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Introduction: Over recent decades, accelerated degradation of arid rangelands
has led to significant losses in ecosystem function, in some cases surpassing
irreversible thresholds that hinder restoration. Soil seed banks (SSBs) serve as
critical ecological reservoirs influencing vegetation succession and ecosystem
resilience after disturbance.

Methods: This study investigates the effects of grazing on both above-ground
vegetation (AGV) and SSB dynamics. It evaluates the efficacy of long-term
protection as a restoration strategy in arid ecosystems. We compared a
protected area (a national park) with adjacent continuously grazed rangelands
by monitoring above-ground vegetation during the 2022 spring growing season
and conducting an emergence test on soil samples collected in summer 2022 at
two depths (0-3 cm and 3-6 cm).

Results and discussion: Protection substantially increased vegetation cover and
improved surface properties, including litter accumulation and the development of
biological soil crusts. The protected site supported persistent perennial, medium- to
high-palatability species, while grazed areas exhibited higher SSB density and richness
dominated by ephemeral, disturbance-tolerant taxa associated with sparse
vegetation and highly disturbed soils. Sorensen’s similarity coefficient (SSCI)
indicated high similarity between above-ground vegetation inside versus outside
protection (0.77), moderate similarity between SSBs (0.62), and a greater decoupling
between above- and below-ground components in the protected area (0.43)
compared to grazed rangelands (0.57). Despite the similarity in shared species
occurring under both management regimes, total vegetation cover, plant density,
and species richness increased significantly under protection, highlighting the
negative impact of continuous grazing in arid environments. However, when
combined with aridity, plant senescence and surface crust formation may create
barriers to regeneration and limit the long-term dynamics of both AGV and the SSB
under prolonged protection. These findings indicate that both prolonged protection
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and continuous grazing can diminish regeneration potential and reduce resilience in
arid rangelands. Accordingly, controlled grazing regimes that balance disturbance
with sufficient recovery periods, coupled with regular monitoring of SSB, are critical
for maintaining ecosystem function and resilience. Further research is needed to
investigate SSB dynamics under different management practices, particularly at sites
where controlled grazing systems are implemented.

KEYWORDS

arid rangelands, ecosystem resilience, grazing management, protected areas, soil

seed bank

1 Introduction

Arid rangelands provide critical ecosystem services, including
biodiversity conservation and livestock grazing (Gamoun et al.,
2018), yet they are highly susceptible to degradation.
Mismanagement and the shift from traditional controlled grazing
to continuous, unrestricted grazing have reduced productivity,
forage quality, and biodiversity, often favoring unpalatable species
over highly palatable ones (Nefzaoui et al., 2011; Ouled Belgacem
et al,, 2013a, Ouled Belgacem et al., 2019; Louhaichi et al., 2021;
Ould Sidi Mohamed et al., 2002; Jauffret and Visser, 2003; Tarhouni
et al., 2010; Palacio et al., 2014).

The soil seed bank (SSB) is a vital component of ecosystem
resilience and vegetation regeneration, serving as an on-site source
of viable seeds that support plant diversity and ecological succession
(Wellstein et al., 2007; Chu et al., 2019; Miaojun et al., 2018; Hu
et al., 2019). Despite its importance, few studies have characterized
SSBs at the ecosystem level, particularly in Tunisian
arid rangelands.

The SSB reflects both current and historical vegetation and
provides a latent stage in the plant life cycle, offering insights into
future community structure (Kalamees et al., 2012; Hu et al., 2019).
Seeds may be autochthonous or allochthonous, and exhibit either
transient (short-lived, non-dormant) or persistent (dormant, long-
lived) behaviors (Dos Santos et al., 2018).

SSB composition is influenced by environmental factors—such
as precipitation, temperature, light, and humidity—as well as biotic
and anthropogenic pressures, including predation, pathogens, and
disturbances (Dos Santos et al., 2013, Dos Santos et al., 2016).
Dormancy, which prevents germination under favorable condi-
tions, can be primary or secondary, depending on physiological
traits and environmental cues (Benech-Arnold et al., 2000).

Human disturbances influence soil seed banks (SSBs) both
directly and indirectly, with agricultural practices, rangeland con-
version, and overgrazing among the most reported factors
(Wellstein et al., 2007; Dos Santos et al., 2018; Chu et al., 2019).
In pastoral ecosystems, livestock grazing, through selective con-
sumption of palatable species, seed dispersal, and alterations of soil
properties via trampling and nutrient deposition, affects both
above-ground vegetation (AGV) and SSB dynamics (Dong et al,,
2012; Chu et al., 2019). Grazing intensity strongly influences SSB
composition: light grazing can enhance richness, while moderate to
heavy grazing often reduces it, though increased soil disturbance
may favor annual species and enlarge the seed bank (Shi et al., 2022;
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Miaojun et al., 2018). Short-term grazing exclusion generally
benefits AGV and SSB, whereas Long-term exclusion can have
negative effects by promoting the formation of soil crusts, which can
significantly impact the seed bank (Li et al., 2005). Crusted soils
often reduce both the percentage and the speed of seed germination
compared to uncrusted soils, thereby limiting vegetation cover and
seedling establishment in both arid and more mesic ecosystems
(Huang et al., 2022; Shi et al., 2022). Continuous grazing can also
reduce the compositional similarity between AGV and SSB, poten-
tially disrupting regeneration (Shen et al., 2018). Understanding
these interactions is critical for predicting successional trajectories
and guiding sustainable management, as SSBs play a pivotal role in
vegetation recovery following disturbances such as overgrazing
and drought.

In this study, we aim to compare species composition, richness,
seed density, soil surface materials, and the degree of similarity
between above-ground vegetation (AGV) and the soil seed bank
(SSB) in both protected and continuously grazed areas. Specifically,
we address the following questions: (1) Why do long-term protec-
tion and continuous grazing lead to a weakened SSB? (2) Why do
these management regimes increase the contribution of transient
annual species? (3) What are the practical implications of these
findings for the management of arid ecosystems?

We hypothesize that both long-term protection and continuous
grazing exert negative effects on ecosystem dynamics by disrupting
community assembly, altering successional trajectories, and im-
pacting ecosystem services. In continuously grazed areas, we expect
the soil seed bank (SSB) to be dominated by short-lived annual
species, resulting in a process of therophytization in the above-
ground vegetation. Conversely, in long-term protected areas, suc-
cession is anticipated to favor the accumulation of senescent woody
species, reflecting shifts in seed input and storage dynamics due to
reduced disturbance. In case of intermediate disturbance, is the
protected area becoming senescent or dominated by a few shrub
species that do not form persistent seed banks?

2 Materials and methods
2.1 Study area

The study was conducted in the El Ouara Ben Guerdane natural
rangelands, specifically within the Sidi Toui National Park (a
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protected area) and its surrounding grazed areas, located in south-
ern Tunisia (Figure 1; 32°42’45.0”N, 11°14’57.4”E). The soil in this
region is primarily composed of encrusted glacis with a sandy and
shallow upper layer. Vegetation is mainly characterized by shrubby
chamaephytes, grasses, and forbs.

Historically, livestock grazing—mainly by small ruminants and
camels—has been the dominant land use in the surrounding free-
access rangelands. In contrast, grazing is strictly prohibited within
the Sidi Toui National Park, which was established in 1991 and
covers an area of 6,315 hectares. The park hosts only a small
number of wild herbivores, including Oryx, gazelles, as well as
ostriches and rabbits.

The region experiences a hot desert climate (BWh, Képpen-
Geiger classification), with a mean annual temperature of 20.6 °C
and mean annual precipitation of approximately 195 mm (esti-
mated data from 1991 to 2021). July is the driest month, while the
highest rainfall typically occurs in December (https://fr.climate-
data.org, accessed on 9 August 2025). Monthly rainfall measure-
ments were taken in site during the years 2019, 2020, 2021, and
2022, indicating a prolonged and extremely dry period, and are
presented in Table 1. In recent decades, significant climate changes
have caused scarce and irregular rainfall, leading to disruptions in
both the seasonal distribution and the number of rainy days. During
autumn 2021, a cumulative rainfall of 30 mm was recorded in
October, following an annual rainfall of approximately 114.5 mm in
the previous year (2020-2021) within the study area. This level of
autumn rainfall was sufficient to trigger the germination of most
plant seeds in arid regions, confirming the suitability of this period
for conducting the study.

10.3389/fpls.2026.1743624

2.2 Experimental design

Two areas were distinguished according to the management
mode: (i) Protected area (inside the park) and (ii) Grazed area (the
surroundings of the park). Starting from the middle of the park, and
for each of the eight directions (North “N”, Northeast “NE”, East “E”,
Southeast “SE”, South “S”, Southwest “SW”, West “W” and Northwest
“NW?”), linear transects were randomly designated (8 inside and 8
outside). In each direction, three plots inside the park and five outside
were randomly selected to have a total of 24 and 40 plots in the
protected and grazed areas, respectively. The five plots in the grazed
area, for each direction, are randomly distributed on a straight line
perpendicular to the borderline of the protected area to avoid the
proximity effect. At each plot, AGV and soil surface materials
monitoring were carried out in spring (late February-March 2022, a
peak of the vegetative growth period). Soil sampling was conducted
across all plots in August 2022, during the summer season, targeting
two depth intervals (0-3 cm and 3-6 cm). Samples were collected
randomly from inter-patch zones (bare soil between vegetation tufts).
The soil samples were subsequently tested for germination under
controlled conditions designed to simulate natural environments.

2.3 Vegetation and soil surface materials
monitoring

In each plot, a comprehensive floristic inventory was carried
out, documenting the floristic composition and highlighting the
dominant species recorded during the survey. Vegetation cover and
soil surface materials were assessed using the quadrat point method,
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FIGURE 1

Study area localization. Sidi Toui National Park (protected area) and their surroundings (grazed area). Dashed lines indicate the localization of

monitored transects in the protected (inside) and grazed (outside) areas.
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TABLE 1 Annual rainfall recorded in the study area during the period from September 2019 to August 2022.

Dec Jan Feb Mar Apr May Jun Jul Aug Annual rainfall (mm/year)
19-20 0 0 0 0 0 0 14 4 0 0 0 0 18
20-21 0 0 17 107.5 0 0 0 0 0 0 0 0 1145
21-22 0 30 0 0 0 0 0 0 0 0 0 0 30

th

Data source: Commissariat Regional au Développement Agricole de Médenine (accessed on November 5%, 2025).

which involves systematically recording observations at fixed points
within a defined sampling area (Daget and Poissonnet, 1971) in
both protected and grazed areas during the spring of 2022. In each
plot, a randomly placed 20-meter line transect was established.
Along each line transect, a fine pin was vertically lowered at 20 cm
intervals, recording contacts with vegetation, and the interceptions
between the vegetation and ground surface components (bare-soil,
soil-crust, eolian veil, gypsum crust, litter, and stones). Additionally,
three subplots were established at each plot, including one large
subplot (20 m?) for measuring the perennial plant density, within
which two small subplots (1 m? each) were used to assess annual
species. Vegetation cover (VC) was calculated as:

ve=(L)x 100
N

Where n represents the number of points with vegetation
presence and N represents the total number of points. To compare
the plant diversity between the protected and grazed areas, the
Serensen coefficient similarity index was calculated as:

VC =2j/(a+b)

Where a and b are the number of species in the soil seed bank
and AGV, respectively, and j is the number of species shared (Shang
et al., 2016). Specific frequency (F) was calculated as:

F = (nplots/Nplots) x 100

Where nplots represents the number of sampling plots where
the species occurs, and Nplots represents the total number of
sampling plots studied.

For unidentified species, samples were collected and identified
using botanical guides and specific databases.

2.4 Soil sampling

Soil sampling was conducted in summer (August 2022), after
seed production and dispersal had occurred for most plant species
in the study area. At each plot, three soil cores were collected, and
samples were taken from two depths: 0-3 cm and 3-6 cm (following
Guo et al., 1998; Snyman, 2004), as approximately 97% of seeds are
typically found within the top 0-5 cm of soil. Samples from the
same depth within each plot were pooled and thoroughly mixed to
ensure homogeneous seed distribution. In total, 128 soil samples
were obtained (24 and 40 plots x 2 depths from protected and
grazed areas, respectively). The samples were then placed outdoors
for six months (autumn and winter) to expose the seeds to low
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temperatures (vernalization), after which they were transferred to a
controlled greenhouse for germination assays.

2.5 Emergence test

Large litter fragments and stones were removed from the soil
samples. The purified samples were then mixed to ensure homoge-
neity and preserve the integrity of the seeds. Each soil sample (3 cm
thick) was placed on a 3 cm layer of inert, seed-free sand in a
germination tray (15 x 20 cm). The trays were placed outdoors for six
months during autumn and winter to expose the seeds to low
temperatures (vernalization). After this period, they were transferred
to a controlled greenhouse for germination assays. Germination trays
were maintained under controlled greenhouse conditions with con-
sistent moisture, a temperature of 20 + 5 °C, relative humidity
between 65% and 85%, and a photosynthetic photon flux density
(PPED) of approximately 1,200 umol m™ s™', under a 10/14 h light/
dark photoperiod. During the initial three months, all emerged
seedlings were identified and removed, while those that could not
be identified were retained until identification was possible. Following
a second vernalization cycle and subsequent cessation of irrigation,
the germination test was repeated for an additional three months
using the same trays. The total number of emerging seedlings across
both cycles was used to estimate the number of viable seeds and to
characterize the soil seed bank composition. Non-viable seeds that
remained ungerminated were not included in the analysis.

2.6 Data analysis

To analyze grazing effects, species richness and density (annuals,
perennials, and totals) were recorded. The Serensen similarity index
was applied to assess similarities in species composition between the
soil seed bank and aboveground vegetation (AGV), both between and
within grazed and protected areas. Normality testing using the
Shapiro-Wilk test indicated that the data were non-normally distrib-
uted, except for total richness. Consequently, Kruskal-Wallis
ANOVA was used to compare vegetation cover, soil surface material
proportions, annual and perennial densities, and richness. Mean
comparisons were performed using Dunn’s test at a significance
level of p < 0.05. Redundancy Analysis (RDA) was performed to
visualize the impact of grazing and protection on plant communities.
This analysis used a combination of explanatory variables—life cycle,
palatability index (Le Houeérou and Ionesco, 1987), and germination
area—to explain the variation in germinated species frequency in
both the aboveground vegetation and soil seed bank. All statistical
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analyses were carried out using R version 4.5.1, except for RDA,
which we used OriginPro 2025b software.

3 Results

3.1 Vegetation cover and soil surface
features

The analysis of vegetation cover (VC) and soil surface charac-
teristics revealed that, aside from plant tufts, five dominant surface
features were identified: bare soil, soil crust, eolian veil, litter, and
stones. Variations in VC and the relative proportions of these soil
features within protected and grazed areas are presented in Figure 2.

A non-parametric analysis of variance (Kruskal-Wallis test),
followed by Dunn’s post-hoc test, indicated highly significant
differences (p < 0.001) for VC as well as for all soil surface
components. The highest VC values were recorded inside the
protected area, with a significant decrease observed in the
grazed area.

Within the protected area, the mean proportions of soil crust,
litter, and bare soil increased significantly, whereas eolian veils and
stones decreased. This pattern suggests a positive correlation
between VC, litter accumulation, bare soil, and soil crust develop-
ment, likely resulting from moderate herbivore activity (light
grazing and trampling), which enhances vegetative growth, aerial
phytomass accumulation, and surface crust formation.

Conversely, in the grazed area, a clear dominance of eolian veil
and stones was observed, reflecting intense disturbance primarily

10.3389/fpls.2026.1743624

due to grazing. This high level of pressure accelerates soil degrada-
tion processes, highlighting the negative impact of overgrazing on
surface stability and vegetation cover.

3.2 Aboveground species composition,
density and richness

The floristic composition recorded in the study area comprises a
total of 80 species, including 46 perennials and 34 annuals
(Figure 3). Most represented families were Asteraceae (16 species;
20%), Poaceae (13 species; 16.25%), Fabaceae (10 species; 12.5%),
Amaranthaceae (6 species; 7.5%), Brassicaceae (5 species; 6.25%),
Caryophyllaceae and Plantaginaceae (with 4 species for each family;
5%) and other families less presented comprising together 22
species (27.5%). The remaining families each contributed one
species (3%). The dominant chorotypes are primarily
Mediterranean, Saharan, Saharo-Sindian, and North-African, with
fewer Paleotropical elements, represented by 21 (24%), 17 (21%), 15
(20%), 13 (16%), and 3 (4%) species, respectively. A comparison of
the mean densities of annual and perennial species is presented in
Figure 4. Analysis of variance revealed a highly significant increase
in the density of annual species (p < 0.0001) and a significant
increase in perennial species (p < 0.01) in the protected area
compared to the grazed area. Similarly, annual, perennial, and
total species richness increased significantly (p < 0.001), demon-
strating the positive effect of grazing exclusion (Figure 5).

Examination of species similarity between the protected and
grazed areas showed a high Sorensen’s Coefficient of Similarity
Index (SCSI = 0.77), with 50 species shared between the two sites
out of 73 species recorded in the protected area and 57 in the grazed

Bare soil Soil crust Eolian vell
XXX RRR XXX
= i
= . 3 = 3 g
18 c— s 0 ° $ 28 3
< Gypsum crust Litter Stones
St XXX x
% ns ® 30 : 75 bt
(10 20 ° 50 '
< [ ]
5§ —a—— o mm . e % _i mm
) P G = G P G
0 Vegetation cover
80 ° XXX
60
40 * °
20 ——

Area

P

G

Protected ﬁ Grazed

(*) p=0.05 (***) p<0.001 (ns) not significant

FIGURE 2

Soil surface materials and Vegetation cover (%) in the monitored plots during spring of 2022. P, protected area (Sidi Toui National Park); G, Grazed
area (surroundings of the park). Asterisks indicate a significant difference (p<0.05) and "ns” indicates a non-significant difference (p>0.05).
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FIGURE 3

Floristic composition of the study area: Aboveground species and germinated soil seed bank species richness according to life cycle (annuals vs.

perennials) and chorotypes.

area (Table 2). This index indicates that although the floristic
compositions differ, the two areas share a substantial number of
species. This similarity may be explained by the presence of species
that are probably well adapted to grazing pressure.

3.3 Density of germinated soil seed bank

A total of 30 plant species were recorded in the germinated soil
seed bank, comprising 11 perennial and 19 annual species (Figure 3).
The most dominant chorotypes were Mediterranean, Saharo-Sindian,
and Saharan, represented by 11 (36.66%), 8 (26.66%), and 5 (16.66%)
species, respectively. The variation in the density of annual and
perennial species germinated from the soil seed bank is illustrated in
Figure 6. A comparison of mean densities showed that annual species
were significantly more abundant in the grazed area than in the
protected area (p < 0.013), whereas no significant difference was
observed for perennial species (p = 0.36). When mean densities were
further compared according to soil depth (0-3 ¢cm and 3-6 cm),
annual species exhibited significantly higher emergence in the grazed
area at the 0-3 cm depth (p < 0.001), while perennial species showed
no significant variation with soil depth (p = 0.116).

Frontiers in Plant Science

3.4 Species richness and composition in
soil seed bank

Figure 7 compares the species richness of annuals, perennials,
and the total germinated soil seed bank between protected and
grazed areas. Mean comparison indicates a highly significant
difference in total and annual species richness (p = 0.043; p <
0.01), with the grazed area soils exhibiting higher mean values.
However, no significant difference was observed in perennial species
richness. More than two-thirds of the germinated species were
annual, representing 14 botanical families (Table 3). The most
abundant families were Fabaceae (7 species; 23%), Asteraceae (5
species; 17%), Poaceae (4 species; 13%), and Plantaginaceae (3
species; 10%). The remaining families each contributed one species
(3%). Comparing these proportions with the AGV, we note a
similar dominance of Asteraceae, Poaceae and Fabaceae, an in-
creased presence of Plantaginaceae with a notable decrease of
Amaranthaceae, Brassicaceae and Caryophyllaceae in SSB. Based
on the indices of Le Houérou and Ionesco (1987), 30% of the
emerged species were highly palatable, 37% moderately palatable,
17% rarely palatable, and only 6% unpalatable.
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FIGURE 4
Comparison of aboveground annual (A) and perennial density (B) in protected and grazed areas. Kruskal-Wallis (Dunn’s test). N, 24 protected plots
and 40 grazed plots. Asterisks indicate a significant differences (p<0.01 and p<0.001).

3.5 Simi[arity indices between the Composition Similarity Index (SCSI) was used to evaluate the degree

germinated SSB and a boveground species of similarity in species composition between paired areas—specifically,
between AGV and the soil seed bank in each area, and between the

Table 4 presents the comparison of floristic composition between  germinated soil seed banks of the protected and grazed sites.
the aboveground vegetation (AGV) and the germinated soil seed bank, A low similarity (SCSI = 0.43) was observed between the AGV
both within and between the protected and grazed areas. The Species  and the germinated soil seed bank in the protected area, where 20

Annual Perennial Total species
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FIGURE 5
Comparison of aboveground annual richness (A), perennial richness (B), and total richness (C) in both protected and grazed areas. Kruskal-Wallis
(Dunn’s test). N, 24 protected plots, and 40 grazed plots. Asterisks indicate a highly significant difference (p<0.001).
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TABLE 2 Serensen coefficient similarity index (SCSI) between
aboveground species in protected and grazed area.

Species presence

Paired area . .
Present species Shared species
Protected 73
50 0.77
Grazed 57

species were shared out of 21 emerged seedlings and 73 living
plants. In contrast, the grazed area exhibited a higher similarity
(SCSI = 0.57), sharing 24 species between 27 emerged seedlings and
57 living plants. When comparing the germinated soil seed banks
between the protected and grazed areas, a higher similarity
(SCSI = 0.62) was recorded, with 17 species shared between the
21 and 27 germinated species in the protected and grazed
areas, respectively.

Overall, the grazed soil seed bank exhibited a greater number of
emerged seedlings, indicating a higher germination potential com-
pared to the soil seed bank of the protected area.

3.6 Relationship between frequency and
traits of germinated species

The frequency of species observed during germination tests and
their corresponding occurrence in the aboveground monitored is
shown in Table 5. The analysis of the AGV species occurrence reveals
that the highest frequency was registered in protected plots by
Helianthemuum kahiricum (100%), Helianthemum lippii (88%),
Matthiola longipetala (83%) and medium frequencies by Astragalus

10.3389/fpls.2026.1743624

corrugatus (67%), Hippocrepis bicontorta (63%), Medicago minima
(63%), Plantago albicans (58%), Plantago ovata (58%) and Erodium
glaucophyllum (54%). In the grazed plots, the AGV depicted a high
frequency only for Argyrolobium uniflorum (100%) followed by
moderate occurrences of Plantago albicans (67%), Asphodelus
tenuifolius (67%), Helianthemum kahiricum (58%), Helianthemum
lippii (58%), Medicago minima (54%) and Stipa lagascae (50%).

Conversely, grazed plot soils showed higher seedling frequencies
with Ifloga spicata (58%), Schismus barbatus (50%), Filago germanica
(46%), Paronychia arabica (38%) and Medicago truncatula (38%).
The protected plot soils exhibited lower frequencies, represented
mainly by Filago germanica (29%), Ifloga spicata (29%), Paronychia
arabica (17%), Plantago ovata (17%), Astragalus corrugatus (17%),
Helianthemum lippii (17%) and lowest frequencies recorded for
Helianthemum kahiricum (13%) and Schismus barbatus (13%).

To assess the effect of the management mode on plant cover
dynamics, we compared aboveground (living plants) and under-
ground (germinated soil seed bank) species groups. We analyzed
germinated species traits ((Life_cycle: Perennial (P) vs. Annual (A);
Palatability: High (HP), Medium (MP), Low (RP), Non-palatable
(NP); and Germination area: Germination in grazed (G), protected
(P) areas, or both (P+G)) along with response variables: frequencies
across habitats (Above_protected, Above_grazed, SSB_protected,
SSB_grazed). Redundancy analysis was then applied to evaluate
these relationships. The results of this analysis show that the two
main principal axes (PC1 and PC2) explain together 98.65% of the
total variance (Figure 8). PC1 alone explains 74.79% of the variance,
giving a significant gradient to understand the distribution of the
germinated species. As explanatory variables, “Life cycle” is most
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FIGURE 6
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(*) p=<0.05 (ns) not significant

Comparison of annual and perennial densities of germinated soil seed bank (A) according to grazing (protected and grazed area) and
(B, C) according to soil depth between and within protected and grazed areas, (n = 24). Kruskal-Wallis (Dunn's test). Asterisks indicate a significant
differences (p<0.05) and "ns" indicates a non-significant difference (p>0.05).
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influential compared to “palatability” and “germination area” indi-
cating a lesser influence on the germinated species distribution. Life
cycle arrow is oriented towards the left side of the PCI suggesting a
primary association with the species location. Conversely, palatability
and germination area are oriented towards the right side of the PC1.
As a response, frequencies (Above grazed and Above protected) are
found with high positive loadings and strongly correlated in the
positive side of PC1, while SSB_grazed and SSB_protected were in the
negative side, correlating strongly with life cycle. The second RDA
axis (PC2) showed high positive loading of SSB_grazed and lesser
loading of SSB_protected. Based on the species distribution and
correlations observed in this biplot, it appears that the group of
species that are commonly present in the AGV cover in both
protected and grazed areas are mostly perennials, having medium
to high palatability with low germination frequencies either in
protected or grazed areas. This group of species is mainly represented
by H. kahiricum, H. lippii, P. albicans, and A. uniflorum (high
frequencies in aboveground and very low germination frequencies).
On the other side, the species frequently germinated, especially in SSB
in grazed areas and less in SSB in protected areas, were mostly
ephemerals that are of low palatability. This group is mainly
represented by I. spicata, F. germanica, and P. arabica (low frequen-
cies in aboveground and high germination frequencies). To this
group of species is added M. truncatula with high germination
frequencies only in the SSB of grazed areas. Species appearing in
the lower right of this biplot were very frequent in all aboveground
plots with low germination frequencies in soils from both protected
and grazed areas. This group counted mainly S. lagascae, M.
longipetala, H. bicontorta, A. corrugatus and A. articulata. On the
lower-left side, clustered species were commonly registered at very
low frequencies in both AGV and SSB germinated seedlings. They are
mainly H. spinosissimum, L. glomerata, L. nudicaulis, P. coronopus, S.
glaucus and M. cerviana. The intermediate left side of this RDA biplot
shows a group of species dominated by annuals frequenting more

Frontiers in Plant Science

Annual Perennial Total species
xX A B * c
g 125 <
9 10.0
(/2]
o : 75
=2 .6
S
L 5.0
o 1
3
25
0 0 0.0
P G P G P G
Area B3 Protected BH Grazed
(*) p<0.05 (**)p=<0.01 (ns)not significant
FIGURE 7
Comparison of annual, perennial (A, B) and total richness (C) of germinated soil seed bank (A) between protected and grazed area, (n = 24). Kruskal-
Wallis (Dunn’s test). Asterisks indicate a significant differences (p<0.05) and “ns” indicates a non-significant difference (p>0.05).

grazed areas (AGV and SSB), which are C. dichotoma, L. halophilus,
B. madritensis, and D. sahariensis, accompanied by a perennial F.
glutinosa. It appears that protection favors the dominance of peren-
nials with high and medium palatability in the aboveground, showing
low germination frequencies from the SSB. Conversely, grazing favors
the germination of annuals with low frequencies in the aboveground,
likely due to competitive exclusion or grazing pressure of the most
palatable ones. Some perennial species (e.g., Stipa lagascae) were
frequent in AGV but had low SSB presence, suggesting reliance on
vegetative persistence more than on seeds.

4 Discussion

Understanding the dynamics of pastoral ecosystems requires
consideration of the multiple factors that influence interactions
among their components. Ecological succession, which follows
either a disturbance or the cessation of one, involves the gradual
replacement of biological communities until a new state of equilib-
rium is established. Among the key factors shaping this process are
climatic conditions and human activities. In the present study, we
aim to evaluate vegetation dynamics—one of the major components
of pastoral ecosystems—following a history of destructive distur-
bance (specifically, overgrazing) and the implementation of partial
protection measures (protected areas). Particular attention is given
to soil seed banks and their role in determining the composition and
trajectory of successive vegetation communities.

Our main results confirmed that vegetation cover decreases
under continuous grazing in arid areas, often accompanied by the
formation of aeolian deposits and the appearance of stony surfaces,
both indicating advanced soil degradation. Similar observations
have been reported by Zhou et al. (2010) and Donovan and
Monaghan (2021), who found that uncontrolled grazing accelerates
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TABLE 3 Germinated soil seed bank species in protected vs. grazed areas: Presence (+)/absence (-), life cycle (P: perennial, A: annual), and palatability
index (Le Houérou and lonesco, 1987).

Emergence (P/A)

Species Life cycle Palatability index
Protected plots Grazed plots
1 Anabasis articulata P 1 - +
2 Argyrolobium uniflorum P 5 - +
3 Asphodelus tenuifolius A 0 + +
4 Astragalus corrugatus A 2 + +
5 Bromus madritensis A 2 + +
6 Cutandia dichotoma A 4 + +
7 Daucus sahariensis A 2 + +
8 Erodium glaucophyllum P 1 + -
9 Fagonia glutinosa P 0 + +
10 Filago germanica A 1 + +
11 Hedysarum spinosissimum P 3 + +
12 Helianthemum kahiricum P 4 + +
13 Helianthemum lippii P 5 + +
14 Hippocrepis bicontorta A 4 + -
15 Ifloga spicata A 1 + +
16 Launaea glomerata P 4 - +
17 Launaea nudicaulis P 2 - +
18 Lotus halophilus A 3 - +
19 Matthiola longipetala A 2 + +
20 Medicago minima A 3 - +
21 Medicago truncatula A 5 + +
22 Mollugo cerviana A 1 - +
23 Neurada procubaines A 2 + -
24 Paronychia arabica A 2 + +
25 Plantago albicans P 5 + +
26 Plantago coronopus A 2 - +
27 Plantago ovata A 3 + +
28 Senecio glaucus A 1 + -
29 Schismus barbatus A 4 + +
30 Stipa lagascae P 4 + +

A species was considered germinated if it emerged in at least one of the 48 germination trays across the protected and grazed areas (with depth treatments combined).

TABLE 4 Serensen coefficient similarity index (SCSI) between aboveground vegetation (AGV) and germinated soil seed bank (SSB) in protected area vs.
grazed area and between germinated soil seed bank in the protected vs. those in grazed area.

Comparison’s . Species presence
L Paired area . . .
element Present species species Shared species
AGV 73
Protected area 20 0.43
SSB 21
AGV 57
Grazed area 24 0.57
SSB 27
Protected 21
Germinated SSB 17 0.62
Grazed 27
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TABLE 5 Specific frequency (Percentage of sample plots where a similar species was found) of the germinated soil seed bank (SSB) and aboveground

vegetation (AGV) in protected and grazed areas.

Species
Protected plots

AGV

Frequency (%)

N ]

Grazed plots Protected plots Grazed plots

1 Anabasis articulata 25 21 0 4
2 Argyrolobium uniflorum 58 100 0 21
3 Asphodelus tenuifolius 13 67 0 21
4 Astragalus corrugatus 67 21 17 4
5 Bromus madritensis 0 4 8 17
6 Cutandia dichotoma 4 38 4 8
7 Daucus sahariensis 8 17 8 4
8 Erodium glaucophyllum 54 8 4 0
9 Fagonia glutinosa 21 8 8 4
10 Filago germanica 0 8 29 46
11 Hedysarum spinosissimum 8 0 8 4
12 Helianthemum kahiricum 100 58 13 8
13 Helianthemum lippii 88 58 17 8
14 Hippocrepis bicontorta 63 17 4 0
15 Ifloga spicata 8 25 29 58
16 Launaea glomerata 0 0 4 4
17 Launaea nudicaulis 4 0 0 4
18 Lotus halophilus 8 33 0 8
19 Matthiola longipetala 83 13 8 8
20 Medicago minima 63 54 8 8
21 Medicago truncatula 0 4 0 38
22 Mollugo cerviana 0 4 0 4
23 Neurada procumbens 8 25 8 0
24 Paronychia Arabica 21 8 17 38
25 Plantago albicans 58 67 17 4
26 Plantago coronopus 4 0 0 4
27 Plantago ovate 58 13 17 17
28 Senecio glaucus 17 21 13 50
29 Schismus barbatus 8 0 4 0
30 Stipa lagascae 33 50 4 4

soil instability and fertility loss. Under long-term protection,

vegetation cover is higher and characterized by greater litter
accumulation and well-developed soil crusts. The significant in-
creases in above-ground vegetation (AGV), plant density, and
species richness under protection involve both perennial and
annual species, highlighting the negative impact of uncontrolled
grazing on vegetation and soil surface structures. While several
studies have documented positive vegetation dynamics under short-
term protection (Tarhouni et al., 2014; Ebrahimi et al., 2016), the
effects of long-term protection remain debated. Some authors (Wu
et al,, 2011; Ouled Belgacem et al., 2019; Chibani et al., 2022) have
reported declines in biodiversity and ecosystem function, along with
increased dominance of woody species (Su et al, 2015). More
recently, Bartley et al. (2023) demonstrated that regenerative

Frontiers in Plant Science

1

grazing can be a more profitable and sustainable alternative to
other restoration practices, leading to notable improvements in
ecosystem conditions.

Comparing floristic richness between the protected and grazed
areas, the calculated similarity index indicates a moderate to high
similarity (SCSI = 0.77). This suggests that important biodiversity
and species richness are maintained even under overgrazing con-
ditions, largely due to the dominance of unpalatable and/or grazing-
resistant species. These findings are consistent with those reported
by Tarhouni et al. (2017) and Msadek et al. (2021). Perennial species
generally dominate the floristic composition across the study area,
with Mediterranean and Saharan chorotypes remaining the most
prevalent, while species of tropical origin are limited. Despite the
pressures exerted on plant cover in recent decades, particularly due
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Redundancy analysis (RDA) of aboveground vegetation and soil seed bank in protected vs. grazed Areas: a biplot highlighting key relationships with
life cycle, germination area, and palatability Traits. Response variables: SSB_protected = frequency in soil seed bank protected area, SSB_grazed =
frequency in soil seed bank in grazed area, Above_protected = frequency in aboveground protected area, Above_grazed = frequency in

aboveground grazed area.

to climate change, the distribution of phytogeographical origins
appears stable. This pattern is consistent with the observations of Le
Houérou (1995) Such stability supports the conclusion of Chaieb
et al. (1990), who reported a relative regression in the tropicality of
the flora and an increase in its Mediterraneanity. This trend is
especially evident among perennial grasses: for example, Cenchrus
ciliaris, Hyparrhenia hirta, and Stipagrostis ciliata were recorded in
the above-ground vegetation (AGV) of protected areas but were
absent or present at very low frequencies in grazed sites. Conversely,
Mediterranean perennial grasses such as Stipa lagascae and
Stipagrostis pungens were found in the AGV of protected areas
and were more frequent in grazed areas, although Stipa lagascae
showed low seedling emergence in the soil seed bank (SSB) of both
protected and grazed sites.

After two germination tests conducted on soil samples collected
from two depths (0-3 cm and 3-6 cm) in both protected and grazed
areas, our results showed the germination of only 30 species (38%)
out of the 80 species recorded aboveground. Annual species
dominated the germinated cohort, representing 63% of the total
germinated species. In contrast to the aboveground vegetation
composition, the germinated species showed higher annual density
and richness in grazed areas, whereas no significant differences were
observed for perennials across both tested depths.

Our findings are consistent with those of Miaojun et al. (2018),
who reported that annuals contribute relatively more to soil seed
banks (SSB) than perennials. Similarly, Huang et al. (2022) found that
grazing exclusion enhances vegetation cover but reduces SSB density
and diversity, leading to discrepancies between the soil seed bank and
aboveground vegetation in alpine grasslands. In line with this, Chu
et al. (2019) observed that increasing grazing intensity promotes
greater species density and richness within the SSB. Furthermore,
several studies (e.g., Dos Santos et al., 2018) suggest that seed banks in
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disturbed areas tend to contain more transient species—those with
short life cycles, little or no dormancy, and high seedling recruitment
potential—as well as a higher proportion of exotic species.

The germinated species belonged mainly to the Fabaceae,
Asteraceae, Poaceae, and Plantaginaceae families, of which 67%
were moderately to highly palatable. Similar findings were reported
by Tekle and Bekele (2000), who observed that herbs constituted
most emerged seedlings across various vegetation types (forests,
shrublands, and grasslands) and degraded areas in Ethiopia, with
four dominant families—Asteraceae, Caryophyllaceae, Fabaceae,
and Poaceae—accounting for 62% of the total seedlings. Likewise,
Wang et al. (2020) found that on the Loess Plateau in northern
China, the Asteraceae, Poaceae, Fabaceae, and Rosaceae families
comprised most of the emerged species from the soil seed bank.
Comparable floral compositions were recorded in the dry tropical
peri-urban ecosystems of the Bulandshahr-Khurja region near
Delhi, where Poaceae, Fabaceae, and Asteraceae predominated
(Narayan and Agrawal, 2015). In Saudi Arabia, Al-Huqail et al.
(2025) similarly identified Asteraceae, Poaceae, Boraginaceae, and
Fabaceae as major families, dominated by annual species. The
widespread presence of Asteraceae in soil seed banks has been
attributed to their high seed production and favorable morpholog-
ical traits, such as small size, winged shape, and effective dispersal
mechanisms (Hadinezhad et al,, 2021). These authors also noted
that forbs are more abundant than shrubs and trees in soil seed
banks, even in areas where shrubs dominate above-ground vegeta-
tion, particularly in undisturbed sites.

Our findings indicate that the similarity between the above-
ground vegetation (AGV) and the germinated soil seed bank (SSB)
was higher in the grazed area than in the protected area. This
suggests that long-term protection reduces seed input to the soil,
thereby favoring the persistence of dormant seeds from perennial
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species. Although annual species were also present and emerged
from the SSB in the protected area, their densities and frequencies
were lower than those in grazed areas, reflecting the favorable
conditions for seedling establishment provided by shrubs.
According to Narayan and Agrawal (2015), annuals, characterized
by short life spans and high fecundity, can rapidly colonize
disturbed spaces. Studies conducted in Saudi Arabia revealed that
significant differences between SSBs and AGV are largely due to the
dominance of annuals and the presence of a substantial proportion
of persistent seeds that remain dormant as a survival strategy under
harsh climatic conditions (Al-Hugqail et al., 2025). Similarly,
Erfanzadeh et al. (2020) demonstrated that the composition of
the SSB is influenced by the presence and type of shrubs, which
create favorable microsites for seed trapping and germination.

Long-term grazing exclusion can reduce ecosystem resilience by
promoting vegetation senescence and depleting the soil seed bank
(SSB). Plant senescence under such conditions is often driven by
reduced disturbance regimes, competitive exclusion, and altered
nutrient cycling (e.g., Cabin et al., 2000; Maccherini and Santi,
2012). Natural disturbances—such as grazing, flooding, or fire—
maintain vegetative vigor and diversity, whereas prolonged protec-
tion suppresses these processes. Over time, dominant species may
outcompete others, reducing diversity and limiting regeneration,
while biomass accumulation can disrupt nutrient cycling and lower
soil fertility. Senescence further diminishes the SSB through re-
duced seed input, seed predation, absence of germination cues, and
limited seed longevity. This is particularly pronounced in
Mediterranean and arid ecosystems, where shrub seed banks are
transient or short-term persistent and degrade without regular
regeneration (Parker and Kelly, 1989).

This phenomenon was then reported in the gypsum soils,
characteristic of southern Tunisia, hindering above-ground vegeta-
tion (AGV) dynamics and reducing the soil seed bank (SSB)
through decreased seed storage. This process promotes lignification
and favors the dominance of competitive species at the expense of
ruderal and stress-tolerant species. Soil crust formation, which
limits water infiltration and seed burial (Laker and Nortjé, 2019),
may be considered a contributing factor to the decline of the soil
seed bank (SSB) in long-term protected sites. Conversely, seeds
dispersed outside these areas are more likely to become buried,
either directly by wind deposition or indirectly through animal
trampling. In general, prolonged grazing exclusion induces several
changes in soil surface conditions, including soil crust formation,
which reduces hydraulic functioning (Jeddi and Chaieb, 2010),
diminished seed input into the soil, and litter accumulation that
inhibits seed germination (Letts et al., 2015). Moreover, seeds
remaining on the soil surface are increasingly exposed to predation
(Dos Santos et al., 2013, Dos Santos et al., 2016).

The observed increase in similarity between AGV and SSB under
grazing conditions can be attributed to the dominance of disturbance-
tolerant species, which results in a greater proportion of transient
seeds contributing directly to the visible plant community. Similar
findings were reported by Délle and Schmidt (2009), who concluded
that SSBs in highly disturbed habitats are primarily composed of early
successional species, and that the similarity between AGV and SSB is
highest in such environments compared to less disturbed ones.
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The redundancy analysis (RDA) conducted on all factors
influencing the distribution frequency of germinated species in
protected versus grazed areas revealed that the plant life cycle has
a stronger influence than either palatability or location. This
indicates that perennials dominate the aboveground vegetation
(AGV), while annuals prevail in the soil seed bank (SSB), particu-
larly under grazing pressure. Under arid conditions combined with
overgrazing, the physiological and adaptive traits of plant species
appear to play a decisive role in determining the successional
patterns of plant communities (Dos Santos et al,, 2013, Dos
Santos et al., 2016).

The soil seed bank (SSB) plays a crucial role in shaping early
successional stages of ecosystems. Despite the dominance of annual
species in SSB, particularly in grazed areas, the phenomenon of
therophytization persists under degradation pressures. Our findings
align with those of Ouled Belgacem et al. (2013a); Hamida (2024),
and Nora et al. (2025), which report the marked dominance of
therophytes, primarily driven by harsh climatic conditions and
overgrazing, especially in arid and desert regions. Similar patterns
have been documented in southern Mediterranean areas, notably
North Africa, including forest ecosystems. Barbero et al. (1990)
reported the progressive replacement of trees and shrubs by
therophytes, indicating forest steppization and therophytization
under severe degradation.

In protected areas, palatable perennial species such as
Helianthemum spp. and P. albicans dominate the AGV. However,
their low frequency in the SSB suggests that their persistence relies
mainly on vegetative propagation rather than seed reproduction.
Conversely, grazing shifts the AGV composition toward less palat-
able annual species, likely due to competition and grazing pressure
on palatable plants, while promoting the formation of a frequent
and abundant seed bank consisting of species such as Ifloga spicata,
Schismus barbatus, and Filago germanica.

Despite the general scarcity of perennial species in the SSB,
possibly resulting from dormancy mechanisms and other physio-
logical characteristics of persistent seeds, a notable frequency of
certain palatable perennials, known for their resistance to overgraz-
ing and abiotic stress, was recorded in grazed areas and reflected in
the AGV composition. These species include Argyrolobium
uniflorum (very frequent), Plantago albicans, Helianthemum
kahiricum, Helianthemum sp., and Stipa lagascae (moderately
frequent). The high abundance of these species in the disturbed
area can be attributed to their resistance to grazing and their
sensitivity to prolonged protection (Ouled Belgacem et al,
2013b). This observation is particularly relevant for identifying
promising species for the rehabilitation of degraded rangelands in
arid and semi-arid regions. Nevertheless, further studies are needed
to build upon these findings.

We conclude that long-term protection promotes the persistence
of palatable perennial plants in the AGV, whereas grazing favors the
development of the SSB. This dynamic suggests that both the
exclusion of grazing in protected areas and overgrazing in continu-
ously grazed sites may generate recovery potential if grazing intensity
is modified. Similar findings were reported by Dolle and Schmidt
(2009), who observed that the regeneration capacity of vegetation
from the SSB decreases markedly with increasing abandonment
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periods and/or decreasing disturbance intensity, while similarity
between AGV and SSB increases with disturbance intensity.
Likewise, Chu et al. (2019) found that the highest seed density
occurred under light grazing, emphasizing that controlled grazing
enhances SSB storage and plays a key role in vegetation dynamics.

Several studies have shown that the relationship between AGV
and SSB is generally positive in the short term but becomes negative
under long-term grazing exclusion (Huang et al., 2022; Kushbokov
et al,, 2025). Although short-term protection may have a positive
effect on SSB during early successional stages, this effect should be
interpreted with caution in later stages, particularly when the SSB is
characterized by limited seed dispersal and low persistence (Wang
et al,, 2020). These factors should be carefully considered in future
habitat restoration projects. Monitoring seed bank dynamics should
be integrated into protected area management, and active manage-
ment that mimics natural disturbances may be necessary.

Overall, these findings highlight the negative impacts of both
continuous grazing and long-term protection on vegetation dy-
namics and AGV-SSB relationships. Therefore, regenerative (con-
trolled) grazing is recommended as a balanced management
approach that maintains ecosystem functions while preserving the
positive roles of herbivores in aboveground and belowground
vegetation dynamics.

5 Conclusion

This study demonstrates that grazing intensity and protection
duration play decisive roles in shaping vegetation dynamics and soil
seed bank (SSB) composition in arid pastoral ecosystems.
Continuous grazing leads to a marked decline in vegetation cover,
soil stability, and perennial plant abundance, whereas long-term
protection favors the persistence of palatable perennial species and
enhances aboveground vegetation (AGV) structure. However, pro-
longed exclusion also reduces seed input into the soil, resulting in a
diminished and less diverse SSB.

Conversely, grazed areas maintain higher SSB density and
diversity, dominated by annual and disturbance-tolerant species,
which promote rapid colonization following disturbance. The
higher similarity between AGV and SSB in grazed sites reflects
the dominance of transient, short-lived species adapted to recurring
stress. In contrast, the lower AGV-SSB similarity in protected sites
indicates a decoupling between above- and belowground vegetation,
driven by reduced disturbance and seed turnover.

Overall, both continuous grazing and prolonged exclusion
negatively affect vegetation regeneration and ecosystem resilience.
The results highlight that controlled or regenerative grazing, which
balances disturbance and recovery by ensuring seed production and
their entry into the soil, represents the most effective strategy for
sustaining vegetation productivity, biodiversity, and soil function-
ality in arid and semi-arid rangelands. Additionally, given its
confirmed importance, monitoring of seed bank status (viable
seeds of key forage species) should become part of rangeland
health assessment. Future management should therefore integrate
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moderate grazing regimes to maintain active seed banks and ensure
the long-term ecological stability of pastoral ecosystems.
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