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Abstract. Since seeds are the principle means by which plants move across the landscape, the final fate of seeds

plays a fundamental role in the assemblage, functioning and dynamics of plant communities. Once seeds land

on the soil surface after being dispersed from the parent plant, they can be moved horizontally by surface runoff.

In arid and semiarid patchy ecosystems, where seeds are scattered into a very heterogeneous environment and

intense rainfalls occur, the transport of seeds by runoff to new sites may be an opportunity for seeds to reach

more favourable sites for seed germination and seedling survival. Although seed transport by runoff may be of

vital importance for the recruitment of plants in these ecosystems, it has received little attention in the scientific

literature, especially among soil scientists. The main goals of this review paper are (1) to offer an updated

conceptual model of seed fate with a focus on seed destiny in and on the soil; (2) to review studies on seed fate in

overland flow and the ecological implications seed transport by runoff has for the origin, spatial patterning and

maintenance of patches in arid and semiarid patchy ecosystems; and finally (3) to point out directions for future

research.

This review shows that seed fate in overland flow may result either in the export of seeds from the system

(seed loss) or in the spatial redistribution of seeds within the system through short-distance seed movements

(seed displacement). Seed transport by runoff depends on rainfall, slope and soil characteristics. Susceptibility

of seed removal varies highly between species and is mainly related to seed traits, including seed size, seed shape,

presence of appendages, and ability of a seed to secrete mucilage. Although initially considered as a risk of seed

loss, seed removal by runoff has recently been described as an ecological driver that shapes plant composition

from the first phases of the plant life by favouring species with seeds able to resist erosion and by selecting for

plant traits that prevent seed loss. Moreover, the interaction of seed transport by overland flow with the high seed

trapping capacity of vegetated patches results in a “patch-to-patch” transport of seeds that plays a relevant role

in vegetation establishment and patterning in arid and semiarid patchy ecosystems.

Overall, this review shows how the knowledge about seed fate in overland flow can be used to explain a

number of important characteristics of whole plant communities. It also underlines important gaps in knowledge

that should be filled in. Future lines of research are proposed in order to broaden our understanding of the origin,

maintenance and dynamics of patchiness in arid and semiarid ecosystems and to improve restoration success of

intensively eroded ecosystems. Among the most exciting challenges, empirical studies are needed to understand

the relevance of short-distance seed displacements in the origin and maintenance of patchiness, addressing the

feedbacks between structure and function and abiotic and biotic components, in order to validate existing models

about the dynamics of arid and semiarid ecosystems and help to predict future changes under the scenarios of

climate change.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

The term “seed fate” has been used to describe what happens

to seeds from the moment they are produced by mother plants

until they become seedlings. In the 1970s and 1980s, seed

dispersal was described as a simple and direct process of seed

movement from the mother plant to the final microsite where

the seed germinates or dies. Seed dispersal was accomplished

by different biotic or abiotic agents (wind, animals, gravity)

and its outcome was considered stochastic. The possibility

of further seed dispersal after seeds reached their first land-

ing surface was not taken into account (Vander Wall et al.,

2002; Forget and Wenny, 2002). The lack of empirical stud-

ies on the ultimate stages of dispersal, due to the difficulty

of measuring seed dispersal (Bullock et al., 2006), led to in-

complete information about the pathways seeds might follow

until they germinate (Vander Wall et al., 2002). However, in

the early 1990s, the development of a variety of new tech-

niques that permitted researchers to follow seeds in space and

time (metal detectors, fluorescent dyes, genetic tools) pro-

vided evidence that seed dispersal was a far more dynamic

and complex process than was previously portrayed (For-

get and Milleron, 1991; Chambers and Mac Mahon, 1994;

Böhning-Gaese et al., 1999). It became evident that seed fate

involved multiple steps and agents and its outcome was non-

hazardous. Thus, after the initial movement of seeds from the

mother plant to the first landing site (“primary” dispersal), a

second dispersal stage started to be considered consisting of

any significant subsequent vertical or horizontal seed move-

ment from this original site (“secondary” dispersal; Cham-

bers and Mac Mahon, 1994; Böhning-Gaese et al., 1999). A

variety of biotic and abiotic agents, including overland flow,

are responsible for the secondary dispersal of seeds to new

sites of the landscape.

Since successful regeneration by a plant depends upon its

seeds being dispersed to safe sites where seeds can germinate

and seedlings can establish (Harper, 1977; Schupp, 1995),

secondary dispersal gives seeds new opportunities to reach

favourable sites. This second chance may be of vital impor-

tance for seeds in hostile environments with extreme envi-

ronmental regimes where most points of the landscape are

unsuitable for seed germination, seed survival and seedling

establishment. This is the case in arid and semiarid environ-

ments, also called “drylands”, which cover over 40 % of the

Earth’s surface (Reynolds et al., 2007). These water-limited

landscapes frequently show a clear spatial pattern of vege-

tated patches interspersed within a bare soil matrix (Aguiar

and Sala, 1999) which gives rise to a mosaic-like structure

of sources and sinks of resources, the bare and vegetated

patches, respectively, with very different soil properties and

variable interconnection (e.g. Schlesinger et al., 1990; Lud-

wig and Tongway, 1995; Bochet et al., 1999, 2000; Puigde-

fábregas, 2005). Vegetated patches have often been com-
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Figure 1. Temporal evolution of the total number of papers on seed

fate and dispersal in drylands published between 1974 and 2013,

along with the evolution of the relative number of papers focus-

ing on secondary seed dispersal. Data were obtained from online

keyword searches with Scopus database using the “All Document

Type” option, date range from 1974 to 2013 and the following for-

mulae in topics: (a) (“dispersal” or “seed fate” and “seed”) and

(arid or semiarid or semi-arid or dryland or “patchy vegetation” or

“patchy ecosystem” or patchiness or mosaic or desert) for seed fate

studies in general; (b) (“dispersal” or “seed fate” and “seed”) and

(arid or semiarid or semi-arid or dryland or “patchy vegetation” or

“patchy ecosystem” or patchiness or mosaic or desert) and (“sec-

ondary dispersal” or “secondary seed dispersal” or “seed removal”

or “seed movement” or “secondary seed movement” or “secondary

movement” or “secondary process” or “post dispersal” or “post-

dispersal” or “seed bank” or “seedbank”) for secondary seed dis-

persal studies.

pared to “fertility islands” with a privileged microclimate

and improved soil properties (low solar radiation, low soil

temperature, low evaporation rates, high concentration of re-

sources, high fertility, high infiltration rates) within a ma-

trix of poor and degraded bare ground (low fertility, high soil

compaction, low water infiltration, high runoff volume, high

wind and water erosion rates) (e.g. Schlesinger et al., 1990;

Puigdefábregas and Sánchez, 1996; Cerdà, 1997; Bochet et

al., 1998, 1999; Wilcox et al., 2003). Fertility islands may act

as “nucleation” points facilitating the establishment of plant

species that would otherwise be unable to establish (the pro-

cess of “facilitation”; Callaway, 2007). In this context, seeds

dispersed from the parent plant are scattered into a heteroge-

neous environment which is notoriously patchy in terms of

the quality of sites suitable for seed germination and for the

subsequent survival of seedlings (Schupp, 1995). Secondary

dispersal may therefore be of vital importance for the recruit-

ment stage of plants and have relevant ecological implica-

tions in the functioning of dryland ecosystems (Aguiar and

Sala, 1997; Forget et al., 2002; Thompson et al., 2014).
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Figure 2. Temporal evolution of the total number of papers on

secondary seed dispersal in drylands published between 1974 and

2013, along with the total number of papers for the same time period

specifically addressing secondary dispersal by animals, wind and

overland flow. Data were obtained from online keyword searches

with Scopus database using the “All Document Type” option, date

range from 1974 until 2013 and the following formulae in top-

ics: (“dispersal” or “seed fate” and “seed”) and (arid or semiarid

or semi-arid or dryland or “patchy vegetation” or “patchy ecosys-

tem” or patchiness or mosaic or desert) and (“secondary dispersal”

or “secondary seed dispersal” or “seed removal” or “seed move-

ment” or “secondary seed movement” or “secondary movement” or

“secondary process” or “post dispersal” or “post-dispersal” or “seed

bank” or “seedbank”), adding (a) (runoff or run-off or erosion or

“water transport” or “overland flow”) for overland flow, (b) (wind

or eolian) for wind, and (c) (“animal*” or biotic or ants or birds or

rodents) for animals.

Even so, secondary dispersal has generally received little

attention in the scientific literature, much less than primary

dispersal (Chambers and Mc Mahon, 1994). An online lit-

erature compilation of 697 papers on the fate of seeds in

drylands published in the last 40 years provides evidence of

this clear unbalance (see Fig. 1 and reference list in the Sup-

plement). During this time period, only a small proportion

of the annually published papers, less than one-third, is re-

lated to secondary dispersal (Fig. 1). However, the evolution

of the number of papers related to secondary seed dispersal

in drylands shows a steady, even though fluctuating, increase

from the mid-1990s until 2013 (Fig. 2), indicating that what

happens to seeds once they have reached a first landing sur-

face is becoming an increasingly important issue within the

scientific community. Figure 2 also shows that the attention

given to the main agents of secondary dispersal during the

same time period is clearly uneven. Secondary dispersal by

overland flow started to be documented later than secondary

dispersal by wind and animals, and the annual rate of publi-

cations about secondary dispersal by overland flow has been

very low since then.
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Figure 3. Total number of papers on secondary dispersal in dry-

lands published between 1974 and 2013 and classified by journal

categories. The graph underlines the anecdotal number of papers

(2) published in soil-science-related journals (grey cone). Papers

were assigned to a single main category even though in Scopus they

could belong to several categories at a time. N = 162. Papers were

obtained from online keyword searches with Scopus using the “All

Document type” option with the following formula: (“dispersal” or

“seed fate” and “seed”) and (arid or semiarid or semi-arid or dryland

or “patchy vegetation” or “patchy ecosystem” or patchiness or mo-

saic or desert) and (“secondary dispersal” or “secondary seed dis-

persal” or “seed removal” or “seed movement” or “secondary seed

movement” or “secondary movement” or “secondary process” or

“post dispersal” or “post-dispersal” or “seed bank” or seedbank) in

topics for period 1974–2013. From the 165 retrieved papers plotted

in Fig. 2, three could not be classified, as information about journal

category was lacking in Scopus.

Because seed fate issues lie at the interface between plant,

animal and soil sciences, and because studies on secondary

seed dispersal have seldom been published in soil-science-

related journals (Fig. 3), this paper seeks to bring readers, es-

pecially soil scientists, closer to understanding of the destiny

of seeds in and on the soil. Understanding seed fate in the soil

is not only a matter for the scientific community but is also

crucial for the management of degraded ecosystems. Seeds

are often one of the most important actors at the first stages

of the restoration process, either through the influence of the

soil seed bank, which plays a fundamental role in the compo-

sition of the future vegetation (Peco et al., 1998), or through

the use of seeding or hydroseeding revegetation techniques in

disturbed areas (e.g. Tormo et al., 2007, for roadslopes; Fer-

nández et al., 2012, for burnt areas; Porqueddu et al., 2015,

for quarries).

The main goals of this paper are (1) to offer an updated

conceptual model of seed fate with a special focus on seed

destiny in and on the soil; (2) to review studies on secondary

seed dispersal by runoff and the ecological implications this

www.soil-journal.net/1/131/2015/ SOIL, 1, 131–146, 2015
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Figure 4. Conceptual model of seed fate in and on the soil (grey area). Rectangles represent seed states, dotted arrows indicate transitions

between seed states, and processes are written in italics. Grey arrows indicate seed movements, and processes related to movement are in

bold. After Schafer and Chilcote (1970), Fenner (1985), Chambers and Mac Mahon (1994) and Van der Wall et al. (2002). The term “seed”

used throughout the model and the text represents the diaspore or unit of dispersal (seed with surrounding dispersal structures).

process has for the origin, spatial patterning and maintenance

of patches in dryland ecosystems; and finally (3) to point out

directions for future research. Our focus will be placed on

drylands, because secondary dispersal has been recognized

as a significant part of dispersal in environments with sparse

vegetation (Nelson and Chew, 1977; Reichman, 1984; Cham-

bers et al., 1991).

2 Conceptual model of seed fates and movements

in and on the soil

Different models of seed fate have been proposed to describe

the complex pathways populations of seeds might follow

from seed production to seedling establishment. Since the

early studies in the 1970s, models have progressively evolved

and gained in complexity as new pathways of seed movement

and fate were found (Harper, 1977; Fenner, 1985; Chambers

and Mc Mahon, 1994; Baskin and Baskin, 1998; Vander Wall

et al., 2002). On the basis of these previous models, Fig. 4

illustrates an updated conceptual model with a general de-

scription hereafter of the most likely alternative pathways a

seed might follow from seed production to seedling estab-

lishment.

The model starts with the set of ripened seeds on the par-

ent plant that have the potential to germinate (Fig. 4). Part of

these seeds may be lost to death by means of pre-dispersal

predation by animals or different types of disturbance af-

fecting the parent plant (e.g. fire, waterlogging). Seeds that

escape predation may be primarily dispersed via specific bi-

otic or abiotic agents (animals, wind, rain, gravity) from the

parent plant to a landing surface, the soil or any other type

of surface (e.g. trunks, branches, litter, rocks). Once on the

soil surface, seeds may experience different fates. First, they

may germinate immediately if they have the chance to rest

on a microsite with suitable conditions for germination and

are non-dormant (i.e. physiologically active seeds). Second,

seeds may be lost to death by post-dispersal predation (ants,

rodents or birds) or decay due to pathogen attacks or senes-

cence (Hulme, 1998). Third, seeds may rest at the initial

point of deposition and remain on the soil surface for a short

or long period, depending on the dormancy state of the seed

and the occurrence of favourable conditions for germination.

Seed dormancy has to be broken by the agents responsible

for dormancy alleviation (time, temperature, moisture) be-

fore seeds can germinate in favourable environmental condi-

tions (e.g. light, improved oxygen levels). Finally, seeds may

be subjected to secondary dispersal processes and moved to

new sites via horizontal and/or vertical seed movements.

Concerning vertical movements, seeds may be incorpo-

rated from the soil surface into the soil in either a non-

dormant or a dormant state and form the soil seed bank

(Thompson et al., 1993; Traba et al., 2004). Seeds entering

into cracks at the soil surface and seed burial by small bur-

rowing animals or by local accumulation of sediments may

enhance vertical seed movements (Chambers and Mac Ma-

hon, 1994; Chambers, 2000). Non-dormant seeds may ger-

minate immediately once they have entered the soil in the

case of favourable environmental conditions for germination,

and give rise to new seedlings if they are able to emerge

above the soil surface. Dormant seeds may remain in the soil

for long periods, waiting first for dormancy alleviation and

then for the occurrence of favourable environmental condi-

tions for germination. Seeds may also be moved vertically

by animals in the opposite direction, from the soil seed bank

SOIL, 1, 131–146, 2015 www.soil-journal.net/1/131/2015/
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to the soil surface, or be brought to the soil surface by a dif-

ferent kind of disturbances (e.g. runoff, wind).

Seeds on or in the soil may also be moved horizontally

to new locations by different biotic (animals) or abiotic (of-

ten wind, runoff and gravity) agents and experience there the

same fates as the ones described for seeds landing for the first

time on the soil surface after primary dispersal.

The following sections will focus on seed movements

caused by runoff and their implications for vegetation estab-

lishment and for the spatial organization and functioning of

arid and semiarid patchy ecosystems.

3 Seed removal by runoff: a review

3.1 Outcomes of seed removal by runoff: seed loss or

seed redistribution?

In drylands, rainfall is often concentrated into a small number

of intense high-erosivity events that are responsible for more

than 70 % of the soil loss rates (Wainwright, 1996; Martínez-

Casasnovas et al., 2005). Under these conditions, seeds in the

seed bank or resting on the soil surface after primary disper-

sal are exposed to overland flow, especially in bare patches

where high rates of runoff and sediment transport have been

reported (Cerdà, 1997; Calvo-Cases et al., 2003; Boix-Fayos

et al., 2005; Bochet et al., 2006).

The first evidence that runoff may act as a vector of seed

transport was indirect and based on observations of seed dis-

persal strategies in runoff-prone areas (Friedman and Orshan,

1975; Friedman and Stein, 1980), comparisons of plant dis-

tribution with different dispersal mechanisms between slopes

and wadis (Reichman, 1984), or descriptions of seed distribu-

tion patterns in different microhabitats (Ellner and Schmida,

1981) in desert ecosystems worldwide. In the 1990s, it was

argued that seed removal by runoff led to seed loss and might

explain the lack or scarcity of vegetation on semiarid and

arid hillslopes (Debusche and Lepart, 1992; Francis, 1991;

Chambers and Mac Mahon, 1994). Although frequently in-

voked, this assumption was not empirically checked until

the pioneering studies of García-Fayos and his collaborators

about seed transport by runoff flow. Their studies aimed at

quantifying rates of seed losses in order to determine whether

seed removal by runoff could explain the lack of vegeta-

tion in highly eroded badland slopes of southeastern Spain

(García-Fayos and Recatalà, 1992; García-Fayos et al., 1995;

García-Fayos and Cerdà, 1997; Cerdà and García-Fayos,

1997, 2002; Table 1). In these stressful environments charac-

terized by extreme rates of erosion (Gallart et al., 2013), seed

inputs into the soil seed bank due to seed fall were greater

than the seed outputs due to removal by erosion (21 and

5.6–12.6 % of the soil seed bank, respectively), thus result-

ing in a positive seed balance at the catchment scale (García-

Fayos and Recatalá, 1992; García-Fayos et al., 1995). In the

same badland area, seed losses were quantified in several

experimental studies under simulated rainfall at 55 mm h−1

over 0.24 m2 field plots with different slope angles and rain-

fall durations (Table 1). In all cases, average seed losses by

runoff for the whole set of species were low (4, 0.4–7.9 and

< 13 % according to the experimental conditions of Cerdà

and García-Fayos, 1997; García-Fayos and Cerdà, 1997; and

García-Fayos et al., 1995, respectively) and seed loss rates of

individual species did not in any case exceed 25 % (García-

Fayos and Cerdà, 1997). These results were in agreement

with average seed losses obtained under natural conditions

(García-Fayos et al., 1995) and also under laboratory condi-

tions, where only 11 % of the seeds resting on an artificial

surface were lost in average under simulated rainfall of simi-

lar intensity (Cerdà and García-Fayos, 2002, Table 1). More-

over, the relationship between the rate of seed loss and the

amount of runoff proved to be positive and exponential in

these badland ecosystems (García-Fayos and Cerdà, 1997).

According to all these results, it was concluded that seed loss

by overland flow was not the key factor explaining the ab-

sence of vegetation on badland slopes as the probability of

rainfall events of higher intensity and duration is low. Other

possible alternative causes were suggested and further in-

vestigated, such as scarce water availability for plants, high

salinity and the interaction of these latter factors with seed

germination (García-Fayos et al., 2000; Bochet et al., 2009).

Recently, similar studies were carried out to test the same

hypothesis in the Chinese Loess Plateau, i.e. the scarcity of

vegetation as a consequence of seed removal by runoff (Jiao

et al., 2011; Han et al., 2011; Wang et al., 2013; see Ta-

ble 1). Similar results to that documented in the Spanish bad-

land areas were obtained, since no seed losses were recorded

in small bins filled with soils collected from the field at a

similar rainfall intensity (50 mm h−1) and different slope an-

gles (Jiao et al., 2011; Han et al., 2011). However, the total

amount of seeds lost by runoff was closely related to runoff

volume and sediment yield and average seed losses reached

32.6 and 66.0 % values at rainfall intensities of 100 and

150 mm h−1, respectively. Seed loss rates up to 100 % were

described for some species in a similar laboratory experiment

under 30 min simulated rainfall at 120 mm h−1 (Wang et al.,

2013). However, because rainstorm intensities heavier than

50 mm h−1 are very occasional in the Chinese Loess Plateau,

Jiao et al. (2011) concluded that seed losses by runoff could

not explain the scarcity of vegetation in the Chinese Loess

Plateau as it had been already pointed out for the semiarid

badland slopes of southeastern Spain (García-Fayos and Re-

català, 1992; García-Fayos et al., 1995).

The generally low rates of seed losses described in these

studies may be due, in part, to the burial of seeds in the soil

after being trapped or at the time they get covered by lo-

cal accumulations of sediments transported by overland flow

(Chambers et al., 1991).

Moreover, caution is needed when it comes to interpret-

ing these data in terms of seed losses for the ecosystem.

Several authors have evidenced the limitations of extrapo-

lating small-plot erosion measurements – and their associ-

www.soil-journal.net/1/131/2015/ SOIL, 1, 131–146, 2015
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ated processes – to larger areas, because different processes

act at different scales (splash, interrill, rill and gully erosion)

and thresholds and non-linear processes are involved at spe-

cific scales and at the connection between scales (Govers,

1991; Cammeraat, 2002). Therefore, seed losses by overland

flow measured at the plot scale in small areas (0.24 to 3 m2,

Table 1) and over short distances relative to the inter-patch

spacing in patchy systems (< 2 m, Table 1) – as the ones re-

ported in the aforementioned studies – could be considered

seed displacements or seed translocations to new sites at the

hillslope scale. In this respect, another body of research sug-

gested that seeds transported by overland flow are not lost

but redistributed along the slopes through downslope seed

movements from one location to another. Aerts et al. (2006)

reported that 21 to 61 % of the seeds of the species Olea eu-

ropea were translocated to new sites under simulated rainfall

within 3 m× 3 m plots placed in restored forested areas in

Ethiopia. Similarly, Jiao et al. (2011) and Han et al. (2011)

described that 30–45, 46.9 and 20.4 % of the seeds were

moved from one site to another site inside a 1 m2 and 2 m

long laboratory experimental bin at intensities of 50, 100 and

150 mm h−1, respectively, without being exported outside the

bin. Using the same experimental setup, Wang et al. (2013)

measured an average distance of 157.5 cm corresponding to

seed redistribution by runoff within a 2 m long bin, which

was longer than the length of the plots used by Cerdà and

García-Fayos (1997) and García-Fayos and Cerdà (1997) to

quantify seed loss rates. Thus, whether seeds are lost or re-

distributed may be a matter of scale and more studies quan-

tifying seed transport by runoff are needed at larger scales,

where processes other than sheet erosion may also take part

in seed transport (e.g. rill and gully erosion). The only study

that quantified seed transport by runoff at the slope and catch-

ment scales in semiarid ecosystems gives evidence of both

outcomes: seed loss and seed redistribution (García-Fayos

and Recatalà, 1992). On the one hand, these authors observed

an increasing seed density in the downslope direction from

the top to the bottom part of the slope that supports, at least in

part, the hypothesis of seed redistribution along the slope. On

the other hand, the 6- to 20-fold difference in seed concentra-

tion at the outlets of catchments and in the regolith demon-

strates that seed losses out of the system also occur.

3.2 Factors influencing seed removal by runoff

3.2.1 External factors

In some of the aforementioned studies, it was also claimed

that several factors influence the severity of seed transport by

runoff (Table 1). A strong relationship was found between

the magnitude of seed transport by runoff and rainfall and

slope characteristics. Similar to what happens to soil particles

(Govers, 1989; Parsons et al., 1993; de Vente and Poesen,

2005; Boix-Fayos et al., 2006), seed losses increased as slope

angle (García-Fayos et al., 1995; Jiao et al., 2011; Han et al.,

2011; but Cerdà and García-Fayos, 1997) and rain duration

and intensity increased (García-Fayos et al., 1995; Jiao et al.,

2011; Han et al., 2011), but it decreased with soil surface

roughness (Reichman, 1984; Chambers, 2000; Aerts et al.,

2006; Isselin-Nondedeu et al., 2006; Isselin-Nondedeu and

Bédécarrats, 2007) and with total slope length (García-Fayos

et al., 1995). Soil texture also influenced seed losses, since

larger soil particles increased the amount of seeds trapped in

the soil (Chambers et al., 1991; Traba et al., 2006). Results

of these studies also suggested that seed characteristics could

obscure the relationships between runoff and seed losses and

were therefore further investigated (Friedman and Orshan,

1975; García-Fayos et al., 1995; Cerdà and García-Fayos,

1997; García-Fayos and Cerdà, 1997; Han et al., 2011).

3.2.2 Seed characteristics

A body of research aimed at understanding the relationships

between seed morphology and seed removal by runoff under

the hypothesis that single seeds should behave in the same

way as soil particles regarding erosion and overland flow

(García-Fayos and Cerdà, 1997). Thus, because soil particle

size and shape are considered good predictors of soil parti-

cle susceptibility to removal (Kirkby, 1980; Poesen and Sa-

vat, 1980; Parsons et al., 1991) and spherical soil particles

are more susceptible to be removed by overland flow than

plate-shaped ones (Winkelmolen, 1971), similar trends were

expected for seeds. Models based on laboratory rainfall sim-

ulation experiments showed that seed size was the main fac-

tor explaining seed removal, whereas the shape became im-

portant only when the seed size exceeded a specific threshold

value which depended on the experimental conditions (50 mg

value in the experimental conditions of Cerdà and García-

Fayos, 2002; García-Fayos et al., 2010). This rule was valid

for spherical seeds, whereas no seed removal occurred from

the threshold value onwards for flat-shaped seeds heavier

than 50 mg. The relevance of seed size and shape in the sever-

ity of seed removal by runoff was later corroborated under

rainfall simulation conditions for species living in the Chi-

nese Loess Plateau (Wang et al., 2013) and under field con-

ditions in the French Alps (Isselin-Nondedeu and Bédécar-

rats, 2007; Isselin-Nondedeu et al., 2006). In general terms,

likewise soil particles, small and rounded seeds proved to

be more susceptible to removal by runoff. However, further

investigations demonstrated that the influence of seed char-

acteristics on seed removal was more complex as initially

thought, because seed susceptibility to be removed by runoff

could be affected by other properties, such as the presence

of seed appendages (hairs, wings, awns) or the ability of

seeds to secrete mucilage, a sticky gel that forms around the

seed once the seed comes in contact with water and glues the

seeds to the ground (García-Fayos, 2004; García-Fayos et al.,

2010). The presence of appendages reduced seed susceptibil-

ity to be removed by overland flow as regards seeds of similar

weight that did not have appendages (García-Fayos, 2004).
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138 E. Bochet: The fate of seeds in overland flow

Similarly, species with light seeds (≤ 0.7 mg) able to secrete

mucilage experienced 10 % lower losses than the seeds with

similar mass that did not secrete mucilage (García-Fayos,

2004; García-Fayos et al., 2010).

Although less studied, seed buoyancy is another seed trait

that may also influence seed movement in surface water since

buoyant seeds will be able to float and move with overland

flow when water depth is higher than the seed size (Thomp-

son et al., 2014).

Finally, some seed traits enhance the incorporation of

seeds into the soil column and therefore decrease the seed

susceptibility to be removed by overland flow (Chambers et

al., 1991). Small seed size and a lack of appendages are rele-

vant morphological attributes for incorporation of a seed into

the soil (Chambers et al., 1991), even though specialized ap-

pendages such as hygroscopic awns can facilitate seed burial

(Peart and Clifford, 1987). However, if seeds are buried too

deeply, especially small seeds, they can fail to act as func-

tional seeds for the ecosystem (Traba et al., 2004).

4 Long-term and large-scale ecological implications

of seed removal by runoff in arid and semiarid

ecosystems

4.1 Seed removal by runoff: an ecological driver of

vegetation

4.1.1 Seed removal by runoff shapes plant community

composition (community level)

Although average seed losses by runoff measured in dryland

plant communities were generally low, specific seed losses

rates varied strongly among species within a plant commu-

nity (García-Fayos et al., 1995; Jiao et al., 2011; Wang et al.,

2013) as a result of the interaction between the seed mor-

phology and overland flow. Consequently, seed removal by

runoff is expected to contribute to the final plant composi-

tion of eroded environments.

Several recent studies aimed at exploring whether soil ero-

sion, through its effects on seed removal by runoff, could ex-

plain the composition of plant community on eroded slopes

in dryland ecosystems (Bochet et al., 2009; García-Fayos et

al., 2010, 2013; Wang et al., 2013; Engelbrecht et al., 2014).

García-Fayos et al. (2010) found that the average suscepti-

bility of seeds to be removed by runoff was lower for plant

communities of species living on steep slopes than for plant

communities developing in flat areas in a semiarid area of

eastern Spain (but see Wang et al., 2013, for a similar study

in the Chinese Loess Plateau). Moreover, the proportion of

species possessing a trait able to improve seed resistance to

removal by runoff (mucilage secretion or presence of hy-

groscopic awns) varied between plant communities, with a

higher proportion of seeds displaying anchorage mechanisms

on the eroded slopes when compared with the flat areas (Bo-

chet et al., 2009; García-Fayos et al., 2013). This propor-

tion was also correlated with soil properties associated with

runoff generation (García-Fayos et al., 2013).

After analysing the physical properties of seeds from

species living in different deserts of the world, Thompson

et al. (2014) observed that all the species analysed except

one produced seeds with lower densities than water, being

therefore able to float and be transported by overland flow.

However, before any conclusion can be stated about the role

of erosion in this association, these results should be corrob-

orated with data from species living in areas where overland

flow is absent.

Overall, these results provide evidence that erosion –

through its selective pressure on seeds by overland flow and

the interaction of this latter with seed morphology – fil-

ters plant species at the community level from the very first

stages of the plant life. The role of erosion as an ecolog-

ical driver that shapes the composition of plant communi-

ties had already been highlighted in previous studies in arid

and semiarid environments (Guàrdia et al., 2000; Guerrero-

Campo and Montserrat-Martí, 2000, 2004; García-Fayos and

Bochet, 2009; Bochet et al., 2009; Jiao et al., 2009). How-

ever, relatively little attention had been paid to the effect of

erosion on seeds (mainly seed transport and germination) as

compared to later stages of the plant life (seedlings and adult

plants; de Luís et al., 2005; Tsuyuzaki and Haruki, 2008;

Wang et al., 2014), even though seed stage is one of the most

critical phases in vegetation development (García-Fayos and

Cerdà, 1997).

4.1.2 Seed removal by runoff selects for seed traits and

for adaptative plant strategies (species level)

As already mentioned and further explained in Sect. 3.3,

seed redistribution by runoff can provide seeds with a sec-

ond chance to lie in a more favourable site for seed germina-

tion and seedling establishment in arid and semiarid patchy

ecosystems. In some cases, however, seed removal by runoff

can be responsible for the loss of seed germination opportu-

nities when seeds of plants inhabiting eroded hillslopes are

moved downhill to less favourable sites where seeds can get

deeply buried or suffer from strong competition with other

seedlings or pre-established plants in water- and nutrient-

rich soils (Cantón et al., 2004). As a result, plants may have

evolved strategies to escape from massive seed loss to unsafe

sites (Engelbrecht, 2014). In this respect, the possible adap-

tative value of mucilage secretion under desert conditions as

a mechanism preventing seed removal by runoff was initially

proposed by Ellner and Shmida (1981) and recently explored

by Engelbrecht et al. (2014). These authors analysed at the

species level whether mucilage secretion can be considered

an adaptative response to soil erosion in plant species inhab-

iting semiarid environments. More specifically, they related

the amount of mucilage secretion by seeds to the severity

of the two main sub-processes whereby water erosion acts

on soil particles and presumably also on seeds (i.e. splash
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detachment and overland flow transport). The amount of mu-

cilage secreted by seeds of the species Fumana ericifolia was

directly proportional to their resistance to raindrop impact

and was, moreover, positively related to the intensity of the

erosive processes that the plants experienced in the field in

semiarid Mediterranean shrublands. Furthermore, according

to overland flow transport, all the seeds resisted the strength

of runoff irrespective of the amount of mucilage they pro-

duced. However, the effect of mucilage secretion in the rate

of seed removal by erosion was species-dependent, and En-

gelbrecht et al. (2014) concluded that their results only par-

tially supported the idea that seed anchorage mechanisms to

the ground, such as mucilage secretion, can be considered an

adaptation to the hazards that erosive conditions impose on

plants that inhabit open dry habitats.

4.2 Seed removal by runoff influences the origin, spatial

pattern and maintenance of patches in arid and

semiarid ecosystems

A few studies have investigated the long-term and large-

scale ecological implications of seed removal by runoff in

the structure and functioning of arid and semiarid ecosystems

worldwide (e.g. Aguiar and Sala, 1997, 1999; Schurr et al.,

2004; Puigdefábregas, 2005; Aerts et al., 2006; Saco et al.,

2007; Venable et al., 2008; Emmerson et al., 2012; Thomp-

son et al., 2014). Figure 5 illustrates schematically these im-

plications on the basis of the available literature described

hereafter.

Various hypotheses have been put forward to explain the

origin, spatial distribution and maintenance of patches in arid

and semiarid ecosystems (e.g. Dunkerley and Brown, 1995;

Pueyo et al., 2008; Kéfi et al., 2008). Variations in slope an-

gle and the presence of local accumulations of organic debris

and sediments, and of depressions in the soil surface, as well

as rocks or ant mounds on nearly bare slopes, have been re-

ported as possible physical obstacles to overland flow that

can enhance local germination of entrapped seeds and fur-

ther establishment of seedlings (e.g. MacFadyen, 1950; Re-

ichman, 1984; Aguiar and Sala, 1997; Chambers, 2000; Ven-

able et al., 2008). Alternatively, seed anchorage mechanisms

(mucilage and hygroscopic awns) can also be instruments

whereby new patches of vegetation originate on eroded hill-

slopes (García-Fayos et al., 2013).

Whatever their origin, once a seedling establishes from a

germinated seed, it interacts with overland flow intercepting

the downslope movement of water, sediments and nutrients,

locally improving the fertility and water availability below

the plant canopy and favouring the growth of the plant and

the patch (Cerdà, 1997; Bochet et al., 1999; Puigdefábre-

gas, 2005). As a result, the system becomes heterogeneous

in terms of the quality of sites suitable for seed germination,

the subsequent survival of seedlings, and the resources avail-

able for plant growth (Schupp, 1995). Spatial heterogeneity

is promoted and maintained by complex interactions between

patches and overland flow in a self-organizing process (Ri-

etkerk et al., 2004).

These complex interactions give rise to two main spatial

vegetation patterns that can be found worldwide: on the one

hand, “spotted” patterns are represented by vegetation clus-

ters that are irregular in shape and surrounded by bare soil

(Aguiar and Sala, 1999) and, on the other hand, “banded”

patterns form densely vegetated stripes parallel to the con-

tour lines that alternate with almost bare soil stripes on very

gentle slopes (Valentin et al., 1999). Nowadays, there is gen-

eral agreement that surface runoff is a key control on the ap-

pearance of such vegetation patterns and that the dynamics of

runon–runoff areas is the main driver of the spatial organiza-

tion of such patterned ecosystems (e.g. Valentin et al., 1999;

Tongway and Ludwig, 2001). Recently, Moreno-de las Heras

et al. (2011) recognized the importance of the directional

downslope redistribution of surface runoff and sediments

in the periodicity of the patch-size distribution in banded

landscapes in Australia. More specifically, they argued that

the co-existence of long-distance negative vegetation–water

feedbacks (including downslope redistribution of runoff and

plant competition for water) and short-distance positive feed-

backs (local plant facilitation) are responsible for the regu-

lar patterns of the vegetation. Although seed dispersal and

fate should play a crucial role in these feedback mechanisms

(Kéfi et al., 2008; Pueyo et al., 2008), the role of surface

runoff, as a vector of seed transport, in the functioning and

maintenance of patchy ecosystems has been poorly docu-

mented.

The existing literature, based on empirical as well as theo-

retical studies, mainly supports the idea that a patch-to-patch

transfer of seeds occurs that helps in maintaining the patchy

structure of the vegetation. The patch-to-patch transfer of

seeds results from a combination of a “directed” dispersal

of seeds through runoff to areas with favourable conditions

(Howe and Smallwood, 1982) and the high plant capacity

to trap seeds. Aguiar and Sala (1997) provided strong em-

pirical evidence that high seed transit due to secondary dis-

persal agents (mainly wind but also water) occurred in bare

inter-patch areas in the Patagonian steppe of Argentina, at

the same time as they reported high rates of seed trapping

by the vegetation, whereas bare areas were unable to retain

almost any seed. Similar results showing the patchy distribu-

tion of the seed bank and its concentration mainly in veg-

etated patches have been described in the Sonoran Desert

of Arizona (Reichman, 1984) and in banded landscapes of

Mexico and Niger (Mauchamp et al., 1993; Seghieri et al.,

1997). Moreover, Aguiar and Sala (1997) observed that over-

lapping of high seed densities with the availability of safe

sites gave rise to successful recruitment near the vegetated

patches and helped maintaining or even reinforced the cur-

rent spatial heterogeneity of the system. In banded land-

scapes, seeds trapped by the vegetation are present through-

out the bands, but the better water availability at the ups-

lope edge of bands, and the smaller runoff volume passing
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Figure 5. Schematic figure of seed fate in overland flow at the (a) slope scale and (b) patch scale (patch-to-patch transmission of seeds). The

figure represents how the spatial pattern of the vegetation influences seed distribution and seed fate and how, in turn, seed fate influences the

origin and maintenance of patches in arid and semiarid patchy ecosystems.

through to the downslope edge, leads to the colonization of

the upslope edge by pioneer species and to the progressive

death of plants at the downslope edge (Seguieri et al., 1997;

Valentin et al., 1999). A possible outcome that has been in-

ferred from these observations by many authors, and which

remains a controversial topic today, is that the vegetation pat-

terning migrates progressively upslope (Thiéry et al., 1995;

Montaña et al., 2001; Deblauwe et al., 2012). Nevertheless,

the use of new technologies in the study of slow ecosys-

tem dynamics (e.g. high-resolution satellite images and air-

borne photographic surveys) provided recently unequivocal

photographic evidence of marked upslope migration for dif-

ferent dryland areas exhibiting banded patterns worldwide

(e.g. northeastern Chihuahuan Desert, Somalian Haud and
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Mediterranean steppes of eastern Morocco; Deblauwe et al.,

2012). In the same study, however, Deblauwe et al. (2012)

stated that these dynamics which proved to be widely in-

fluenced by weather regimes cannot be considered as sys-

tematic because migration was undetectable at the available

image resolution in other banded systems they investigated

(e.g. central Australia, western New South Wales). The rea-

sons causing some banded patterns to move fast and others

to be static are still elusive. Deblauwe et al. (2012) provide a

review of some possible mechanisms that may explain these

differences, including seed translocation by overland flow.

In a recent model, Saco et al. (2007) related the migrating

or stationary condition of bands to the dispersal of seeds by

overland flow. They found that the anisotropic redistribution

of seeds by surface flow downslope might prevent the bands

from travelling upstream, whereas isotropic seed dispersal

mechanisms might be responsible for upslope band migra-

tion. However, empirical studies investigating seed fluxes are

needed to validate this model and the possible migration-

impeding role of seed redistribution. As regards banded pat-

terns, the dynamics of spotted vegetation might be more

complex, as the former usually act as closed hydrological

systems and the latter highly depends on the connectivity of

bare areas (Saco et al., 2007). Recent studies demonstrate

that it is not only the extent to which vegetation patches pre-

vail on a slope (Parsons et al., 1996; Wainwright et al., 2000;

Bochet et al., 2000; Puigdefábregas, 2005) but also the con-

nectivity of bare areas that influences hydrological processes

such as runoff and sediment transport (Bautista et al., 2007;

Puttock et al., 2013). Connectivity has the advantage, as re-

gards vegetation structure, to provide an explanatory link be-

tween abiotic and biotic components to determine the hydro-

logical and ecological function of the system (Turnbull et al.,

2008, 2010). In their ecohydrological conceptual framework,

Turnbull et al. (2008) hypothesized that structural connec-

tivity – which determines the amount and extent of abiotic

and biotic resource redistribution – is the key determinant

of the connectivity of ecological and hydrological processes,

and thus of the functional connectivity, which includes water,

sediment and seed movement within the landscape. Thomp-

son et al. (2014) recently developed a theoretical model of

seed dispersal processes by runoff where hydrological con-

nectivity was considered as an influencing variable on seed

movement by overland flow. The model supported the hy-

pothesis of a patch-to-patch transmission of seeds under spe-

cific conditions of rainfall and connectivity between patches.

According to the model, either long and intense storms heavy

enough to trigger seed movement and to induce transport dis-

tances comparable to the inter-patch bare spacing or repeated

storms allowing repeated seed transport are required in com-

bination with high topographical and hydrological connec-

tivity to generate a patch-to-patch transport of seeds.

In the reviewed literature, however, a few empirical studies

do not support the patch-to-patch hypothesis. These studies

highlight the absence of seed movement from the bare inter-

patch areas to the vegetation patches in combination with a

low seed trapping capacity by the vegetation (Aerts et al.,

2006) or with short dispersal distances relative to the pattern

of spatial heterogeneity (Venable et al., 2008; Emmerson et

al., 2010, 2012). The authors concluded that successful re-

cruitment of the species used in these experiments could not

rely on seed transport by runoff but depended on other mech-

anisms such as primary dispersal (Aerts et al., 2006) or the

temporal delay of germination (Venable et al., 2008; Siewert

and Tielborger, 2010).

Overall, in arid and semiarid patchy ecosystems, seed fate

in overland flow seems to be determined by the spatial or-

ganization of the vegetation and by the hydrological connec-

tivity of bare patches that appear to influence the origin and

maintenance of patches (Fig. 5). A range of abiotic as well

as biotic processes contribute to the structure and function-

ing of these ecosystems, whereby seed establishment influ-

ences overland flow and, in turn, overland flow – through

the directed transport of seeds between connected vegetated

patches – influences vegetation establishment and patch dy-

namics (Moreno-de las Heras et al., 2011).

5 Directions for future research

This review shows that repeated seed transport by overland

flow leads to either seed losses from the system or the re-

distribution of seeds within the system through short seed

movements. Because seed losses by runoff were generally

low in field conditions, we should be aware of the risks of

over-interpreting the role of seed losses by erosion in the

structuring of plant communities (García-Fayos et al., 2010).

Possible reasons explaining the low rates of seed losses re-

ported in the literature should be further investigated besides

seed burial in the soil through vertical movements (Cham-

bers and Mac Mahon, 1994; Chambers, 2000) and the lack

of data describing seed losses caused by erosion processes

acting at larger spatial scales and responsible for the largest

proportions of soil loss in these ecosystem (but see Espigares

et al., 2011).

Conversely, seed removal in terms of seed displacements

to short distances proved to play an important role in the veg-

etation composition and spatial patterning of arid and semi-

arid patchy ecosystems, through the interaction between veg-

etated patches, overland flow carrying the seeds downslope,

and seed traits. Thus, the directed short-distance displace-

ment of seeds to suitable sites where seeds are preferentially

trapped by the vegetated patches results in a “patch-to-patch

transport” of seeds through well-connected bare areas, which

helps in maintaining the patchiness of the system.

Since recent models have related the origin and mainte-

nance of patchiness to the lack of long-distance dispersal

syndromes for plants living in arid and semiarid ecosystems

(Pueyo et al., 2008; Kéfi et al., 2008), an exciting challenge

for the future would be to link these models to field data
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of seed removal by runoff. The idea that dispersal is spa-

tially limited in arid and semiarid ecosystems (Ellner and

Schmida, 1981) and that seeds are removed by runoff in such

ecosystems may not be as contradictory, as it has been shown

that seed removal acts mainly through short seed displace-

ments within the system. Therefore, more empirical studies

are needed to understand the relevance of seeds moved by

runoff in the broader context of long-distance negative feed-

backs (spatial redistribution of surface runoff and plant com-

petition for water) and short-distance positive feedbacks (lo-

cal plant facilitation) that seem to control the functioning of

these ecosystems (Pueyo et al., 2008; Kéfi et al., 2008; Turn-

bull et al., 2008).

Arid and semiarid ecosystems are experiencing increasing

pressures as a result of human activities and climate change,

and future scenarios of climate change predict changes in

vegetation (type, cover and spatial distribution; Specht and

Specht, 1995) and rainfall distribution (higher intensive rain-

storms; Nearing et al., 2004), leading both of these to more

intense erosion events. In this context, we should be able to

understand how these changes might influence seed move-

ments in overland flow and their consequences for the com-

position, structure and functioning of these ecosystems. Un-

der such scenarios, the complex feedbacks between the spa-

tial distribution of the vegetation, runoff and erosion that

influence the spatial redistribution of abiotic and biotic re-

sources within the landscape may experience severe changes

(Turnbull et al., 2008, 2011). For example, a reduced or al-

tered distribution of the vegetation and an increased connec-

tivity of bare runoff-generating areas would result in higher

velocities and erosive forces of the flow and, consequently, a

higher flow capacity to transport sediment, nutrients and also

seeds. It is suggested that when the internal system stabiliz-

ing feedbacks are altered by exogenous forces, the resilience

of the ecosystem (i.e. its capacity to absorb disturbance and

reorganize) changes and the system becomes more sensitive

to experience non-linear functional dynamics and cross criti-

cal thresholds (Turnbull et al., 2008, 2011). Therefore, there

is an urgent need for new experimental studies addressing the

feedbacks between structure and function and abiotic and bi-

otic components of systems that may help to predict future

changes in semiarid ecosystems under the scenarios of cli-

mate change.

Understanding the fate of seeds in overland flow is also a

critical issue for the successful restoration of severely eroded

slopes (such as road embankments, roadcuts, mine spoils,

burnt areas). The advances in the knowledge of significant

seed characteristics able to prevent seed removal by runoff

and of the trapping efficiency of plants, litters and depres-

sions in the soil surface and their consequences on successful

plant recruitment are of potential great benefit to practitioners

and policy makers involved in road slope restoration (Rey et

al., 2005). The use of recently developed models combining

overland flow dynamics with seed fate and erosion can also

be of great benefit in designing restoration projects of plant

communities on eroded hillslopes (Thompson et al., 2014).

However, great effort should be made within the scientific

community to improve ways to quickly and efficiently trans-

fer this available knowledge to institutions devoted to restora-

tion (Valladares and Gianoli, 2007).

In conclusion, an interdisciplinary approach involving sci-

entists from different fields related to plants, soil, geomor-

phology, hydrology, ecological restoration and modelling

should broaden our understanding of seed fate in overland

flow and its ecogeomorphological consequences in vegeta-

tion structure and function to help fill the aforementioned

gaps.

The Supplement related to this article is available online

at doi:10.5194/-15-131-2015-supplement.
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