.
83

< 
0.

00
1

Pr
ec

*T
em

p
5.
13

0.
87

5.
93

< 
0.

00
1

E
xt

re
m

ad
ur

a
In
te
rc
ep
t

0.
74

0.
15

5.
04

< 
0.
00
1

-1
.7

1
0.

17
-1
0.
13

< 
0.
00
1

3.
05

0.
11

27
.2

1
< 
0.
00
1

Pr
ec

ip
ita

tio
n

0.
35

0.
12

2.
80

0.
00

5
1.

58
0.
16

9.
68

< 
0.

00
1

1.
27

0.
12

10
.6
9

< 
0.

00
1

Te
m

pe
ra

tu
re

0.
67

0.
21

3.
25

0.
00

1
0.
35

0.
31

1.
13

0.
25

8
-0
.3
9

0.
21

-1
.8

8
0.
06
0

Pr
ec

*T
em

p
0.

29
0.

19
1.

57
0.

11
7

0.
40

0.
13

3.
02

0.
00

3
A

le
nt

ej
o

In
te
rc
ep
t

-1
.4
3

1.
40

-1
.0

2
0.
30
9

3.
61

2.
38

1.
51

0.
13

3.
75

1.
00

3.
74

0.
00

0
Pr

ec
ip

ita
tio

n
1.
83

1.
54

1.
19

0.
23
4

0.
32

1.
56

0.
20

0.
83
0

2.
93

0.
65

4.
49

< 
0.

00
1

Te
m

pe
ra

tu
re

2.
23

1.
76

1.
27

0.
20

5
-1

0.
15

4.
50

-2
.2
6

0.
02

4
-1
.6
4

1.
90

-0
.8

7
0.
38
6

Pr
ec

*T
em

p
-1
4.
48

5.
44

-2
.6
6

0.
00

8
-5
.6
4

2.
31

-2
.4
4

0.
01

4

1 3

   70   Page 10 of 15



Patterns and Drivers of Plant Arbuscular Mycorrhizal Traits Across a Pedo-Climatic Gradient in Mediterranean…

AMF Colonization Variability Across Regions

AMF colonization intensity was similar among all sites 
except for Lampedusa where the lowest colonization inten-
sity, arbuscule abundance and spore density were observed. 
Lampedusa is characterized by lower precipitation, higher 
temperatures and aridity index (Table S1) aligning with the 
climate trade-off hypothesis that more extreme environ-
ments limit AMF colonization [5, 14]. However, Lampedusa 
plants AMF traits values are comparable to other Mediterra-
nean sites with milder climates [36] and even higher than in 
semi-arid areas [16, 63], highlighting the complexity of the 
drivers shaping AMF colonization patterns. Notably, arbus-
cule abundance and spore density differed significantly 
between Alentejo and Extremadura, which share most plant 
species, while plants in Sicily showed similar values to 
those in Extremadura, indicating a geographical pattern that 
is worth further investigation.

Effects of Soil Properties, Precipitation and 
Temperature

AMF-plant relationships are complex and the influence of 
abiotic factors varies with scale, being less relevant than 
biotic factors regionally [64]. Additionally, some studies 
show that soil nutrients and moisture do not affect AMF 
colonization of Mediterranean tree seedlings [51].

Our study confirms contrasting effects of abiotic variables 
across scales and AMF traits, with no predictor showing 
consistent direction or significance (Table 2). For instance, 
pH, relevant for defining the AMF niche and distribution 
[21, 65], was irrelevant across all scales despite wide pH 
variation (4.24 to 8.43). SOC was positively linked to AMF 
colonization in the Mediterranean [36, 60], and our GLMM 
supports this overall and in Sicily, although not in Alentejo 
and Extremadura. Interestingly, SOC was positively asso-
ciated with soil microbial biomass at the same sites [38], 
aligning with the overall effects on colonization intensity. 
Given that high intraradical hyphae colonization gener-
ally indicates high extraradical hyphae development, future 
research could explore the extent to which, under our field 
conditions, high AMF intraradical colonization is contribut-
ing or not to increasing overall SOC in such a feedback loop. 
Conversely, SOC was negatively associated with arbuscule 
abundance and spore density overall, suggesting a potential 
threshold along the functional equilibrium gradient.

The AMF–SOC relationship remains complex and pos-
sibly nonlinear in some contexts. For example, SOC pro-
portions have been found to affect the dynamics of other 
nutrients in our sites [18], and other unexamined soil prop-
erties may also have a significant impact [36]. Additionally, 
AMF may even directly contribute to soil carbon storage by 

adverse feedback effects on plant-AMF relationships under 
this scenario.

Finding common trends of AMF traits within plant com-
munities is challenging, as significant differences in AMF 
colonization can occur along ontogeny and within variet-
ies of the same species [16]. Another issue is that a limited 
number of AMF traits and plant species are evaluated simul-
taneously, and there is an overall lack of standardisation in 
plant grouping criteria. For instance, Navarro-Fernández et 
al. [36] reported no relation between morphological plant 
traits and AMF colonization in Mediterranean species, and 
Mohammad et al. [60] observed no effect of host plant iden-
tity on spore density in semi-arid areas.

Different from these studies, in our community analy-
sis, the Raunkiær life form grouping allowed us to observe 
some AM patterns. Chamaephytes presented high mycor-
rhizal frequency and intensity but the lowest values of 
arbuscule abundance and spore density, while hemicrypto-
phytes maintained a more consistent trend, sharing the high-
est proportions of arbuscule abundance with therophytes. 
Interestingly, phanerophytes (i.e. perennial woody plants) 
had significantly lower values of colonization intensity and 
arbuscule abundance than therophytes (annuals), regard-
less of no differences in spore density. Therophytes and 
chamaephytes are the most common plant life-forms in the 
Mediterranean, while hemicryptophytes are more common 
in temperate areas [27]. A recent work has demonstrated 
that hemicryptophytes are abundant in the understory of 
forests and woodlands and can influence AMF dynamics 
considerably in temperate forests [61]; our results indicate 
that such influence might be also relevant in the Mediter-
ranean, where their arbuscule abundance and soil spore 
density, could better maintain AMF propagules in soils thus 
increasing the soil mycorrhizal inoculum potential available 
for the entire plant community. These evidences are useful 
for ecological restoration strategies, including soil and veg-
etation protection. AMF communities generally show low 
endemicity, being dominated by few species or genera, with 
limited changes over time, especially in arid and semi-arid 
areas [24, 37, 60, 62]. A recent global study verified that 
fungal community composition varies across plant func-
tional groups [30], with vegetation cover better predicting 
fungal functional groups than soil properties and climate in 
Europe [32]. Our results indicate that the Raunkiær’s plant 
life forms classification might be an informative community 
descriptor to be considered in further community wide stud-
ies, particularly in regions such as the Mediterranean where 
plant communities are expected to be highly modulated by 
seasonal climatic conditions [27]. Moreover, desertification 
is expected to change plant community composition, so 
further studies might evaluate how AMF communities and 
colonization patterns adjust across these changes.
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factors influence these traits and their dependence on con-
text. Climate change impacts temperature and precipita-
tion patterns, while desertification gradually alters plant 
species composition, reduces woody vegetation cover, and 
decreases soil organic matter. Consequently, our research 
establishes a foundational framework that can improve 
indicators used to monitor, compare, and predict the effects 
of climate change and desertification, as well as to assess 
the effects of restoration efforts.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​4​8​-​0​
2​5​-​0​2​6​8​9​-​9.

Acknowledgements  We thank the farmers that allowed us to collect 
the samples in their properties and gave us logistical support. We also 
thank Fernando Pulido and Tommaso La Mantia for their support with 
fieldwork and plant identification.

Author Contributions  Rafael Silveira Bueno - conceptualisation, data 
curation, formal analysis, investigation, methodology, validation, 
visualization, writing – original draft, writing – review and editing. 
Valentina Catania – conceptualisation, investigation, data curation, 
methodology, writing – review and editing. Monica Auteri - investi-
gation, data curation, writing – review and editing. Tatiana Di Iorio 
- investigation, writing – review and editing. Alcide di Sarra - inves-
tigation, writing – review and editing. Eleonora Grilli - investigation, 
writing – review and editing. Simona Castaldi - investigation, funding 
acquisition, project administration, writing – review and editing. Paola 
Quatrini - conceptualization, data curation, investigation, methodol-
ogy, validation, resources, funding acquisition, project administration, 
supervision, writing – review and editing.

Funding  This work has been funded by the Life Project “Desert-
Adapt” LIFE16 CCA/IT/000011, and partially by the project “Nation-
al Biodiversity Future Center – NBFC” (project code: CN00000033). 
Part of this study was supported by RETURN Extended Partnership 
and received funding from the European Union Next-GenerationEU 
(National Recovery and Resilience Plan –NRRP, Mission 4, Compo-
nent 2, Investment 1.3 – D.D. 1243 2/8/2022, PE0000005)”.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations

Competing Interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 

improving soil structure through glomalin production [66, 
67].

We observed contrasting effects of N on AMF traits. TN 
was negatively related to colonization but positively related 
to arbuscule abundance and spore density. AMF influences 
N cycling and supports plant N uptake [68], and negative 
relationship between soil N and AMF colonization might 
be expected because abundant N allows plants to absorb it 
directly, as recently reported in meta-analysis on N addi-
tion experiments [6, 10]. The GLMM revealed that arbus-
cule abundance and spore density, which are linked to AMF 
nutrient exchange and dispersal, increased with N levels—a 
pattern also observed in smaller-scale studies [21]. CEC is a 
variable that reflects soil micronutrient content and potential 
nutrient flow, but variable effects of CEC were seen in Med-
iterranean AMF communities [21]. Moreover, the effects of 
soil predictors varied significantly across regions, highlight-
ing the complex and context-dependent nature of AMF-
plant relationships, as different species react differently to 
soil properties even in similar habitats [10, 64]. Finally, 
since nutrient acquisition by AMF may be influenced by soil 
bacterial communities [33], future research could attempt 
to link the previously characterised microbial communities 
[38] with AMF-plant functional outcomes in our sites.

Our results show that temperature and precipitation sig-
nificantly influence AMF traits, albeit with variable effects. 
Temperature was a better predictor of colonization intensity 
but had weak and regionally variable links with arbuscule 
abundance and spore density. Among the three main regions, 
Alentejo sites showed the highest mean temperatures over 
the last four months, yet positive temperature effects were 
likely influenced by higher precipitation. This aligns with 
Mediterranean studies where temperature affected coloni-
zation and spore density broadly, but varied locally [16]. 
Conversely, precipitation resulted non-significant for colo-
nization intensity (with the exception of Extremadura). In 
turn, precipitation strongly predicted arbuscule abundance 
and spore density, in line with studies made globally [62, 
66] and in Europe [32], including the Mediterranean [16, 
36].

In conclusion variability in model results reflects the 
context-dependent nature of AMF relationships across 
scales and the complex interactions among abiotic/biotic 
factors, and AMF communities [64]. Finally, further 
research could include genetic analysis to identify the 
community composition, AMF guilds, and ecological 
strategies responsible for the widespread colonization pat-
tern observed in our study, while also considering other 
factors not evaluated here, e.g. grazing pressure [69]. 
Our study provides a unique contribution to understand-
ing AMF plant-root colonization traits at various scales 
in the Mediterranean, along with how biotic and abiotic 
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