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Abstract This study examines variations in the spatial

patterns of soil–vegetation properties in the vicinity of

subsidence-related ground fissures caused by groundwater

over-pumping over an arid ecotone situated in northeastern

Iran. It was assumed that subsidence-related fissures have a

possible effect on the soil–vegetation structures. Vegeta-

tion metrics (mean canopy area, mean volume, vegetation

cover percentage) and soil properties (EC, pH, CaCO3,

particle size distribution) were measured for locations with

differing spatial expanses of ground fissures, including

surface ground fissures, deeper ground fissures, as well as

those exhibiting no signs of ground fissure. Statistical

analyses indicated significant differences (P\ 0.05) in the

spatial patterns of vegetation and soil properties for loca-

tions with different expanses of ground fissures. Greater

degradation of soil–vegetation, presenting as mortality of

plants and the formation of impermeable layers on the soil

surface, was observed around deep fissures linked to

groundwater over-pumping, in comparison with other

locations. These findings confirm the relationship between

heterogeneities in patterns of vegetation and soil properties

and variations in structure and extent of ground fissures, as

well as indicating that the expansion of groundwater over-

pumping-induced surface ground fissures can promote

soil–vegetation degradation over time, leading ultimately

to barren soils.

Keywords Bare soil � Fissures � Dryland � Land

degradation � Subsidence � Iran

Introduction

Arid and semiarid ecosystems are vulnerable to natural and

anthropogenic disturbances due to special climatic condi-

tions (e.g., high aridity and low precipitation), and also lack

diversity in their structures and variables. Environmental

perturbations cause changes in the characteristics of system

variables in terms of size of vegetation patches (Xu et al.

2015), vegetation patterns spatial regularity (von Harden-

berg et al. 2001; van de Koppel et al. 2002; Rietkerk et al.

2004; Kéfi et al. 2007, 2010a, b; Moreno-de las Heras et al.

2011; Wu et al. 2016), and soil properties (Bestelmeyer

et al. 2006; Ravi et al. 2007, 2010; Valipour 2014) accel-

erating arid landscape dynamics toward critical transitions.

One of the clear signs of decreasing resilience in arid

regions is degradation of uniform vegetation and colo-

nization of bare soils in response to perturbations (van de

Koppel and Rietkerk 2004; Ravi et al. 2010). Vegetation

dynamics and their reactions to environmental stresses are

strongly controlled by heterogeneities related to soil

physiochemical attributes (Tromp-van Meerveld and

McDonnell 2009; Li et al. 2011; Schmidtlein et al. 2012;
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Lausch et al. 2012). In terms of an ecological systematic

approach, tiny changes of biotic (e.g., vegetation struc-

tures) and abiotic (e.g., soil physiochemical attributes) in

ecosystem structure may push the system toward various

equilibrium states over time (Monger and Bestelmeyer

2006). Thus, the measurement of physical, chemical, and

biological properties of soil (Peres et al. 2011) is critical for

assessing landscape responses to environmental pressures

(Pulleman et al. 2012). Some studies have indicated that

multiple processes such as hydrologic processes, eolian

erosion (Fearnehough et al. 1998; Ravi et al. 2010, 2011;

Turnbull et al. 2012; Wang et al. 2015), and processes of

soil salinization (Runyan and D’Odorico 2010; D’Odorico

et al. 2013) with changing biotic–abiotic soil characteris-

tics can result in an acceleration of land degradation in

water-restricted ecosystems. Despite recent efforts to

explain the relationship between variations in biotic–abi-

otic structures and natural processes in the dynamics of arid

landscapes, our understanding is minimal as to how natural

processes and anthropogenic disturbances causing changes

in biotic–abiotic characteristics in ecosystem structures

affect the evolutionary trends of arid landscapes.

Anthropogenic processes play a fundamental role in

changing spatial patterns of biotic–abiotic soil character-

istics causing fine variations in soil texture, EC, pH level,

vegetation metrics, and other related property variations.

One of the most common destructive land uses in many

arid and semiarid regions is the over-exploitation of

groundwater. In time, this can create subsidence-related

ground fissures of varying spatial scales (Pacheco-Martinez

et al. 2013). Although the origin of much land subsidence

can be traced back to geological/tectonic occurrences,

long-term pumping of groundwater can be a basic agent in

the deformation of the earth (Burbey 2002; Pacheco-Mar-

tinez et al. 2013) and the subsequent landscape dynamics,

over time. Iran is a developing country located in the arid

and semiarid belts of the world, with an average rainfall

less than the global average across approximately 85% of

such areas. High population growth rates, concurrent with

agricultural land development and a flourishing industrial

sector, have caused over-exploitation of groundwater

resources, especially in recent decades such that many of

Iran’s plains have suffered land subsidence-related ground

fissure phenomena in recent years. The appearance and the

development of ground fissures in these areas has led to a

degradation of soil and vegetation and, subsequently, to the

extension of barren soils and the intensification of land

degradation in the vicinity of the deeper and larger fissures.

This study examines how subsidence-related ground fis-

sures, with variations in the spatial patterns of soil–vege-

tation properties, can accelerate arid landscape dynamic

toward critical degradation.

Materials and methods

Study area

The study area is located in northeastern Iran in the Kho-

rasan-Razavi (KR) province, Neyshabur county, and forms

a part of the Neyshabur Plain situated at approximately

longitude 59�00036.4800 and latitude 35�57031.3100N.

(Fig. 1). According to standard classification methods, the

study area’s climate is semiarid to arid with a mean annual

temperature of 13.9 �C and approximately 247 mm mean

annual precipitation, of which the maximum generally

occurs in winter, between January and March. Geomor-

phologically, the site is situated on a piedmont plain along

which a clay flat extends.

The study area has been declared a critical area in terms of

exploitation of groundwater and resultant soil degradation,

and the Iran Ministry of Energy has prohibited further

groundwater exploitation on the plain (Naderianfar et al.

2011). The aquifer system of this region was placed during

heterogeneous constructive successions of the first period, the

second period (metamorphosed sandstone susceptible to

erosion), and tertiary sediments with different degrees of

consolidation, including thick-bedded conglomerate,

interbedded sand, silt (especially marl-gypsum), and lime

layers of Neogene, as well as Quaternary alluvial and fluvial

sediments with a low degree of consolidation that are poten-

tially prone to divergence (Naderianfar et al. 2011). The

available information on the fluctuations of groundwater

levels shows a decrease of more than 43 m in the last 30 years

(mean annual decline of 1.4 m) concurrent with groundwater

over-pumping (Naderianfar et al. 2011). Annual exploitation

excess of groundwater resources in this plain reached more

than 147,000,000 m3 in 2015. All these conditions have

triggered soil loss and the occurrence of land subsidence-re-

lated ground fissures that did not exist before the com-

mencement of groundwater over-pumping over this plain.

Field survey and soil sample collection

To investigate how the patterns of vegetation and soil

properties change over the variations in the extent of ground

fissures, the site was classified according to two criteria;

variations in spatial scale of the distribution of ground fis-

sures; and variations in the spatial distribution of vegetation

patches, in terms of patch size and density ratio. Accord-

ingly, four representative locations were distinguished

cFig. 1 Study area and sampling locations: barren mosaics around

deep ground fissures (a), sparsely vegetated mosaics around surface

ground fissures (b), densely vegetated mosaics without any ground

fissures (c), clay flat (d)
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(Fig. 1): (1) locations with dense vegetation patterns without

subsidence-related ground fissures; (2) locations with sparse

vegetation patterns exhibiting limited ground fissures (less

wide) (hereafter, referred to as ‘‘surface fissures’’). Ground

fissures of these locations are mostly discontinuous repre-

senting the early stage of the formation of continuous linear

ground fissures. After an intense rainfall event, water flows

into surface fissures with lateral ‘‘washing’’ (mainly com-

posed of layers of silt and clay), resulting in the expansion of

surface fissures, and subsequently the appearance of deep

ground fissures over time; (3) diffuse barren mosaics within

sparse patches together with more extensive ground fissures

(hereafter referred to as, ‘‘deep ground fissures’’); and (4) a

clay flat which is a distinct landform developed parallel to

the piedmont plain that includes the aforementioned three

zones, generally at a distance of approximately 3 km. It is

noteworthy that due to the geomorphic position, the clay flat

always stays in a non-vegetated equilibrium state regardless

of the impact of land subsidence. To avoid anisotropy,

locations with a similar slope (nearly flat) were selected for

this study. Locations on the piedmont plain were similar, in

terms of soil texture and the type of dominant shrubs

(mainly, Aeliema subaphylla, Lycium depressum, Salsola).

A systematic sampling scheme was used for measuring

vegetation metrics and soil properties along eight 20-m-

long transects at each location (overall, 32 transects). The

transects were placed parallel with the ground fissures,

where these existed. Along each transect, two 5 by 5 m

square plots were established (overall, 64 plots), positioned

at the closest point to the ground fissures. Since the aim

was the evaluation of patterns of soil–vegetation properties

surrounding the ground fissures, the 5 9 5 m plots were

the appropriate size for covering the area around fissures.

To find the relationship between variations in size and

density of the vegetation structures, and changes in the

spatial extent of the ground fissures, some of the vegetation

properties were measured at three locations on the pied-

mont plain. These variables included: the number of veg-

etation patches, mean canopy area, mean volume, largest

patch size, and the percentage of vegetation cover.

The soil samples were collected from all plots along the

transect lines where vegetation patches surrounding ground

fissures exhibited alteration. In order to assess the impact of

subsidence-related ground fissures on the surface and

subsurface soil variables, soil samples were taken from two

depths, 0–5 cm (surface soil), and 5–30 cm (subsurface

soil), at the center of all plots along the transects, using a

soil auger. Thus, 32 soil samples (16 surface soil and 16

subsurface) were collected at each location.

The collected soil samples were air-dried and sieved

through a 2-mm sieve to analyze soil texture, which is an

influential factor in soil infiltration and soil water-holding

capacity (Graetz and Tongway 1986; Wood et al. 1987),

soil acidity (pH), electrical conductivity (EC), calcium

carbonate content (CaCO3) which is an inhibiting factor in

water infiltration and plant growth (Noy-Meir 1973; Graetz

and Tongway 1986; Hamerlynck et al. 2000; Maestre et al.

2003, Bestelmeyer et al. 2006), saturation moisture con-

tent, and soil moisture content. To analyze soil texture,

sample particle size distribution (the percentage of sand,

silt, and clay) was determined by the standard hydrometer

method (ASTM 1981), based on the settling time of par-

ticles and hydrometer readings made after 2 s and after 2 h.

The pH and EC values of each soil sample were determined

from the saturated paste and the saturated paste extract,

respectively, using a pH meter (Jenway Inc, England) and

an EC meter (Jenway Inc, England). The amount of cal-

cium carbonate in each sample was measured using the

neutralization of hydrochloric acid and the titration of

sodium hydroxide (NaOH) method (Nelson 1982). The

gravimetric analysis method (oven-dry method) (Black

1965) was employed for calculating saturation moisture

content and soil moisture content.

Statistical analyses

For comparing vegetation properties including the number

of vegetation patches, mean canopy area, mean volume,

largest patch size, and the percentage of vegetation cover

between locations with surface ground fissures and loca-

tions without ground fissures, an independent T test was

conducted. As no vegetation exists at particular locations

(mosaics with deep ground fissures and clay flat), was used

an independent T test that compares the means of two

independent groups, in order to determine whether vege-

tation variables means differed significantly. A one-way

ANOVA was also used to determine the differences among

the four locations, in terms of soil physicochemical attri-

butes (Ravi et al. 2008; Wu et al. 2016). Where differences

were established in the one-way ANOVA analysis, a

Tukey’s post hoc test was performed for mean separation

to determine significant differences (P\ 0.05) in soil

characteristics among the four representative locations. All

statistical analyses were performed using SAS (9.3.0)

software. The significance level (P value) was set at 0.05

for all statistical analyses in the study.

Results

Relationship between spatial variations of vegetation

and ground fissures

The results of the statistical analyses showed that the

vegetation metrics were significantly different (P\ 0.05)

among locations exhibiting differences in spatial extent of
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ground fissures (Table 1). The findings demonstrated that

the vegetation of locations without ground fissures exhib-

ited the highest number of patches, maximum mean canopy

area, greatest volume and a higher percentage of vegetation

cover. These locations are described as ‘‘dense vegetation

mosaics.’’ In contrast, the vegetation of locations with

surface ground fissures exhibited a lower number of pat-

ches, minimum mean canopy area, least volume, and a

lower percentage of vegetation cover. These locations are

described as ‘‘sparse vegetation mosaics.’’ The largest

patch size in the densely vegetated mosaics was nearly five

times greater than the observed patches in the sparse

mosaics. Further, at the parts that subsidence-related

ground fissures expanded into deep ground fissures, there

were ‘‘diffuse barren mosaics.’’

Relationship between variations in soil

physiochemical properties and ground fissures

The results of the statistical analyses showed that ground

fissures can be a cause of alterations to the spatial patterns

of soil properties. Both the one-way ANOVA and Tukey’s

post hoc test indicated significant differences in certain

abiotic soil characteristics, in accordance with the varia-

tions in the spatial extent of the ground fissures. Only the

variables EC, CaCO3, and clay showed statistically sig-

nificant differences (P\ 0.05) among different locations,

for both sampling depths (Table 2).

The highest and the lowest percentages of calcium

carbonate surface aggregation were found on the barren

mosaics around deep ground fissures and the densely

vegetated mosaics that had no signs of ground fissures,

respectively. The sparse mosaics around surface ground

fissures were intermediate in this regard (Fig. 2a). Clay flat

and barren mosaics showed the highest levels of surface

EC and the densely vegetated mosaics the lowest amount.

The sparsely vegetated mosaics had an intermediate

amount of EC at 0–5 cm depth (Fig. 2b). Only the per-

centage of clay differed significantly, in terms of particle

size distribution of surface soil (0–5 cm depth) among the

studied locations. Figure 2c shows that the highest per-

centage of clay was on the clay flat, while the lowest was

found in locations with the densely and the sparsely veg-

etated patterns. The percentage of clay was intermediate

for the locations with diffuse barren mosaics. A compar-

ison of CaCo3 quantities at 5–30 depth (subsurface) for

four locations showed significant differences (Fig. 2a). The

highest percentages of subsurface CaCo3 were observed on

the clay flat and locations with a densely vegetated pattern,

respectively. Conversely, the lowest percentage of sub-

surface CaCo3 was measured on the bare mosaics. The

locations with the sparsely vegetated patterns had an

intermediate amount of subsurface calcium carbonate. In

terms of EC at depth 5–30 cm (subsurface soil), the highest

levels were found on the clay flat and the bare mosaics,

respectively (Fig. 2b), while the locations with the densely

vegetated patterns showed the lowest subsurface EC. This

variable was intermediate for the sparsely vegetated

mosaics (Fig. 2b). The highest percentages of clay at

5–30 cm depth were found on the clay flat and diffuse

barren mosaics, respectively, while the lowest was found

on the densely vegetated mosaics. The sparse area was

intermediate (Fig. 2c).

Discussion

Relationship between variations in vegetation

and soil properties and ground fissures

In terms of geomorphic classification, the studied area

includes two main landforms, piedmont plain, and clay flat,

with different soil textures from clayey–loamy to clayey.

At the different locations on the piedmont plain, significant

differences were observed in soil properties in relation to

degree of extension of ground fissures, despite the simi-

larity of soil texture (clayey–loamy). Such variations may

be a reason for the possible emergence of multiple equi-

librium states (densely vegetated mosaics and diffuse bar-

ren mosaics) within the different communities (Fig. 3).

The variations in patterns of vegetation and soil prop-

erties were found to be significantly associated with the

changing spatial extent of ground fissures. The greatest

Table 1 Significant differences of vegetation variables between

locations without and with land subsidence-related ground fissures

Vegetation variables (mean) Dense mosaic Sparse mosaic

N = 234 N = 50

Canopy area (m2) 269.0a 48.9b

Max 300.9 69.3

Min 115.0 24.3

SD 24.5 4.8

SK 4.4 3.7

Volume (m3) 574.6a 167.5b

Max 592.6 753.3

Min 294.0 159.0

SD 13.9 64.3

SK 2.0 1.4

Largest patch size (m2) 300.9 69.3

Vegetation cover (%) 62.2a 25.8b

Different lowercase letters show statistically significant differences of

vegetation metrics between different locations. P value of means for

all vegetation variables is\0.05. SD, SK, and N are standard devia-

tion, skewness coefficient, and the number of observations,

respectively
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Table 2 Summary statistics of some soil physiochemical properties in the representative locations

Soil variables (mean) Dense mosaic Sparse mosaic Bare mosaic Clay flat N

Depth 0–5 cm 0–5 cm 0–5 cm 0–5 cm

pH 8.1 8.0 8.2 8.7 16

Max 8.3 8.0 8.1 8.7

Min 7.7 6.5 6.0 7.3

SD 0.2 0.4 0.3 0.2

SK -0.8 0.7 -0.5 0.0

CaCO3 (%) 12.8c 14.0b 16.1a 12.9c 16

Max 14.8 17.0 18.1 17.0

Min 8.0 11.6 8.0 9.7

SD 2.1 2.3 3.6 4.9

SK -0.4 0.4 -0.2 0.2

EC (ds/m) 1.5d 3.2c 5.1b 7.2a 16

Max 3.7 9.2 9.0 12.2

Min 0.6 0.3 2.3 5.1

SD 1.7 1.8 3.0 1.6

SK 1.2 0.8 0.3 0.8

Sand (%) 23.5 29.1 30.1 22.4 16

Max 43.4 40.1 38.7 31.4

Min 12.4 19.6 23.0 9.7

SD 12.2 11.0 4.7 5.3

SK 0.7 -0.1 0.5 0.2

Silt (%) 44.2 32.8 39.2 40.6 16

Max 53.2 53.0 42.6 45.1

Min 49.8 24.8 38.0 38.0

SD 0.1 2.0 0.8 1.6

SK -0.5 -1.1 0.3 0.8

Clay (%) 34.7b 35.6b 40.6ab 42.8a 16

Max 45.4 57.1 49.5 51.6

Min 25.1 21.1 21.9 32.5

SD 6.4 8.2 6.9 6.7

SK 0.1 0.6 -1.5 -0.3

Saturation moisture (%) 40.9 42.4 39.3 43.6 16

Max 56.9 35.0 46.0 53.1

Min 35.4 56.9 34.7 29.1

SD 4.1 6.8 3.2 6.4

SK 0.6 1.2 0.5 -0.9

Moisture content (%) 11.9 11.8 13.3 10.1 16

Max 15.2 18.4 17.0 14.4

Min 7.7 7.3 9.0 7.3

SD 2.8 3.6 2.4 1.6

SK -0.3 0.9 0.5 -1.4

Soil variables (mean) Dense mosaic Sparse mosaic Bare mosaic Clay flat N

Depth 5-30 cm 5-30 cm 5-30 cm 5-30 cm

pH 8.1 8.1 8.0 8.1 16

Max 8.0 8.1 8.1 8.7

Min 7.6 6.0 6.0 7.3

SD 0.2 0.3 0.3 0.2

SK -0.8 0.2 0.2 0.0
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variations in the surface and subsurface soil data were

observed in the distributions of CaCO3 and EC, which have

negative impacts on plant growth. Clay content level

amount is an effective indicator of water-holding capacity.

These soil physiochemical attributes can accelerate soil and

vegetation degradation trends. Diffuse barren mosaics

around deep ground fissures exhibited the highest surface

accumulation of CaCO3. Further, the highest surface and

subsurface EC was observed on the bare mosaics after the

clay flat, compared with the other locations. Locations with

a densely vegetated pattern and no ground fissures, despite

a high percentage of subsurface CaCO3, did not have an

accumulative surface amount of CaCO3 and also demon-

strated the lowest EC. These results showed that ground

fissures affect vegetation structure dynamics both directly

and indirectly, as one of the determinant indicators of soil

quality (Horel et al. 2015).

Table 2 continued

Soil variables (mean) Dense mosaic Sparse mosaic Bare mosaic Clay flat N

Depth 5-30 cm 5-30 cm 5-30 cm 5-30 cm

CaCO3 (%) 14.0b 13.0bc 11.8c 15.6a 16

Max 17.1 17.7 19.0 17.0

Min 11.6 9.7 6.0 9.7

SD 2.0 3.2 4.8 4.9

SK 0.4 0.4 1.1 -0.6

EC (ds/m) 2.5c 4.0bc 5.4b 8.0a 16

Max 5.3 9.0 10.3 12.2

Min 0.6 0.7 2.6 5.1

SD 2.1 3.1 1.8 1.6

SK 0.7 0.5 0.4 0.1

Sand (%) 21.1 26.7 29.3 20.4 16

Max 28.0 35.7 39.7 25.4

Min 15.4 19.4 20.5 38.9

SD 3.3 4.4 4.3 3.7

SK -0.2 0.8 0.3 0.5

Silt (%) 40.2 33.7 32.3 33.7 16

Max 46.0 52.4 39.3 40.0

Min 23.6 28.3 31.6 28.0

SD 2.4 2.4 2.0 2.4

SK -0.7 -1.2 -0.7 0.7

Clay (%) 35.0c 36.2bc 41.3b 42.8a 16

Max 43.1 58.0 48.0 52.0

Min 28.5 22.1 28.6 32.8

SD 4.4 7.8 5.4 5.8

SK 0.1 0.4 -1.1 -1.1

Saturation moisture (%) 41.2 42.0 40.1 42.0 16

Max 47.2 35.4 47.6 52.0

Min 38.0 52.5 35.4 37.4

SD 3.2 4.0 2.0 4.0

SK 0.7 0.4 1.0 1.6

Moisture content (%) 12.0 11.2 14.1 11.8 16

Max 16.3 15.3 20.9 15.0

Min 8.5 9.0 10.3 5.0

SD 2.4 1.2 1.6 1.2

SK 0.3 0.9 1.4 -2.0

Different lowercase letters show statistically significant differences (P\ 0.05) between different locations by Tukey’s post hoc test. SD, SK, and

N are standard deviation, skewness coefficient, and the number of observations, respectively

Environ Earth Sci  (2017) 76:234 Page 7 of 13  234 

123



The variations in the distribution of vegetation structures

along the piedmont plain can be a direct outcome of veg-

etation falling into differential sinking-induced deep fis-

sures, but may also be a consequence of indirect impacts of

subsidence through changing soil physiochemical proper-

ties. Expansion of surface fissures into deeper and wider

fissures can result in vegetation falling into the sink. This

event provides more destruction of vegetation and forma-

tion of barren mosaics over time (direct impact) (Fig. 4).

At the locations without ground fissures, plants survive the

negative impacts of subsidence because these locations

exhibit an increased soil infiltration capacity, and conse-

quently a decrease in the moisture evaporation rate from

the soil surface, due to shading by the vegetation canopy.

This condition, in turn, prevents surface accumulation of

CaCO3 and with decreasing sodium concentrations of soil

water, ultimately facilitates vegetation stability in these

locations (Bertness and Hacker 1994).

On the other hand, over-exploitation of groundwater

results in decreasing water levels and enhances loss of

b

b
ab a

c

bc
b a

Percentage of clay content

c

d

cb

a

c

bc
b

aElectrical Conductivity (ds/m)

b

Depth of 0-5 cm Depth of 5-30 cm

c
b

a

c b bcc
a

Difference in CaCo3 (%)

aFig. 2 Box plots of variations

in carbonate calcium percentage

(a), electrical conductivity (b),

and the percentage of clay

(c) among the distinctive

locations. Letters of a, b, c, d,

and bc in each box plot show

statistically significant

differences of the variables

mean among the locations in

each distinct depth at 95%

confidence. The boxes of bc for

each depth indicate the amount

of CaCo3, EC, and clay in this

location is between the amount

of CaCo3, EC, and clay in the

locations of b and c. It should be

noted that the ‘‘a,’’ ‘‘b,’’ ‘‘c,’’

and ‘‘bc’’ groups have different

means at different depths. For

instance in box plot ‘‘a,’’ the

boxes with letter of c indicate

these locations have the same

CaCo3 means at the 0–5 cm

depth. Boxes denote sample 25

and 75% quartiles, the line

within the box is the mean,

whiskers are 5 and 95%

percentiles, and horizontal lines

outside whiskers are outliers
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water within soil layers. This process, together with falling

soil particles, can lead to compaction of soil, and subse-

quently declining drainage. This condition, together with

decreasing soil infiltration capacity, ultimately leads to

increased mortality of plants (Fig. 4e, f). Therefore, with

soil impermeability around deep fissures, water can only

wet a few centimeters of the top surface of the soil. In this

situation, there is an increase in evaporation from the soil

surface layer due to vegetation losses (direct impacts of

sinking-induced ground fissures), resulting in rising min-

eral content in the soil surface layers. Accumulation of

minerals ultimately increases the amount of CaCO3 and

EC. These changes create a soil crust that can lead to more

impermeable soil and further prevent vegetation growth

over time (indirect impact). The emergence of such

heterogeneities in patterns of vegetation and soil properties

indicates variations in soil infiltration capacity between

locations with different distributions of ground fissures.

Such variations may change the eco-hydrological patterns

(i.e., vegetation patterns-related runoff dynamic) across the

landform (Fig. 4).

Based on these outcomes, since subsidence-related

ground fissures can cause important geomorphic changes

such as soil compaction, reduced infiltration, increased

runoff, and increased erosion, they can be termed ‘‘geo-

morphic agents.’’ Thus, varying spatial scales of ground

fissures, and the occurrence of local soil heterogeneities

within landscape-predominant soil, may encourage asym-

metric dynamics of vegetation patches.

Ecological mechanism activation: consequence

of biotic–abiotic changes due to subsidence

The role of soil heterogeneity is undeniable in building

vegetated and barren mosaics in arid landscapes. The for-

mation of diffuse barren mosaics surrounding sinking-in-

duced deep fissures, sparse mosaics around surface fissures,

as well as densely vegetated mosaics at locations without

any ground fissures can explain the impacts of subsidence

on the emergence of heterogeneities in patterns of vege-

tation and soil characteristics. In the study area, it was

observed that variations in the spatial extent of ground

fissures will vary vegetation and soil properties, and so

modify the ecological–hydrological patterns (e.g., vegeta-

tion patterns and runoff dynamic) across a landscape. The

emergence of contrasts in soil infiltration capacity between

vegetated and barren mosaics, in relation to the expansion

amount of ground fissures, may result in activation of a

‘‘runoff–runon’’ mechanism. This is an ecological mecha-

nism which under disturbance conditions, with vegetation

patterning and spatial redistribution of water, can guarantee

vegetation establishment in arid landscapes (Rietkerk and

van de Koppel. 1997; Rietkerk et al. 2004; Ludwig et al.

2005; Puigdefabregas 2005). With the appearance of

sinking-induced deep fissures, plant growth will become

more limited due to compaction-induced soil imperme-

ability (subsidence negatively impacts on the soil physio-

chemical properties), and on the other hand, vegetation

falling into sinking-induced deep fissures will result in the

Fig. 3 Stages of vegetation

patch transitions in the studied

site, along with a gradient of

soil degradation affected by

variations in the spatial extent of

ground fissures (stress level).

a A densely vegetated state as

the first alternative stable state,

b emergence of non-equilibrium

thresholds and transitory states

along with sparsely vegetated

mosaics around surface ground

fissures, c uniform barren

ground around deep ground

fissures as the second alternative

stable state. Open circles

indicate the intermediate area

with transitory stability between

two alternative stable states, at

which vegetation fragments to

sparse and barren mosaics
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emergence of diffuse bare surrounding patches (Fig. 4).

More degradation of vegetation and soil with the expansion

of a hydrophobic layer, in turn, will change the hydrolog-

ical processes trend (Gabet and Sternberg 2008). In this

situation, a large proportion of rainfall is lost as drainage

through deep fissures. The remainder, as surface runoff,

accumulates on the barren ground ‘‘runoff’’ and moves

onto of vegetated patches ‘‘runon’’ (Fig. 4). In the sparse

and densely vegetated mosaics, the establishment of veg-

etation (due to vegetation survival from the destructive

impacts of ground fissures) results in the reduction of

evaporation, an increase in water infiltration, less aggre-

gation of minerals, and also the conversion of soil surface

moisture to facilitate plant growth. This condition gener-

ates more stability of plants at the locations with the den-

sely vegetated pattern, but promotes connectivity of barren

soils around the deep fissures.

In this situation, the landscape exhibits alternative var-

ied states of vegetated and barren as a mosaic of the source

(accumulation of water on the bare patches located around

deep fissures) and sink areas (water infiltration onto veg-

etated patches without ground fissures). Accordingly, the

eco-hydrological patterns change, and the subsequent

spatial heterogeneous redistribution of water increases

heterogeneity in the distribution of vegetation patches

across the landscape (Stachowicz 2001; Bruno et al. 2003).

These results demonstrate that groundwater over-pumping

and the emergence of ground fissures of varying spatial

scales have disrupted the equilibrium state and accelerated

land degradation trends in the study region. Subsidence-

related ground fissures, along with variations in vegetation-

soil properties, can create non-equilibrium in landscapes

state.

The findings of this research have confirmed the work of

Ravi et al. (2007, 2008) and highlighted the importance of

hydro-eolian processes in the emergence of heterogeneities

in soil–vegetation patterns and the subsequent degradation

of drylands. The study outcomes show consistency with the

results of Bestelmeyer et al. (2006) and Monger and Bes-

telmeyer (2006) regarding the impacts of soil–geomorphic

heterogeneities on vegetation patch dynamics in arid lands.

The research also indicates that environmental pressures

can change the eco-hydrological pattern, confirming the

findings of Runyan and D’Odorico (2010). However,

Fig. 4 Emergence of subsidence-related surface fissures (a) and the

expansion toward deep ground fissures (b–d) in the study area. e,

f Conceptual sketches showing the relationship between hydrological

(runoff and infiltration dynamics) and ecological processes (vegeta-

tion dynamic) due to the emergence and expansion of fissures:

e plants falling into deep fissures and the formation of diffuse barren

mosaics around them, and f the gradual accumulation of minerals

(black spots) due to subsidence-induced soil compaction, and

subsequently, decreasing soil infiltration capacity (black arrows)

changing eco-hydrological patterns due to contrast in the emergence

of infiltration between vegetated and non-vegetated areas are also

presented. The curved green arrows indicate the process of destruc-

tion of vegetation around deep ground fissures, and black arrows

indicate changing hydrological processes (runoff and infiltration

dynamics) due to the modification of vegetation structures
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results of this research provide a different explanation of

the effects of subsidence-related ground fissures in the

intensification of dryland degradation, through an exami-

nation of soil–vegetation properties and heterogeneities of

soil–vegetation patterns. Such an examination, in terms of

this researcher’s coverage of associated literature, appears

unprecedented, and more studies are certainly to be

encouraged.

Variations in abiotic soil properties are proven both

cause and effect: a reason for the emergence of the

heterogeneous vegetation patches (as multiple equilibrium

states) across a landscape, and simultaneously an outcome

of many processes, of which land subsidence may be one.

The findings showed that subsidence-induced ground fis-

sures, causing the occurrence of variations in patterns of

vegetation and soil properties, may affect ecosystem sta-

bility trends. Development of this perturbation can promote

the connectivity of degraded soils over time, as well as

decrease an ecosystem’s ecological resilience. This pro-

vides an explanatory background for the acceleration of the

catastrophic transition to a desert state.

The asymmetric distribution of vegetation structures, due

to degradation of uniform vegetation patches and expansion of

bare ground, is the most notable signs of land degradation, and

an alarm warning of catastrophic landscape transitions (Sch-

effer et al. 2001; Rietkerk et al. 2002; Scheffer et al. 2009).

Differences in soil vulnerability to subsidence-induced

compaction can result in the appearance of heterogeneous

soils with different distributions of patchy structures. The

consequence of such variations may be the occurrence of

multiple stable states, presenting as more densely vegetated

areas and diffuse barren mosaics across a landscape. In loca-

tions affected by the ground fissures, diffuse bare mosaics and

densely vegetated areas may be considered as alternative

equilibrium states (Fig. 3). The appearance of surface fissures

in locations with sparsely vegetated mosaics and deeper,

wider fissures in barren mosaics can promote further degra-

dation of vegetation and soil, and the potential condition for

barren patches to become larger over time (Fig. 5). The

development and connectivity of barren soils will certainly

lead to the shrinking of the transitional area (sparsely vege-

tated mosaics) (Dakos et al. 2011; Bestelmeyer et al. 2011).

Under this condition, gradual decreasing resilience will push

landscapes to a collapse threshold (a desert equilibrium state)

(Fig. 5). While this process cannot be the sole reason for the

emergence of such dynamics, it can intensify landscape col-

lapse trends.

Conclusions

This study hypothesized a significant relationship between

variations in the spatial development of groundwater over-

pumping-related ground fissures and changes in patterns of

Fig. 5 Conceptual framework of landscape dynamic stages due to the

expansion of soil heterogeneities related to fissures in the study area.

Gray areas show transformation between alternative equilibrium

states together with the expansion of soil heterogeneities. Dashed

area illustrates the emergence of a non-equilibrium state between the

underexploited and overexploited states along with an increase in

heterogeneous soils (bare ground) connectivity across the landscape.

The black circles indicate the development amount of soil hetero-

geneities. 1 Initiation of heterogeneities within current soil pattern

along with high resilience and the gradual emergence of the first non-

equilibrium threshold; 2 expansion of soil heterogeneities within

patches along with decreasing resilience; 3 heterogeneous soils

gradual connectivity and loss of resilience and emergence of the

second non-equilibrium threshold presenting as uniform bare ground
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vegetation and soil properties. The findings demonstrate

vegetation–soil degradation increases with the spatial pro-

gression of ground fissures, from locations that are densely

vegetated without any ground fissures, to sparse mosaics

with surface fissures, and barren mosaics around deep fis-

sures. This endorses the hypothesis that subsidence-related

ground fissures, as environmental disturbances to locations

with variations of vegetation and soil properties, can

reinforce the appearance of multiple equilibrium states and

accelerate landscape transition toward a degraded condi-

tion. The conceptual approach presented in the study

appears to be suitable for describing arid landscapes, in

terms of their high sensitivity and vulnerability to induced

disturbances such as subsidence-related ground fissures. A

lack of spatial–temporal monitoring and long-term mea-

surements of vegetation–soil properties in locations with

different extensions of subsidence-related ground fissures

are possible limitations of this research. A reduction in

these limitations will surely produce a more accurate

understanding of the long-term dynamics of landscape

changes in response to such disturbances.
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