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1 | INTRODUCTION

The concept of ecological resilience, defined here as the capacity of
a system to return to its initial or reference state after a perturbation
(Holling, 1973; Leps, Osbornova-Kosinova, & Rejmanek, 1982), has
received considerable attention (Bellwood, Wainwright, Fulton, &
Hoey, 2006; MacGillivray & Grime, 1995; Sankaran & McNaughton,
1999), but studies clarifying which elements of the ecosystem pro-
mote resilience are stilluncommon (Oliver et al., 2015; Willis, Jeffers,
& Tovar, 2018). Resilience can be influenced by different ecosystem
components or sources of resilience (Lipoma, Funes, & Diaz, 2018;
Oliver et al., 2015). One of the most important of these is biodi-
versity reservoirs from which dominant species could recruit after
disturbance. If these reservoirs have “memory”, i.e., if their floristic
composition resembles that of the initial or reference state, they can
operate as a pool for regenerating it (Bekker et al., 1997; Fenner,
2000; Hopfensperger, 2007; Thompson & Grime, 1979).

The soil seed bank — the assemblage of seeds that remain dormant
in the soil (Simpson, Leck, & Parker, 1989) — is by far the most stud-
ied biodiversity reservoir for community regeneration in sub-hu-
mid Holarctic ecosystems. However, information is still scarce for
semiarid Neotropical ones (Henderson, Petersen, & Redak, 1988;
Khurana & Singh, 2001). Equally understudied are the litter seed bank
and the juvenile bank (Chambers, 2000; Fenner, 2000; Khurana &
Singh, 2001; Ribbens, Silander, & Pacala, 1994).

When seeds reach the ground, after primary dispersal, they can ei-
ther enter the soil seed bank, or keep moving by different dispersal agents
to a more distant location (Chambers & MacMahon, 1994; Chambers,
MacMahon, & Haefner, 1991). Seeds that neither penetrate the soil, nor
keep moving to a remote location can be trapped by vegetation debris
on the soil surface; this prevents their loss and eventually promotes in-
situ regeneration of the plant community (Chambers, 2000; Chambers
& MacMahon, 1994; Chambers et al., 1991; Lipoma, Diaz, Cuchietti, &
Gorne, 2019; Marquez, Funes, Cabido, & Pucheta, 2002). Litter and soil
seed banks are two very different reservoirs, affecting seed survival
and thus community regeneration in different ways (Facelli & Facelli,
1993; Facelli & Pickett, 1991; Rotundo & Aguiar, 2005). For instance,
depending on the functional composition of the vegetation, these res-
ervoirs acquire different relative importance. The soil bank is known
to be important for small, quasi-spherical seeds, which can be buried
more easily (Thompson, Band, & Hodgson, 1993). In contrast, large, un-
evenly-shaped seeds are more likely to get trapped in the litter layer. In
addition to seed banks, regeneration — particularly of woody species
— sometimes depends on the presence of seedlings and saplings that
remain in a suppressed state until they have the opportunity to grow to
adult size, forming a juvenile bank (Canham, McAninch, & Wood, 1994;
Fenner, 2000; Grubb, 1977). Understanding the relative importance of
these different reservoirs in the regeneration of a community after dis-
turbances requires knowing the ‘memory’ of each of these reservoirs,
i.e., how similar they are to the reference vegetation.

Above-ground disturbances related to land use, such as fire, graz-
ing or cropping, can affect established vegetation by decreasing plant

biomass, survival and seed production (Fenner, 2000; Garnier et al.,

2007; Laliberté et al., 2010; Thompson & Grime, 1979). In the long term,
this affects the density and floristic composition of reservoirs: species
whose seeds are not replenished into the soil bank and do not have
other regeneration mechanisms become increasingly likely to disappear
from the community. It follows that changes in land-use intensity, by
modifying the established vegetation, can compromise biodiversity res-
ervoirs, affecting the “memory” of the system and, as a consequence, its
ecological resilience (Bakker, Poschlod, Strykstra, Bekker, & Thompson,
1996; Bossuyt & Honnay, 2008; Hopfensperger, 2007).

The Chaco forest — the most extensive seasonally dry forest in
South America — has experienced important land-use changes in the
last few decades (Cabido, Acosta, Carranza, & Diaz, 1992; Cabido,
Manzur, Carranza, & Gonzalez Albarracin, 1994; Hoyos et al., 2013).
There is ample evidence for the effects of these changes on estab-
lished plant communities (Cabido et al., 1992, 2018) and ecosystem
structure and processes (Conti et al., 2016; Diaz, Acosta, & Cabido,
1992; Jobbagy, Nosetto, Santoni, & Baldi, 2008; Magliano et al.,
2016; Marchesini, Fernandez, Reynolds, Sobrino, & Di Bella, 2015).
However, the effects of land-use change on processes related to
ecosystem recovery and resilience are still poorly known.

In this study, we aimed to characterize the biodiversity reservoirs
for recruitment of new individuals of woody species in different eco-
system types resulting from different past and present land-use re-
gimes in the semiarid Neotropical Chaco forest.

Specifically we asked:

1. Where do woody species regenerate from in the Chaco forest?

2. Is land use affecting the floristic composition of biodiversity res-
ervoirs in this ecosystem?

3. Are the soil or the litter seed banks, or the juvenile bank potential
sources of resilience of these forests in the face of different land-

use regimes?

Based on Thompson et al. (1993), who propose that burial mech-
anisms will operate more effectively on small seeds, we hypothesize
that the main source of regeneration would not be the soil bank,
because the seeds of the woody species in the Chaco tend to be
large (Funes, Diaz, & Venier, 2009), making their burial difficult.
Additionally, since the Chaco forest has been subjected to land use
at least for several decades, we expected that, as the established
vegetation changes with increasing land-use intensity, floristic
composition of the different biodiversity reservoirs would change
accordingly. Consequently, similarity between the established vege-
tation of the reference system and the biodiversity reservoirs from

disturbed sites should decrease as land-use intensity increases.

2 | METHODOLOGY
2.1 | Study area and experimental design

The study was carried out in the southernmost and driest ex-
treme of the Gran Chaco, in central Argentina (c. 31°15'-31°44'
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S and 65°16'-65°40" W). The climate is subtropical with a mean
annual precipitation of c. 600 mm distributed in spring-summer
(October-March) and a mean annual temperature of 18°C. Soils are
mainly sandy-loam aridisols (typical Camborthids) of alluvial origin
(Gorgas & Tassile, 2003). The dominant vegetation is an open xe-
rophytic forest with Aspidosperma quebracho-blanco and Prosopis
flexuosa as canopy and sub-canopy dominants, respectively. The
shrub layer is often dense and dominated by Mimozyganthus cari-
natus, Senegalia gilliesii, Celtis ehrenbergiana and Larrea divaricata
(Cabido et al., 1992, 2018).

The study area was established in 2007 to analyze the ef-
fects of land-use change, a process that has been modifying the
landscape in the last decades (Cabido et al., 1992; Zak, Cabido,
Caceres, & Diaz, 2008), on ecosystem functioning and resilience.
Within the study area, we selected different ecosystem types
initially corresponding to the same vegetation, developed under
the same climate and on very similar parental material but having
experienced contrasting combinations of historic and present live-
stock grazing and logging (Cabido et al., 1994; Conti & Diaz, 2013).
The ecosystem types identified were: (a) primary forest, a three-
strata forest (trees, shrubs and herbs) dominated by Aspidosperma
quebracho-blanco, with no significant logging or livestock grazing
during the past six decades; (b) secondary forest, a three-strata
forest (trees, shrubs and herbs) dominated by Aspidosperma que-
bracho-blanco and Prosopis flexuosa, recently managed with light
selective logging and low cattle and goat stocking rates; (c) closed
species-rich shrubland, with two strata (shrubs and herbs) domi-
nated by Larrea divaricata, Mimozyganthus carinatus and Senegalia
gilliesii, with some isolated trees of Aspidosperma quebracho-blanco
and Prosopis flexuosa, where logging as well as cattle and goat
stocking rates are moderate at the present, but have been his-
torically (>two decades ago) heavy; and (d) open shrubland, also
with two strata (shrubs and herbs) strongly dominated by Larrea
divaricata with a high percentage of bare ground, and historically
characterized by heavy logging and high cattle and goat stocking
rates. There were no records or physical signs of fire, plowing or
application of soil fertilizer in any of the sites during the past few
decades, and based on historical sources, they were unlikely to
have been tilled during at least the past 150 years (detailed infor-
mation about the different ecosystem types can be found in Conti
& Diaz, 2013).

We established four 50 m x 50 m plots (replicates) in each of the
four different ecosystem types, with a minimum distance of 1 km
between plots (Figure 1). Each plot was as homogeneous as possible
in terms of vegetation, soil and topography (see Conti & Diaz, 2013

for details on site selection).

2.2 | Data collection

At each site, we analyzed floristic composition, i.e., presence and
relative abundance of each species, of the different biodiversity

compartments (established vegetation, soil seed bank, litter seed
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bank and juvenile bank). The measurements were carried out in dif-
ferent years, because they are part of a long-term monitoring pro-
ject. However, the history of land management in each ecosystem
type has been maintained for more than two decades. Additionally,
because woody species are dominants in this ecosystem (Cabido et
al., 1992, 1994), we evaluated this group as a good indicator of the
potential recovery of the system.

2.2.1 | Established vegetation sampling

We quantified the abundance of each woody species as visually
estimated ground cover inside a 16-m? area within each plot, every
summer between 2014 and 2019, and the average of the cover of
each species was used in the analysis. This allowed us to include
the whole period in which different reservoirs were measured.
Cover was estimated at 5% intervals, following Cabido, Gonzalez,
Acosta, and Diaz (1993) and Diaz, Cabido, and Casanoves (1998).
Cover values were preferred over abundances of adult individuals
because they better represent how dominance is distributed be-
tween individuals in these communities, where different species
have a particular architecture and biomass that does not corre-

spond with their abundance.

2.2.2 | Soil seed bank and litter seed bank sampling

In each plot, we defined a 50m transect that crossed the center of
the plot from north to south. Along the transect and every 5m, we
collected three soil samples with a 12 cm diameter and 5 cm-depth
bore (30 samples per plot), removing the litter layer present in the
soil surface. Sampling was carried out during May 2019 immediately
after seed set in order to include both the transient and persistent
seed banks (sensu Thompson & Grime, 1979).

The litter seed bank (seeds that are retained in the dead plant
material lying on the soil surface, such as branches, leaves, inflores-
cences, bark) was sampled in the same 50-m transect during June
2015, right after the end of the seed dispersal period for woody veg-
etation (Martin, Nicosia, & Lagomarsino, 1997) and before the begin-
ning of the rainy season (October). Along the transect, we obtained
a compound litter seed bank sample by setting a 50 x 50 cm quadrat
(10 quadrats per plot) every 5 m, where we gathered all the litter
with a soft brush, which enabled collection without disrupting the
first centimeters of the soil. If no litter was found at the point allo-
cated to a quadrat, the quadrat was moved to one of the sides within
a maximum distance of 1 m. Samples were processed in the labora-
tory in search for seeds. Soil and litter samples were sieved with a
2-mm mesh (selected according to previous knowledge of prevalent
seed sizes in the area) and seeds belonging to woody species were
identified using the CORDOBASE seed collection. Complementarily,
a tetrazolium test was developed in order to assess seed viability
(ISTA, 2014; Ruiz, 2009). Seed abundance was quantified as the

number of viable seeds per species for each ecosystem type.
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2.2.3 | Juvenile bank sampling

During February 2016, we quantified the abundance of individuals in
the juvenile banks by counting all juvenile individuals of woody spe-
cies inside the 16-m? area established in each plot. Juveniles were
defined as individuals that had not reached sexual maturity, includ-
ing both seedlings (with cotyledons) and saplings (in general includ-
ing individuals with a diameter <0.5 cm and <1 m in height, with no
signs of flowers or fruits during the seasons of observation). For this
study, we recorded only the individuals without obvious signs of

originating from resprouting.

2.3 | Data analysis

Because abundance estimation in the different compartments was
naturally different, we standardized it prior to comparisons. We did
this by transforming, in each case, the absolute abundance of each
species into relative abundance (values between 0 and 1). In the case
of ground cover of the established vegetation, the abundance of
each species was standardized against the summation of all the es-
timated ground covers in each plot. The abundance of each species
in the juvenile bank and in the soil and litter seed banks was stand-
ardized against the total number of juvenile individuals, or the total
number of viable seeds counted in each plot. Then, comparisons be-
tween compartments were evaluated in terms of species composi-
tion (presence and absence of species) and relative abundance of
each species.

To assess similarities in floristic composition between differ-
ent compartments, we performed a nonmetric multidimensional
scaling (NMDS) analysis, using the species x relative abundance
matrix as input for each site. Ordination was carried out using the
‘metaMDS’ function from the vegan package (v 2.4-1) in R (R Core

Team, Foundation for Statistical Computing, Vienna, Austria).

[ open shrubland

MetaMDS automatically applies a square-root transformation and
calculates the Bray-Curtis distances for the community-by-site
matrix.

We calculated Sorensen (accounting only for species presence/ab-
sence) and Bray-Curtis similarity indices (including both species pres-
ence and the relative abundance), between different compartments and
the established vegetation of primary forest. We used GLMMs (gener-
alized linear mixed models) to account for differences in both similarity
indexes between ecosystem types. To model the lack of independence
we included two random effects: plot (indicating the identity of one
of the 16 replicates where each reservoir was being analyzed that was
being compared with the established vegetation of the primary forest)
and forest (indicating the identity of one of the four replicates of the
primary forest that was being used as a reference). We used the Akaike
information criterion to evaluate the effect of the ecosystem type by
comparing each model with a null model without the factor of interest.
Then, we used the R a-posteriori test to analyze differences between
ecosystem types. Data were analyzed to meet the assumptions of nor-
mal distribution and homogeneous variance. Analyses were carried
out in R (version 3.3.1; R Core Team, 2015). GLMMs were developed
using the “Ime” function from the “nlme” package and the “Imer” func-
tion from the “Ime4” package (Bates, Machler, Bolker, & Walker, 2014;
Pinheiro, Bates, DebRoy, & Sarkar, 2016).

3 | RESULTS

A total of 15 species, belonging to 10 families, were detected in dif-
ferent compartments (Table 1). The soil seed bank was the compart-
ment with the lowest richness (five species), followed by the litter
seed bank (11 species), the juvenile bank (12 species), and the estab-
lished vegetation (15 species). There was only one species (Ximenia
americana) that was present in the established vegetation but not in

any other compartment.
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Floristic composition changed among ecosystem types and
among compartments (Figure 2). The established vegetation and
the litter seed bank differed between ecosystem types, espe-
cially between sites with no land use and those with intermedi-
ate or high land-use intensity. Under no land use (primary forest),
Aspidosperma quebracho-blanco, Celtis ehrenbergiana and Capparis
atamisquea dominated the established vegetation and the litter
seed bank; sites with high land-use intensity (open shrubland)
were dominated mainly by Larrea divaricata. On the other hand,
the soil seed bank and the juvenile plant bank did not show a
clear differentiation among ecosystem types. Parkinsonia praecox,
found only in low proportions in the established vegetation, was
dominant in the soil seed bank in all ecosystem types; in addition,
the juvenile bank of all ecosystem types showed a high proportion
of species typical of the primary forest.

The floristic composition of seed banks of all the ecosystem
types showed very low similarity with the floristic composition
of the established vegetation of the primary forest (Figure 3a, b).
The floristic composition of the litter seed banks and the juvenile
banks showed higher similarity with the established vegetation of
the primary forest (Figure 3c-f) in all cases, but this similarity de-
creased with increasing land-use intensity. In the case of the litter
seed bank, similarity decreased with intermediate and high land-
use intensities, especially when the index included the relative
abundance of species (Bray-Curtis index; Figure 3c, d). Similarity
between the juvenile bank and the established vegetation of the
primary forest showed higher values in the ecosystem types with
low and intermediate land-use intensities and decreased with high
intensities (Figure 3e, f). Finally, similarity between the established
vegetation from different ecosystem types and the primary forest
also decreased with increasing land-use intensity, but species com-
position was less affected than relative abundance (Figure 3g, h).

4 | DISCUSSION

We focused on how land use, through its effects on different bio-
diversity reservoirs, can compromise the “memory” of the Chaco
forest and thus its resilience. Most studies have focused on the soil
seed bank as the main biodiversity reservoir and, although some of
them have included the litter seed bank in the surveys, they have
not analyzed it separately (Henderson et al., 1988; Hopfensperger,
2007; Khurana & Singh, 2001). We found, however, that the litter
seed bank and the juvenile plant bank, but not the soil seed bank,
are acting as effective reservoirs for the woody community in this
ecosystem.

The soil seed bank showed very low species richness and was
dominated (in all ecosystem types) by Parkinsonia praecox, a spe-
cies that is not well represented in the established vegetation of
the primary forest, but is very common at disturbed sites (Cabido
et al., 1992; Cabido, Giorgis, & Tourn, 2010; Paez & Marco, 2000).
The low number of species in the soil is possibly related to the

fact that seeds of many woody species, because of their shape
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and size, often do not penetrate the soil surface and are lost or
trapped in the surface (Bekker et al., 1997; Esmailzadeh, Hosseini,
& Tabari, 2011; Thompson et al., 1993). Nevertheless, we found
a small number of seeds in the soil that were not viable (data not
shown), indicating that a small proportion of seeds are able to pen-
etrate the soil, but are not effectively available for germination,
as reported previously in the literature (Ray & Brown, 1995). The
soil seed bank is one of the most studied biodiversity reservoirs
for community regeneration, mainly because the species present
in this compartment have the potential to colonize after distur-
bances. However, in forest ecosystems the seed bank does not
always ensure the recovery of the reference vegetation (Bakker
et al., 1996; Hopfensperger, 2007), because it tends to be dom-
inated by a few, often weedy species, highlighting the conserva-
tion and restoration value of other biodiversity reservoirs (Bakker,
de Graaf, Ernst, & van Bodegom, 2005; Bossuyt & Hermy, 2003;
Esmailzadeh et al., 2011; Hopfensperger, 2007).

Our results show, for the first time for the Chaco forest, that
the litter seed bank and the juvenile bank — both with high sim-
ilarity to the floristic composition of the established vegetation
— could be acting as much more effective reservoirs for the re-
generation of the woody Chaco forest if major disturbances are
halted. Other studies have highlighted the role of the litter as an
effective trap for seeds and as a factor modifying abiotic condi-
tions, facilitating germination in situ (Chambers, 2000; Facelli &
Pickett, 1991; Gross & Vary, 2014; Paez & Marco, 2000; Rotundo
& Aguiar, 2005; Seidl, Vigl, Rossler, Neumann, & Rammer, 2016).
An experimental study in the same area (Lipoma, Cuchietti, Gorne,
& Diaz, 2019) indicates that sites with higher litter cover and
vegetation complexity retain a higher number of seeds on the
ground. Additionally, Paez and Marco (2000) showed that litter
cover and depth were two factors affecting the floristic composi-
tion of seedlings of woody species in the Chaco forest. Barberis,
Boccanelli, and Alzugaray (2011) also showed for Chaco forest
that understorey plants, particularly bromeliads, are favorable mi-
crosites for the accumulation of seeds of woody species. Together,
these studies empirically demonstrate the importance of the lit-
ter layer for both seed retention and the establishment of woody
species in the Chaco forest. Furthermore, our study indicates that
this pattern could be driven by land-use intensity. In addition, the
juvenile bank of this ecosystem is an important reservoir due to
the fact that some of the species found in this reservoir have the
capacity to persist in a juvenile stage for a long time until the right
conditions appear for maturation. This is particularly clear for
Aspidosperma quebracho-blanco, the emblematic canopy dominant
of this ecosystem (Barchuk & Del Pilar Diaz, 1999). Additionally,
during this extended seedling stage, some species have the ability
to resprout, promoting their persistence in the community in spite
of disturbances (Barchuk, Campos, Oviedo, & Diaz, 2006; Barchuk
& Diaz, 1999; Vieira, Scariot, Sampaio, & Holl, 2006).

Predictably, land use altered the floristic composition of the estab-
lished vegetation, whose similarity with the primary forest decreased

as land-use intensity increased, although these effects were much
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FIGURE 2 NMDS ordination of the proportions of abundance of woody species x ecosystem types matrix. Species are indicated

with numbers: (1) Sarcomphalus mistol, (2) Larrea divaricata, (3) Prosopis flexuosa, (4) Parkinsonia praecox, (5) Prosopis torquata, (6) Geoffroea
decorticans, (7) Condalia microphyla, (8) Senegalia gilliesii, (9) Capparis atamisquea, (10) Monteverdia spinosa, (11) Mimozyganthus carinatus,
(12) Celtis ehrenbergiana, (13) Schinus fasciculatus, (14) Aspidosperma quebracho-blanco, (15) Ximenia americana. Colours represent different
ecosystem types. The positions of some replicates of the soil seed bank overlap, so not all of them are represented in the graph

more marked in the relative abundance of species than in the list of
species present. Our results show that high land-use intensities also
affect the floristic composition of the litter seed bank and the juvenile
plant bank. Nevertheless, under low land-use intensities, both the litter
seed bank and the juvenile bank were similar to, and therefore showed
some degree of “memory” for, the floristic composition of the primary
forest. It has been suggested that in highly disturbed areas, where
above-ground vegetation has been strongly modified, seed availability
is very low (Corria-Ainslie, Julio Camarero, & Toledo, 2015; Nathan &
Muller-landau, 2000; Wijdeven & Kuzee, 2000) and abiotic conditions
for the germination and establishment of new individuals are adverse
(Corria-Ainslie et al., 2015; Khurana & Singh, 2001; Paez & Marco,
2000; Rotundo & Aguiar, 2005), preventing the replenishment of these
biodiversity reservoirs. However, because the presence of species was
less affected than their relative abundance, our results suggest that the
presence of few individuals of some species in the established vegeta-
tion — and also in neighboring patches acting as sources of propagules
— can guarantee the preservation of species composition of these res-
ervoirs (Chazdon, 2003; Derroire, Coe, & Healey, 2016; Torok, Helm,
Kiehl, Buisson, & Valko, 2018).

The juvenile bank showed higher similarity, both in terms of species
presence and relative abundance, with the primary forest and a lower
decrease with land-use intensity than did the litter seed bank. This in-
dicates that there are some species present in the established vege-
tation and in the juvenile bank that are underrepresented or absent
from the litter seed bank, suggesting that, although the litter has an
important effect on seed retention for dominant species of the Chaco
forest ecosystem, it seems not to be the only source for regeneration.
Other regeneration strategies could be involved like seeds that do
not form seed banks and germinate immediately after they reach the
ground (Drake, 1998; Esmailzadeh et al., 2011; Hille Ris Lambers, Clark
James, & Lavine, 2005), and also vegetative regeneration (Klimesova
& Klimes, 2007). Although these strategies are not well documented

for this ecosystem, studies in neighboring biogeographical regions

and involving several genera and some species in common with ours
(Gurvich, Enrico, & Cingolani, 2005; Jaureguiberry & Diaz, 2014;
Lipoma, Gurvich, Urcelay, & Diaz, 2016) suggest that resprouting in

particular can be both common and important.

4.1 | Biodiversity reservoirs and resilience

Our results support the idea that litter seed banks and juvenile
plant banks have the potential to regenerate the Chaco forest. The
presence of biodiversity reservoirs that can promote the recovery
of the reference vegetation can be considered as “sources of re-
silience” in the sense that they are critical components underpin-
ning ecosystem resilience (Lipoma, 2018). Although our study is
a snapshot of the dynamic of ecosystems subjected to land-use
change, it yielded useful insights. According to our results, ecosys-
tems that have been subjected to low and intermediate land-use
intensity will have more chances to recover the floristic compo-
sition of primary forest, because they preserve the “memory”
of the past vegetation in the litter seed bank and in the juvenile
bank. However, the same fact, i.e., the regeneration process being
more dependent on litter seed banks and juvenile banks and not
so much on soil seed banks, suggests that the process of regen-
eration could be highly vulnerable to disturbances acting at the
ground level, such as fire, and seed predation (Velez, Chacoff, &
Campos, 2018; Villagra, 2000) or herbivory on seedlings, which
often do not affect seeds buried in the soil.

5 | CONCLUSION
The present study showed that in the Chaco forest, the litter and ju-
venile banks, but not the soil seed bank, are acting as the main biodi-

versity reservoirs for woody species. These reservoirs showed some
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degree of “memory” with low land-use intensities, but such “memory”
decreases as land use intensifies, compromising their ability to act as
sources of ecosystem resilience. If land use ends, those plant com-
munities that have been subjected to low or intermediate land-use
intensities will have more chances to recover the floristic composition
of the reference vegetation. However, some questions remain, for ex-
ample, which other regeneration strategies are acting (e.g. vegetative
resprouting) and what is their relative contribution to the resilience of

this ecosystem.
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