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Abstract

At a regional scale, habitat heterogeneity can play a very important role in allowing the
coexistence of species through their specialization in the use of patches differing in
environmental conditions. Here, we explore responses of seed germination to environ-
mental and anthropogenic factors of five Acacia species that co-occur in subtropical dry
Chaco forests in central Argentina and the habitat heterogeneity of this region. Open
and closed sites were characterized in terms of environmental factors by measuring tem-
perature, water content, light quality and soil conditions. Through germination experi-
ments, we evaluated seed responses to both environmental (temperature, light quality
and water stress) and anthropogenic factors (fire and cattle). Data were analyzed through
a univariate analysis (generalized linear model, GLM) followed by a multivariate analy-
sis (principal component analysis, PCA) in order to obtain a general pattern of Acacia
seed responses. Some differences were detected among the Acacia species at the species
level and the multivariate analysis (PCA) showed a general pattern with two groups of
species differing in germination characteristics: A. aroma, A. caven and A. atramentaria
had a higher number of hard seeds after fire and seed consumption by cattle, whereas
A. praecox and A. gilliesii showed a reduced time to germinate under different environ-
mental conditions. The multivariate analysis suggests a regenerative niche differentia-
tion between two groups of Acacia species. The habitat heterogeneity described in the
dry Chaco forests from central Argentina could facilitate the coexistence of the five Aca-
cia species at the landscape and regional levels.
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Introduction

One of the most critical stages in the life cycle of a plant
is germination, a key process in sexually reproducing
plants (Poorter 2007). Germination can occur under a
great variety of environmental conditions because species
maximize establishment and survival of new sexually
produced individuals in different abiotic and biotic con-
texts (Baskin & Baskin 2014). Temperature, light and

moisture are among the most important environmental
factors influencing and controlling this stage (Baskin &
Baskin 2014). These factors may vary as a consequence of
past and present changes in the vegetation cover due to
both natural and anthropogenic causes. Such changes
have occurred in many regions worldwide, including the
Chaco seasonally dry forests of central Argentina, cur-
rently consisting of a mosaic of vegetation patch types,
from closed (old grown forests, woodlands and tall
shrublands) to open habitats (open low shrublands and
low-cover scrub vegetation) (Cabido et al. 1994; Zak &
Cabido 2002). For example, changes in plant cover may
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alter the intensity and quality of the light reaching the
topsoil (Federer & Tanner 1966), and may also modify the
temperature regime and moisture availability at the soil
surface, by promoting extreme temperatures (Aguiar &
Sala 1999). Consequently, environmental conditions in dif-
ferent vegetation patch types may differ substantially
(Bullock 2000), possibly affecting the germination patterns
of seeds (Baskin & Baskin 2014). Therefore, species inhab-
iting a given patch type are expected to have more similar
germination characteristics than species from a different
patch (Chase & Leibold 2003; Leibold et al. 2004). Habitat
heterogeneity resulting from the spatial and temporal var-
iation of abiotic factors, as well as other causes such as fire
and herbivory (Stewart et al. 2000), may play a very
important role in species distribution, especially at the
landscape scale where patches differing in environmental
conditions are likely to occur (Kneitel & Chase 2004). Fire
and endozoochory, factors that can be natural or human
induced, can favor the loss of impermeability to water in
seeds with physical dormancy, thus promoting germina-
tion (Auld & O’ Connell 1991; Peco et al. 2006).

Studies of recruitment from seeds in the Chaco are
scarce, complicating the assessment of regeneration stra-
tegies after disturbance (Jaureguiberry & Díaz 2015).
Barchuk et al. (1998) reported significant seedling recruit-
ment of Aspidosperma quebracho-blanco (Apocynaceae) in
protected areas (closed habitats) of the western Chaco,
and little recruitment in areas with extensive grazing and
uncontrolled logging (open sites or gaps). The fire toler-
ance of seeds of Chaco woody species could have
evolved as a consequence of the evolutionary pressure
exerted by other factors, a phenomenon called ‘exapta-
tion’ (Gould & Vrba 1982). Specifically, the presence of
hard seed coats, a trait of adaptive value in endozoochor-
ous species dispersed by ungulates (Peco et al. 2006) or
subjected to seasonal desiccation (Baskin et al. 2000)
(both common in the Chaco region), could be an exapta-
tion giving the seeds a high tolerance of heat. Five neo-
tropical species of Acacia, A. aroma Guilles ex. Hook. &
Arn., A. caven (Molina) Molina, A. atramentaria Benth,
A. gilliesii Steud. and A. praecox Griseb., co-occur in this
heterogeneous mosaic; at the local scale, the abundance
of the five species varies between open and closed sites
(Cabido et al. 1994, Table 1 in Appendix S1). If germina-
tion of seeds is often restricted to locations that meet spe-
cific environmental conditions (‘safe sites’), it may be
expected that species inhabiting different patches will
show divergences in certain germination characteristics,
which increase their suitability to the conditions prevail-
ing in a given habitat. In addition, if the species involved
in the comparison show similar physiological, morpho-
logical and anatomical traits at the adult stage (Cialdella
1984; Díaz & Cabido 1997), it may be predicted that they
will differ at the regenerative phase (i.e. in dormancy-

breaking by anthropogenic factors and germination
requirements attributed to habitat adaptations) (Grubb
1977; Chase & Leibold 2003; Vandelook et al. 2008) and
that the chance of dormant seeds developing into suc-
cessful seedlings will depend on the environmental con-
ditions at the local scale.

In this paper we analyzed the germination response to
fire and endozoochory, and the germination characteris-
tics, of five sympatric Neotropical Acacia species that
coexist in the dry Chaco forests of central Argentina. Our
hypothesis is that the species co-occurring at open forest
and shrubland sites will differ in their germination char-
acteristics from species that co-occur at closed canopy
sites. It is noteworthy that there are not too many studies
that have followed this approach to relate germination
strategies to habitat conditions at the species level
(e.g. Daws et al. 2002; Van Assche et al. 2002; Vandelook
et al. 2008; Oliveira & García 2011).

Materials and methods

Study area

In central and northern Argentina, lowlands filled with
quaternary sediments are occupied by seasonally dry sub-
tropical Chaco forests. Potential natural vegetation in this
area comprises seasonally dry xerophytic forests and
woodlands dominated by Aspidosperma quebracho-blanco
(Apocynaceae), but at least two centuries of logging, fire
and grazing by introduced herbivores have transformed
plant cover into a mosaic of low forests, woodlands, shrub-
lands and scrubs, where rather isolated patches of closed
forests alternate with open habitats with a high proportion
of bare soil (locally known as ‘peladares’: sites with very
low plant cover) (Cabido et al. 1994; Zak & Cabido 2002;
Jaureguiberry & Díaz 2015). The climate in the area is
warm temperate to subtropical with summer rains. Mean
annual rainfall ranges between 500 and 600 mm, and
mean annual temperature is 19.9�C (Capitanelli 1979).

Studied species and seed collection

The studied species, Acacia aroma, A. caven,
A. atramentaria, A. gilliesii and A. praecox, are shrubs or
small trees that occur in arid and semiarid Neotropical
regions at 0–1500 m a.s.l. These five Acacia species are
sympatric in seasonally dry subtropical Chaco forests in
Córdoba, central Argentina. The five species of Acacia are
very similar in vegetative traits at the adult stage, have
similar physiological, anatomical and morphological
adaptations, and have a similar distribution range at the
regional scale (Cialdella 1984; Díaz & Cabido 1997).
Therefore, the most important ecological difference
among these species occurring in the dry Chaco is their
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local habitat preference, because Acacia aroma and
A. caven are characteristic of open and disturbed forests,
whereas A. gilliesii and A. praecox are more frequent in
closed and mature forests. Acacia atramentaria occurs in
both open and closed forests but tends to be more fre-
quent in open habitats (Cabido et al. 1994; Zak & Cabido
2002. Table 1 in Appendix S1).

Between 2006 and 2009, mature dry seeds were col-
lected from 20 individuals of each of the five species in
north-western Córdoba (30�4503200S, 64�5503000W), at about
600 m a.s.l. Seeds were stored in paper bags at room tem-
perature for 30 days before the start of the experiments.

Environmental factors

Ten sites of at least 5 ha each were selected within the
study area; five sites were open (with evident signals, for
example presence of tree stumps, large areas of bare soil
and feces of cattle, of anthropogenic disturbance, such as
fire, deforestation and livestock grazing) and the other five
had a closed canopy, representing well-conserved forests
(Cáceres et al. 2015). The following environmental factors
were measured to describe the 10 sites: soil temperature,
soil water content, soil pH, soil texture, soil organic matter
content, organic carbon and light quality. Measurements
were taken from May 2008 to May 2009, both under the
canopy of shrubs and between shrubs (open gaps) at the
open sites and under the tree canopy at the closed sites.

Soil temperature was measured using three sensors
(iButton Viewer32) at each closed site and six sensors
(three under the canopy of the shrubs and three in open
gaps) at each open site. The sensors were set up to record
temperature daily every 2 h and they were buried at not
more than 5 cm depth. Soil water content was measured
using a moisture probe meter (MPM, 160-B). Two mea-
surements were taken in each of the four seasons, each
consisting of five records at the closed sites and 10 records
(five under the canopy and five in open gaps) at each
open site. Light quality (Red and Far Red) was measured
at the level of the soil surface twice per season (five
records at each closed site and 10 records [five under the
canopy and five in open gaps] at each open site), using a
Red:Far Red sensor (Skye, Instruments Ltd). Soil samples
were collected in order to measure texture, pH, organic
carbon and organic matter content. A composite sample
comprising 10 subsamples was collected at each site. Soil
analyses were performed at the Soil and Water Labora-
tory of the Agricultural Sciences Faculty (National Uni-
versity of Córdoba).

Germination experiments

Responses to environmental factors: temperature, water stress
and light quality Three germination experiments were

conducted to evaluate seed responses to temperature,
water stress and light quality. For each trial, three repli-
cates of 25 seeds each were used. The seeds were placed
in Petri dishes on filter paper soaked in distilled water
and then incubated in germination chambers equipped
with fluorescent tubes of 20W cool white light with a
radiation density (400–700 nm) of about 38 μm m−2 s−1.
Seeds of the five species were scarified with sandpaper
because three of them have physical dormancy (A. aroma,
A. caven and A. atramentaria; Funes & Venier 2006; Venier
et al. 2012). Seeds were kept in the germination chamber
for 30 days. The number of germinated seeds was
counted daily, except in the permanent darkness treat-
ment (see below), for which germination was recorded at
the end of the incubation period. The germination crite-
rion was radicle protrusion of at least 2 mm.

To evaluate seed response to temperature, germina-
tion tests were performed in germination chambers
under a 12-h photoperiod and under continuous dark-
ness (Petri dishes wrapped with aluminum foil) using
four thermoperiods: 15/5�C, 20/10�C, 25/15�C and
35/20�C; thermoperiods were established to simulate the
average temperature ranges common to each season of
the year in the study area (Capitanelli 1979). To evaluate
the response to water stress, seeds were subjected to five
osmotic potentials at 25/15�C: 0.0 (control), −0.35, −0.75,
−1.2 and −1.5 MPa. Each potential was generated using
polyethylene glycol 6000 (PEG) at different concentra-
tions (Michel & Kaufmann 1973).

To evaluate the response to different light quality con-
ditions, seeds were exposed to different R:FR ratios. Petri
dishes containing the seeds were placed in a plastic con-
tainer (35 cm × 25 cm × 10 cm) covered with two red fil-
ters (Lee N� 106); thus, seeds received red light of
600–730 nm of energy with an R:FR between 3.97 and
4.05, which was equivalent to the values recorded at the
open sites in the study area (see Results). Another set of
three Petri dishes per species were placed in a plastic
container but now covered with a red filter plus a blue
filter (Lee N� 183); these seeds then received far red light
of 600–940 nm of energy with an R:FR between 0.24 and
0.32 (Yirdaw & Leinonen 2002). This R:FR ratio was
equivalent to the values recorded at the closed sites of
the study area. Another group of seeds was incubated
under white light as a control treatment.

Responses to simulated fire and herbivore
consumption

Simulated fire experiment An experiment was conducted
to assess the effect of fire on seed germination (experi-
mental heat shock). For each species, three replicates
(30 seeds each) were placed in an oven at 90�C and
190�C, during two time periods, 1 and 5 min; thus, four
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treatments were considered: (i) 90�C 10, (ii) 90�C 50,
(iii) 190�C 10, (iv) 190�C 50. Time and temperature combi-
nations were selected on the basis of available records of
temperature and duration of simulated fires in an ecosys-
tem similar to the one in the study area, and according to
data from the literature (Hanley & Lamont 2000; Hanley et
al. 2001; Ne’eman et al. 2009; Jaureguiberry & Díaz 2015).
Seeds were put in an aluminum container containing a
substratum of soil and sand. After exposure in the oven,
the seeds were taken to germination chambers, where they
were incubated in Petri dishes with filter paper soaked in
distilled water at 25/15�C, 12-h/12-h light/darkness for
30 days. A control of three replicates (15 untreated seeds
each) for each species was also incubated in the germina-
tion chamber under the same conditions.

Seeds were observed daily and the percentages of ger-
minated, dead and hard seeds were recorded at the end
of the experiment. Seeds that had not germinated at this
stage of the experiment were scarified with sandpaper
and returned to the germination chambers for 15 days.

Simulated herbivore consumption experiment Seeds of the
five Acacia species were subjected to a simulated herbiv-
ore consumption treatment, by exposing them to chemical
attack by both ruminal and acid digestion, and then set to
germinate. Because the seeds of these species are likely to
pass unharmed through the digestive tract of ruminants,
as reported for other legumes with similar fruits (Peinetti
et al. 1993), they were removed from the pods before they
were subjected to the herbivory experiment. Three repli-
cates (40 seeds each) of the five species were placed in
heat-sealed nylon mesh bags. The mesh allowed free pas-
sage of microorganisms. All bags were incubated for 48 h
inside the rumen of three fistulated cows (Peco et al. 2006)
in the ‘Estación Experimental Manfredi’, National Insti-
tute of Agricultural Technology (INTA).

Seeds are usually retained in the most acid part of the
gut (abomasum and duodenum) for 2–4 h (Warner
1981); hence, after removal from the rumen, each bag
and its contents were rinsed with tap water and then
loose seeds (without the bag) were immediately placed
in a 0.1 N pepsin-hydrochloric acid solution in an oven
at 40�C for 2 h. The solution was prepared by dissolving
1 g of pepsin in 1 L of HCl 0.1 N (Peco et al. 2006). After
both ruminal and acid digestion, and before incubation
in germination chambers, the numbers of germinated,
imbibed (permeable, ungerminated seeds that lost physi-
cal dormancy), hard (intact, firm, ungerminated and
impermeable seeds, still with physical dormancy) and
dead (rotten and digested) seeds were recorded. After
both ruminal and acid digestion, imbibed and still hard
seeds, and three control seed replicates (each replicate
consisting of 20 seeds that had not been subjected to the
digestive processes), of the five Acacia species were set

to germinate for 30 days in growth chambers with 12-h/
12-h light/dark at 25/15�C. Replicates were placed in
Petri dishes on filter paper saturated with distilled water.
After incubation at 25/15�C, the numbers of germinated,
still hard and rotten (or digested) seeds were recorded.
All seeds that remained hard after incubation at 25/15�C
were scarified with a razor blade and returned to growth
chambers for 15 days. Germination of scarified seeds
was recorded at the end of the experiment.

Statistical analysis

Mean time to germination (MTG) for seeds of the five
species under different conditions of temperature, light
and water potential (0.00 and −0.35 Mpa) was calculated
using the following equation (Daws et al. 2002):

MTG =
P

(n × d)/N, where n is the number of ger-
minated seeds between count intervals, d is the incuba-
tion period in days at each count time and N is the total
number of germinated seeds in a given treatment.

One-way ANOVA and post hoc Fischer’s LSD test were
used to compare soil variables (soil characteristics meas-
ured from the soil samples) between open and closed
sites. Records of light quality were Ln-transformed to
meet the assumptions of homogeneity of variance. An
ANOVA with repeated measures was performed to compare
seasonal variability of water content and light quality.

A generalized linear model (GLM) with a logit link
function for binomial distribution was used in order to
analyze the effect of environmental factors on seed ger-
mination (Bolker et al. 2008). The same GLM was used to
analyze the effect of simulated fire on germination where
the dependent variables were the numbers of germi-
nated, hard and dead seeds after the simulated fire
experiment considering two factors, Species and Fire,
with different combinations of temperature and time +
control. For the same experiment, another GLM was
performed to analyze the number of scarified seeds that
germinated, followed by a post hoc Di Rienzo, Guzmán
and Casanoves (DGC) test (Di Rienzo et al. 2002; Table 2
in Appendix S1).

After the simulated herbivore consumption experi-
ment, a Friedman test was used to compare the percent-
age of hard (intact) and soft (imbibed) seeds among
species. A t-test was performed to compare final germi-
nation percentages of treated and control seeds within
each species (Sokal & Rohlf 1995).

In order to compare the responses of the different spe-
cies within each treatment, mean time to germination
(MTG) was analyzed through an ANOVA and post hoc Fish-
er’s LSD test. A Kruskal Wallis test was used in cases in
which the ANOVA assumptions were not met. The variable
MTG at 0.00 MPa was log-10 transformed with the aim
of meeting the ANOVA assumptions (Sokal & Rohlf 1995).
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A principal component analysis (PCA) was performed
with all the variables (those related to responses to envi-
ronmental factors [temperature, water stress and light
quality], those related to anthropogenic factors [fire and
livestock] and the MTG variables, a total of 40 variables)
to identify a general pattern of similarity among species
and to identify the variables that best explained that pat-
tern. All the analyses were performed using Infostat ver-
sion 2013 (Di Rienzo et al. 2013).

Results

Environmental factors

The closed canopy sites (well-conserved forests) had
higher percentages of organic matter and organic carbon
than the open sites (shrublands and scrubs resulting
from anthropogenic disturbance) but soil pH and soil
texture did not differ between habitats (Table 1).

The R:FR ratio was higher at open than at closed sites;
within open sites, it was even higher in open gaps than
under the canopy (Fig. 1), with significant statistical dif-
ferences between sites (F = 333.19; P < 0.0001) but not
among seasons (F = 1.727; P = 0.211). The season–site
interaction was also statistically significant (F = 7.978;
P = 0.002). The R:FR ratio increased in winter at closed
sites and under the canopy at open sites due to loss of
tree leaves in this season, but decreased in open gaps.
Moreover, in spring the R:FR ratio increased in open
gaps and decreased at closed sites and under the canopy
at open sites (Fig. 1). Soil water content was higher at
open sites than at closed sites (F = 18.93; P = 0.0002)
(Fig. 1). Within open sites, no significant differences were
found between the subtypes ‘open gaps’ and ‘under the
canopy’. Soil water content varied seasonally for both
habitat types (F = 34.996; P < 0.0001), but no interactions
were detected between sites and seasons (F = 0.597;
P = 0.745). Following the regional precipitation patterns,
soil water content was higher during spring and summer
than during autumn and winter (Fig. 1). Soil temperature
varied between sites: mean temperature and thermal
amplitude were higher at open than at closed sites, and
within the former, both variables showed higher records
in open gaps than under the canopy (Fig. 2).

Germination experiments

Responses of seed germination to environmental factors: tem-
perature, water stress and light quality The effects of the
factors Species, Temperature and Light/Dark, and all of
the double interactions, on the number of germinated
seeds were statistically significant (P < 0.0001). However,
the triple interaction was not statistically significant
(P = 0.7893). All species showed high percentages of ger-
mination at the three highest temperatures (35/20�C,
25/15�C, 20/10�C) both under light and in permanent
dark. However, at the lowest temperature (15/5�C), only
A. gilliesii and A. praecox germinated successfully, both
under light and dark conditions (Table 2). Acacia aroma
had the lowest germination percentage in the dark
(Table 2). All species exhibited high germination percen-
tages at 0.0 and −0.35 MPa, but germination was very
low or nil at the other water potentials, with A. praecox
and A. gilliesii showing a trend towards a higher capacity
for germination at more negative water potentials than
the other three species (Table 2). The effect of water
potential was statistically significant (P < 0.0001; factor
Species, P = 0.1497), but the effect of the interaction
between species and water potential on the number of
germinated seeds was not statistically significant
(P = 0.1168). All of the five species had high germination
percentages at the three light-quality conditions (white,
red and far red) (Table 2). Only the factor Species had a
statistically significant effect on the number of germi-
nated seeds (P = 0.0008; factor Light, P = 0.6097; interac-
tion of factors, P = 0.1375).

Germination rate In general, A. praecox was the species
with the highest germination rate within each treatment,
followed in decreasing order by A. glliesii, A. aroma,
A. caven and A. atramentaria. The differences in MTG
among species were statistically significant (Fig. 3).

Responses of seed germination to anthropogenic
factors: fire and livestock

Simulated fire experiment The effects of factors (Species
and Fire) and their interactions on the numbers of germi-
nated (P < 0.0001) and dead seeds (P < 0.0001) were

Table 1 Differences (mean � SE) in soil characteristics between open and closed sites in subtropical Chaco forests from central
Argentina

Site Organic matter (%) Organic carbon (%) pH Clay (%) Silt (%) Sand (%)

Open 2.30 � 0.27 1.34 � 0.16 7.06 � 0.14 12.24 � 1.64 21.94 � 2.18 65.82 � 3.50
Closed 3.1 � 0.20 1.8 � 0.11 7.13 � 0.05 15.2 � 0.58 25.66 � 3.42 59.14 � 3.42
F 5.65 5.48 0.2 2.88 0.84 1.86
P 0.0447* 0.0474* 0.6642 0.128 0.3855 0.2098

Asterisks indicate significant differences (P ≤ 0.05, Fisher’s LSD test) between sites.
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statistically significant. Only the effect of the factor Spe-
cies on the number of hard seeds was statistically signifi-
cant (P < 0.0001; factor Fire, P = 0.7603; interaction of
factors, P = 0.7963).

Most seeds of A. aroma, A. caven and A. atramentaria
remained hard after the simulated fire experiment for all
combinations of temperature and time (Fig. 4). When
these seeds were scarified and returned to incubation,
the germination response varied depending on the heat
treatment: at 190�C 50 only a few seeds germinated and
the remaining ones died for all three species; whereas
under the other treatments (190�C 10, 90�C 50 and 90�C
10) the three species showed high percentages of germi-
nation (Table 2 in Appendix S1). For the other combina-
tions of time and temperature (190 �C 10, 90 �C 50 and
90 �C 10), scarified seeds of these three species had high

germination percentages (Table 2 in Appendix S1). Acacia
gilliesii and A. praecox had high percentages of dead
seeds at 190�C 50, whereas with the other combinations
of temperature and time, these two species had high ger-
mination percentages (Fig. 4). The seeds that remained
hard and then were scarified reached high germination
percentages (Table 2 in Appendix S1). For scarified seeds,
the factors and their interactions were statistically signifi-
cant (P < 0.0001).

Simulated herbivore consumption experiment Acacia aroma
exhibited a statistically significantly higher germination
percentage (71.5%; t = −11.85, P = 0.0001) after the entire
treatment (ruminal digestion + acid digestion + incuba-
tion chamber); this result is in contrast with the control
germination of 6.7%. Of the remaining seeds, 9.19% died
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and 19.36% remained impermeable (Fig. 5). Seeds of
A. atramentaria and A. caven remained almost entirely
impermeable after ruminal + acid digestion. In addition,

the seeds of A. atramentaria that were soft (imbibed) after
both ruminal and acid digestion died during incubation
in the germination chamber. The controls for
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Fig. 2 (a) Soil daily mean temperature and (b) soil daily thermal amplitude at closed and open sites in Chaco forests in central Argentina.

Table 2 Mean germination percentage (� SE) of five Acacia species during four thermoperiods under light and dark conditions, under
five different water potential conditions and under three different light-quality conditions

Germination (%)

A. aroma A. caven A. atramentaria A. gilliesii A. praecox

Temperature (�C), light
35/20 94.67 � 2.67 97.33 � 1.33 88 � 0 100 � 0 100 � 0
25/15 70.67 � 2.67 94.67 � 2.67 92 � 0 98.67 � 1.33 98.67 � 1.33
20/10 81.33 � 5.33 92 � 6.11 92 � 4 100 � 0 100 � 0
15/5 11.67 � 6.01 5.33 � 1.33 2.67 � 1.33 92 � 2.31 96 � 2.31
Temperature (�C), dark
35/20 92 � 2.31 100 � 0 96 � 4 100 � 0 100 � 0
25/15 52 � 8 97.33 � 1.33 92 � 4.62 98.67 � 1.33 100 � 0
20/10 16 � 2.31 94.67 � 1.33 84 � 4 98.67 � 1.33 100 � 0
15/5 0 � 0 0 � 0 0 � 0 52 � 8 70.67 � 5.81
Water potential (MPa)
0.0 97.33 � 1.33 97.33 � 1.33 97.33 � 2.67 100 � 0 100 � 0
−0.35 98.67 � 1.33 93.33 � 2.67 92 � 2.31 100 � 0 97.33 � 2.67
−0.75 0 � 0 0 � 0 2.67 � 2.67 9.33 � 1.33 32 � 6.11
−1.20 0 � 0 0 � 0 0 � 0 1.33 � 1.33 0 � 0
−1.75 0 � 0 0 � 0 0 � 0 1.33 � 1.33 0 � 0
Light
White 97.33 � 1.33 97.33 � 1.33 98.67 � 1.33 100 � 0 100 � 0
Red 98.67 � 1.33 100 � 0 90.67 � 3.53 100 � 0 100 � 0
Far red 97.33 � 1.33 100 � 0 97.33 � 1.33 98.67 � 1.33 100 � 0

See text for more details.
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A. atramentaria and A. caven showed a very low germina-
tion percentage (1.67%), which was not statistically dif-
ferent from the nil germination percentage of the treated
seeds (t = 1; P > 0.05). Acacia praecox exhibited a very

low germination percentage (1.71%) after the entire treat-
ment (ruminal digestion + acid digestion + incubation
chamber), which contrasts with the control germination
of 98.33% (t = 41.01; P = 0.0001). The remaining treated
seeds (98.29%) died (Fig. 5). Some seeds of A. gilliesi ger-
minated (50.83%) after the entire treatment but the per-
centage was not statistically different from the 61.67% of
germination of the control seeds (t = 1.54; P > 0.05). Of
the remaining seeds, 27.5% died and 21.67% remained
impermeable (Fig. 5). In all the species, both control and
treated seeds that failed to germinate and were then scar-
ified reached high germination percentages (88–100%),
confirming high seed viability after treatment; A. praecox
was an exception, because this species had a high per-
centage of dead seeds after treatment.

Principal component analysis

The first axis of the PCA explained 60.7% of the variation
and discriminated two groups of species: one comprising
A. aroma, A. caven and A. atramentaria and the other com-
prising A. praecox and A. gilliessi (Fig. 6). The variables
that best explained this pattern were those related to
MTG, germination capacity under water stress and seed
response to the simulated fire and cattle consumption
experiment. The second axis explained 18.2% of the vari-
ation and separated the species within the group of
A. aroma, A. caven and A. atramentaria. Germination after
consumption by cattle and MTG at 35/20�C were the
variables that best explained the pattern displayed along
axis 2 (Fig. 6).

Discussion

Our results show that open sites differed from closed
sites with respect to soil temperature, soil water content
and light quality, providing evidence that the structural
heterogeneity of the vegetation described in these forests
results in different habitat conditions for plant species. In
general, environmental conditions at open sites were
found to be more extreme than those at closed sites:
higher mean temperature, thermal amplitude and R:FR
ratio in the open than in the closed habitats. Although
soil water content values were very low at both sites,
closed sites showed lower records than open sites. A sim-
ilar result was found at other sites within the same
Chaco region (Barchuck et al. 2005). Closed sites also had
higher percentages of organic matter and organic carbon
than open sites, most probably because plant cover is
higher at closed sites, providing higher amounts of litter
than at the open sites (Barchuck et al. 2005). Therefore, as
expected, habitat heterogeneity induced by human dis-
turbance is reflected in the variation of environmental
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S E ED GERMINAT ION IN F IVE COEX I ST ING ACAC IA S PEC I E S 141

Plant Species Biology 32, 134–146 © 2016 The Society for the Study of Species Biology



factors in the dry forests of Córdoba, as previously
reported for other ecosystems in the world (Vandelook
et al. 2008 and references therein). Dormancy-release
mechanisms can be habitat dependent and a wide range
of dormancy-release factors for seeds with physical dor-
mancy have been proposed, for example high and fluctu-
ating temperatures (van Klinker & Goulier 2013). In this
sense, the Acacia species with physical dormancy studied
here could be favored to break dormancy by the extreme
and fluctuating temperatures registered at the open sites.
However, further testing would be required to prove this
hypothesis and to determine possible differences at the
species level and/or population level.

Responses of seed germination to environmental
factors: temperature, water stress and light quality

Some differences were observed in the germination
requirements for temperature, light and water among the
five Acacia species studied. All the species showed high
germination percentages at 35/20�C, 25/15�C and
20/10�C, especially under light conditions; this germina-
tion pattern could be related to the seasonal rainfall
regime (spring–summer rainfall) in the dry forests of
Córdoba, as occurs with other species from the same eco-
system (Funes et al. 2009). However, A. praecox and
A. gilliessi also showed high percentages of germination
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Fig. 5 Mean percentages of germinated,
hard and dead seeds after ruminal diges-
tion followed by acid digestion and subse-
quent incubation for 30 days in a
germination chamber at 25/15�C, 12-h/12-
h light/dark.
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at the lower temperature (5/15�C); therefore, these two
species would have greater ability to germinate at a
wider temperature range than A. aroma, A. caven and
A. atramentaria.

Our results also show that the five species need a high
amount of water to germinate. However, A. gilliesii and
A. praecox exhibited a trend to germinate at lower hydric
potentials, indicating a higher tolerance of water deficit
by these two species compared with the other three. This
result could be related to the lower soil water content
found at the closed sites, where these two species are
dominant. The high tolerance of water stress exhibited
by A. gilliesii and A. praecox has also been reported for
other species of Fabaceae from arid regions of Argentina,
such as some Prosopis taxa (Cony & Trione 1998). The
treatment with different light quality showed that all the
studied Acacia species can germinate both under light
and dark conditions. Therefore, in the dry forests of Cór-
doba, they are likely to germinate under the canopy of
trees as well as in open gaps.

Acacia praecox and A. gilliesii had lower mean time to
germination (i.e. they germinated faster than A. aroma,
A. caven and A. atramentaria). This higher germination
rate would be advantageous for A. praecox and
A. gilliesii, allowing these species to use soil water more

efficiently under water stress conditions (Daws et al.
2002; Wang et al. 2009), a typical characteristic of the sea-
sonally dry forests from central Argentina. On the other
hand, A. praecox and A. gilliesii are dominant at closed
sites, where the lowest values of soil water content were
recorded.

Responses of seed germination to anthropogenic
factors

Effect of simulated fire on seed germination A high fre-
quency of fires has been reported to affect forests in cen-
tral Argentina; fire is a major driver controlling the
spatial distribution of closed and open habitats in the
study area (Cabido et al. 1994; Zak & Cabido 2002). Our
results show possible different effects of fire intensity
(90�C 10, 90�C 50, 190�C 10 and 190�C 50) on germination
of the five Acacia species. According to the percentages of
seeds that remained hard and/or died after heat treat-
ments, our results suggest that dormant-seeded species
present at open sites (A. aroma, A. caven and
A. atramentaria) are more capable of coping with fires of
higher intensity due to their hard seed coats than non-
dormant-seeded species from closed sites (A. gilliesii and
A. praecox; Fig. 4) (Funes & Venier 2006; Venier et al.
2012). Although exposure to dry heat from fires (heat
shock) is considered to be an important dormancy-
release mechanism, especially in Acacia species (Auld &
O0 Connell 1991), the three Acacia species with physical
dormancy studied here were not significantly affected by
heat treatments, as their seeds were neither killed nor
was their dormancy broken. Seed responses to fire in east
African Acacia species were also found to be variable,
with records of increases, decreases or no effects on ger-
mination, depending on the species (Teketay 1996). Other
studies also found positive effects of fire on seed germi-
nation of Australian Acacia species (Auld & O’ Con-
nell 1991).

Effect of simulated herbivore consumption on seed
germination The results obtained from our simulated her-
bivore consumption experiment demonstrate that break-
ing dormancy and germination in the five Acacia species
are likely to be differentially affected by endozoochory.
For example, seeds of A. caven and A. atramentaria were
not affected by the simulated ingestion by cattle, whereas
A. aroma seeds lost physical dormancy and germinated.
Acacia aroma, A. caven and A. atramentaria occur mainly
in open habitats disturbed by livestock grazing and other
factors, and there are evidences that the fruits of these
species are consumed by cattle (Aronson 1992; Pensiero
et al. 2003) and by wild herbivores in the case of A. aroma
(Beck 2005); therefore, the regenerative stages are likely
to be favored by the presence of herbivores. Fruit
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consumption by cattle would have a positive effect on
seed dispersion as well as on the loss of physical dor-
mancy and germination, as in A. aroma. The germination
percentage in A. gilliesii did not differ statistically from
that of the control; hence, germination does not seem to
be favored or highly affected by the simulated herbivore
consumption. Finally, almost all of the seeds of
A. praecox died after passing through the digestive tract
of cattle; hence, we can predict a negative effect of live-
stock on the recruitment of A. praecox.

General pattern from the integration of variables

The effects of the different treatments considered sepa-
rately revealed some differences in the germination pat-
terns of the five Acacia species. When all the response
variables explored in this study were taken together in
the ordination space of the PCA, two groups of species
were discriminated based on the germination characteris-
tics: A. aroma, A. caven and A. atramentaria were found to
be similar in germination characteristics, and therefore
formed a main group, whereas, A. praecox and A. gilliesii
formed another main group. Notably, the same pattern
was reported in previous studies of seedlings and seed
coat traits in these five Acacia species (Venier et al. 2012,
2013). According to Venier et al. (2012) and the environ-
mental characteristics evaluated in the study area, the
hard seed coat of A. aroma, A. caven and A. atramentaria
would allow the seeds to endure the stressful high tem-
peratures of open sites where these species occur. In
addition, highly fluctuating temperatures of the open
sites in these forests could promote loss of physical dor-
mancy in these three species, as is reported for other spe-
cies (Baskin & Baskin 2014). Specific experiments are
necessary to test this hypothesis. On the other hand, the
seeds of A. gilliesii and A. praecox without a hard seed
coat are dispersed during the humid period of the year,
when environmental conditions are favorable for germi-
nation and seedling establishment. Hence, these species
do not need to prevent or delay germination after being
dispersed to ensure successful seedling establishment in
the xerophytic forest of Córdoba.

Based on this pattern we conclude that, although the
five species seem to be very similar in vegetative traits at
the adult stage (Díaz et al. 2004), a regenerative niche dif-
ferentiation between the two groups of Acacia species
seems to occur. Similar results are reported in the litera-
ture for other sympatric congeneric species (Vander
Kloet & Hill 2000).

The general pattern obtained from the PCA ordination
based on the regenerative characteristics of the Acacia
species coincides with the regional distribution pattern of
the species in the dry forests of Córdoba, Argentina:
A. aroma, A. caven and A. atramentaria are predominantly

found in disturbed open sites, whereas A. praecox and
A. gilliesii occur mainly in closed forest sites (Cabido et al.
1994; Zak & Cabido 2002). According to part of the eco-
logical theory, the spatial variation of environmental fac-
tors facilitates the presence of different species at diverse
sites or patches as a result of habitat partition (Chase &
Leibold 2003; Kneitel & Chase 2004). Thus, environmen-
tal heterogeneity can originate different spatio-temporal
patterns in germination characteristics, favoring the coex-
istence of diverse plant species in the same geographic
region (Grubb 1977; Houle 1994).

Conclusions

Our findings show that the patches of open and closed
habitats that make up the vegetation mosaic of the dry
Chaco forests differ in some physical factors. Our study
also suggests that germination characteristics could play
an important role in facilitating regional coexistence of
Acacia species in the different types of patches occurring
within the dry Chaco forests in Córdoba, central
Argentina. This coexistence may be the result of dissimi-
lar regenerative niches between the groups of species dis-
criminated by the PCA ordination, and is likely to be in
agreement with the theory of niches (Chase & Leibold
2003; Vandelook et al. 2008). Indeed, species that share
the same type of patch are more similar in germination
characteristics than those that share a different type of
patch in the same region within the southern extreme of
the dry Chaco. Thus, our results seem to be consistent
with the ideas underlying our working hypothesis.

Acknowledgements

Funding for this work was provided by Consejo Nacio-
nal de Investigaciones Científicas y Técnicas (CONICET
— PIP 0456 CO), SECyT (Universidad Nacional de Cór-
doba) and Ministerio de Ciencia y Tecnología, Provincia
de Córdoba. We are thankful to Jorgelina Brasca for her
English revision of the manuscript.

References

Aguiar M. R. & Sala O. (1999) Patch structure, dynamics and
implications for the functioning of arid ecosystems. Trends in
Ecology & Evolution 14: 273–277.

Aronson J. (1992) Evolutionary biology of Acacia caven
(Leguminosae, Mimosoideae): intraspecific variation in fruit
and seed characters. Annals of the Missouri Botanical Garden
79: 958–968.

Auld T. D. & O’Connell M. A. (1991) Predicting patterns of post-
fire germination in 35 eastern Australian Fabaceae. Australian
Journal of Ecology 16: 53–70.

Barchuk A. H., Diaz M. P., Casanoves F., Balzarini M. G. &
Karlin U. O. (1998) Experimental study on survival rates in

144 P . VEN IER ET AL .

© 2016 The Society for the Study of Species Biology Plant Species Biology 32, 134–146



two arboreal species from the Argentinian dry Chaco. Forest
Ecology and Management 103: 203–210.

Barchuck A. H., Valiente-Banuet A. & Díaz M. P. (2005)
Effect of shrubs and seasonal variability of rainfall on the
establishment of Aspidosperma quebracho-blanco in two eda-
phically contrasting environments. Austral Ecology 30:
695–705.

Baskin C. C. & Baskin J. M. (2014) Seeds: Ecology, Biogeography,
and Evolution of Dormancy and Germination, 2nd edn.
Academic Press, New York.

Baskin J. M., Baskin C. & Li X. (2000) Taxonomy, anatomy and
evolution of physical dormancy in seeds. Plant Species Biology
15: 139–152.

Beck H. (2005) Seed predation and dispersal by peccaries
throughout the Neotropics and its consequences: a review
and synthesis. In: Forget P. M., Lambert J. E., Hulme P. E. &
Vander Wall S. E. (eds). Seed Fate: Predation, Dispersal and
Seedling Establishment. CABI Publishing, Wallingford, CT.

Bolker B. M., Brooks M. E., Clark C. J., Geange S. W.,
Poulsen J. R., Stevens M. H. H. & White J.-S. S. (2008) Gener-
alized linear mixed models: a practical guide for ecology and
evolution. Trends in Ecology and Evolution 24: 127–135.

Bullock J. M. (2000) Gaps and seedling colonization. In: M. F.
(ed.). Seeds. The Ecology of Regeneration in Plant Communities.
CABI publishing, Oxon, MD, pp. 375–395.

Cabido M., Manzur A., Carranza L. & González Albarracín C.
(1994) La vegetación y el medio físico del Chaco Árido en la
provincia de Córdoba, Argentina Central. Phytocoenologia 24:
423–460.

Cáceres D. M., Tapella E., Quétier F. & Díaz S. (2015) The social
value of biodiversity and ecosystem services from the perspec-
tives of different social actors. Ecology and Society 20: 62–80.

Chase J. M. & Leibold M. A. (2003) Ecological Niches. University
of Chicago Press, Chicago, IL.

Capitanelli R. G. (1979) Clima. En. In: Vazquez J., Miatello R. &
Roqué M. (eds). Geografía Física de la Provincia de Córdoba.
Boldt, Buenos Aires.

Cialdella A. M. (1984) El género Acacia (Leguminosae) en la
Argentina. Darwiniana 25: 59–111.

Cony M. A. & Trione S. O. (1998) Inter- and intraspecific varia-
bility in Prosopis flexuosa and P. chilensis: seed germination
under salt and moisture stress. Journal of Arid Environments
40: 307–317.

Daws M. I., Burslem D. F. R. P., Crabtree L. M., Kirkman P.,
Mullins C. E. & Dalling J. W. (2002) Differences in seed ger-
mination responses may promote coexistence of four sympat-
ric Piper species. Functional Ecology 16: 258–267.

Díaz S. & Cabido M. (1997) Plant functional types and ecosys-
tem function in relation to global change. Journal of Vegetation
Science 8: 463–474.

Díaz S., Hodgson J. G., Thompson K., Cabido M.,
Cornelissen J. H. C., Jalili A., Montserrat-Martí G.,
Grime J. P., Zarrinkamar F., Asri Y., Band S. R.,
Basconcelo S., Castro-Díez P., Funes G., Hamzehee B.,
Khoshnevi M., Pérez-Harguindeguy N., Pérez-
Rontomé M. C., Shirvany F. A., Vendramini F., Yazdani S.,
Abbas-Azimi R., Bogaard A., Boustani S., Charles M.,
Dehghan M., de Torres-Espuny L., Falczuk V., Guerrero-
Campo J., Hynd A., Jones G., Kowsary E., Kazemi-Saeed F.,
Maestro-Martínez M., Romo-Díez A., Shaw S., Siavash B.,
Villar-Salvador P. & Zak M. R. (2004) The plant traits that

drive ecosystems: evidence from three continents. Journal of
Vegetation Science 15: 295–304.

Di Rienzo J. A., Casanoves F., Balzarini M. G., Gonzalez L.,
Tablada M. & Robledo C. W. InfoStat versión 2013. Grupo
InfoStat, FCA, Universidad Nacional de Córdoba, Argentina.
Available from URL: http://www.infostat.com.ar

Di Rienzo J. A., Guzmán A. W. & Casanoves F. (2002) A
multiple-comparisons method based on the distribution of
the root node distance of a binary tree. Journal of Agricultural,
Biological, and Environmental Statistics 7: 129–142. [Cited
11 February 2012.] Available from URL: http://www.spring
erlink.com/index/BU03058802014206.pdf.

Federer C. A. & Tanner C. B. (1966) Spectral distribution of light
in the forest. Ecology 47: 555–560.

Funes G., Díaz S. & Venier P. (2009) La temperatura como prin-
cipal determinante de la germinación en especies del Chaco
seco de Argentina. Ecología Austral 19: 129–138.

Funes G. & Venier P. (2006) Dormancy and germination in three
Acacia (Fabaceae) species from central Argentina. Seed Science
Research 16: 77–82.

Gould S. J. & Vrba E. S. (1982) Exaptation—a missing term in
the science of form. Paleobiology 8: 4–15.

Grubb P. J. (1977) The maintenance of species-richness in plant
communities: the importance of the regeneration niche.
Biological Reviews 52: 107–145.

Hanley M. E., Fenner M. & Ne’eman G. (2001) Effect of pre-
germination heat-shock on seedling growth of fire-following
Fabaceae from four Mediterranean-climate regions. Acta
Oecologica 22: 315–320.

Hanley M. E. & Lamont B. B. (2000) Heat pre-treatment and the
germination of soil- and canopy-stored seeds of south-
western Australian species. Acta Oecologica 21: 315–321.

Houle G. (1994) Spatiotemporal patterns in the components of
regeneration of four sympatric tree species –Acer rubrum,
A. saccharum, Betula alleghaniensis and Fagus grandifolia. Jour-
nal of Ecology 82: 39–53.

Jaureguiberry P. & Díaz S. (2015) Post-burning regeneration of
the Chaco seasonally dry forest: germination response of
dominant species to experimental heat shock. Oecologia 177:
689–699.

Kneitel J. M. & Chase J. M. (2004) Trade-offs in community ecol-
ogy: linking spatial scales and species coexistence. Ecology
Letters 7: 69–80.

Leibold M. A., Holyoak M., Mouquet N., Amarasekare P.,
Chase J. M., Hoopes M. F., Holt D., Shurin J. B., Law R.,
Tilman D., Loreau M. & Gonzalez A. (2004) The metacom-
munity concept: a framework for mult-iscale community
ecology. Ecology Letters 7: 601–613.

Michel B. E. & Kaufmann M. R. (1973) The osmotic potential of
polyethylene glycol 6000. Plant Physiology 51: 914–916.

Ne’eman G., Ne’eman R., Keith D. A. & Whelan R. J. (2009)
Does post-fire plant regeneration mode affect the germina-
tion response to fire-related cues? Oecologia 159: 483–492.

Oliveira P. G. & Garcia Q. S. (2011) Germination characteristics
of Syngonanthus seeds (Eriocaulaceae) in campos rupestres
vegetation in south-eastern Brazil. Seed Science Research
21: 39–45.

Peco B., López-Merino L. & Alvir M. (2006) Survival and germi-
nation of Mediterranean grassland species after simulated
sheep ingestion: ecological correlates with seed traits. Acta
Oecologica 30: 269–275.

S E ED GERMINAT ION IN F IVE COEX I ST ING ACAC IA S PEC I E S 145

Plant Species Biology 32, 134–146 © 2016 The Society for the Study of Species Biology

http://www.springerlink.com/index/BU03058802014206.pdf
http://www.springerlink.com/index/BU03058802014206.pdf


Peinetti R., Pereyra M., Kin A. & Sosa A. (1993) Effects of cattle
ingestion of viability and germination rate of caldén (Prosopis
caldenia) seeds. Journal of Range Management 46: 483–486.

Pensiero J., Muñoz J., De D. & Martínez V. (2003). Proyecto de
investigación aplicada a los recursos forestales nativos
(PIARFON). Alternativa de sus-tentabilidad del bosque nativo del
Espinal. Área etnobotánica. Proyecto Bosque Nativo y Áreas
Protegidas-Argentina Banco Mundial-No 4085 AR.

Poorter L. (2007) Are species adapted to their regeneration niche,
adult niche or both? The American Naturalist 169: 433–442.

Sokal R. R. & Rohlf F. J. (1995) Biometry. Freeman, New York.
Stewart A. J. A., John E. A. & Hutchings M. J. (2000) The world

is heterogeneous: ecological consequences of living in a
patchy environment. In: Hutchings M. J., John E. A. &
Stewart A. J. A. (eds). The Ecological Consequences of Environ-
mental Heterogeneity. Cambridge University Press, Cam-
bridge, UK, pp. 1–8.

Teketay D. (1996) Germination ecology of twelve indigenous
and eight exotic multipurpose leguminous species from Ethi-
opia. Forest Ecology and Management 80: 209–223.

Van Assche J., Van Nerum D. & Darius P. (2002) The compara-
tive germination ecology of nine Rumex species. Plant Ecology
159: 131–142.

Vandelook F., Van de Moer D. & Van Assche J. A. (2008) Envi-
ronmental signals for seed germination reflect habitat adap-
tations in four temperate Caryophyllaceae. Functional Ecology
22: 420–478.

Van Klinker R. D. & Goulier J.-B. (2013) Habitat specific seed
dormancy release mechanisms in four legume species. Seed
Science Research 23: 181–188.

Vander Kloet S. P. & Hill N. M. (2000) Bacca quo vadis: regenera-
tion niche differencesamong seven sympatric Vaccinium spe-
cies on headlands of Newfoundland. Seed Science Research
10: 89–97.

Venier P., Cabido M., Mangeaud A. & Funes G. (2013) Creci-
miento y supervivencia de plántulas de cinco especies de
Acacia (Fabaceae), que coexisten en bosques secos neotropi-
cales de Argentina, en distintas condiciones de disponibili-
dad de luz y agua. Revista de Biología Tropical 61: 501–514.

Venier P., Funes G. & Carrizo García C. (2012) Physical dor-
mancy and histological features of seeds of five Acacia spe-
cies (Fabaceae) from xerophytic forests in central Argentina.
Flora 207: 39–46.

Wang J. H., Baskin C. C., Cui X. L. & Du G. Z. (2009) Effect of
phylogeny, life history and habitat correlates on seed germi-
nation of 69 arid and semi-arid zone species from Northwest
China. Evolutionary Ecology 23: 827–846.

Warner A. C. I. (1981) Rate of passage of digesta through the
gut of mammals and birds. Nutrition Abstracts and Reviews
(Series B) 51: 789–820.

Yirdaw E. & Leinonen K. (2002) Seed germination responses of
four afromontane tree species to red/far-red ratio and tem-
perature. Forest Ecology and Management 168: 53–61.

Zak M. & Cabido M. (2002) Spatial patterns of the Chaco vegeta-
tion of central Argentina: integration of remote sensing and
phytosociology. Applied Vegetation Science 5: 213–226.

Supporting information

Additional supporting information might/can be found
in the supporting information tab for this article:

Appendix S1 Floristic composition recorded in each of the
ten sites surveyed in seasonally dry Chaco forests from
central Argentina; and number of seeds of five Acacia spe-
cies that remained hard after the simulated fire experiment
and that were then scarified and put to germinate.

146 P . VEN IER ET AL .

© 2016 The Society for the Study of Species Biology Plant Species Biology 32, 134–146


	 Germination characteristics of five coexisting neotropical species of Acacia in seasonally dry Chaco forests in Argentina
	Introduction
	Materials and methods
	Study area
	Studied species and seed collection
	Environmental factors
	Germination experiments
	Responses to environmental factors: temperature, water stress and light quality

	Responses to simulated fire and herbivore consumption
	Simulated fire experiment
	Simulated herbivore consumption experiment

	Statistical analysis

	Results
	Environmental factors
	Germination experiments
	Responses of seed germination to environmental factors: temperature, water stress and light quality
	Germination rate

	Responses of seed germination to anthropogenic factors: fire and livestock
	Simulated fire experiment
	Simulated herbivore consumption experiment

	Principal component analysis

	Discussion
	Responses of seed germination to environmental factors: temperature, water stress and light quality
	Responses of seed germination to anthropogenic factors
	Effect of simulated fire on seed germination
	Effect of simulated herbivore consumption on seed germination

	General pattern from the integration of variables

	Conclusions
	Acknowledgements
	References


