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Abstract
Questions: Park forests are shaped by extensive cattle ranching in the transition be-
tween natural riverine forests and open grasslands. The underlying mechanisms driv-
ing tree regeneration have not been studied, however, they determine biodiversity, 
sustainability and multifunctionality of these ecosystems. We explored patterns of 
tree regeneration by analyzing nurse–beneficiary interactions and tree community 
composition.
Location: Park forests within the departments of Rio Negro, Paysandú, Artigas and 
Tacuarembó, República Oriental del Uruguay, South America.
Methods: We established 205 (1 × 1 m2) paired plots in open microhabitat and under 
the tree canopy to evaluate the patterns of tree regeneration. To assess tree commu-
nity composition and diversity we carried out forest inventories within one-hectare 
plots of ten park forests.
Results: Scattered trees in park forests had a positive effect on tree regeneration 
density, whereas, dense grass coverage had a negative effect. Regeneration density 
increased and grass cover reduced under the canopy of nurse trees. Regeneration 
beneficiaries were mainly bird dispersed species with different life strategies. Tree 
communities varied between forest types and spatially closer forests were more 
similar.
Conclusions: Our study outlines the importance of park forest trees to the promotion 
of forest regeneration and recovery in grazed forests. Our results found a positive in-
teraction effect between nurse trees and saplings, based on our results we suggested 
possible facilitation mechanisms including the provision of shade, reduction of grass 
competition and the attraction of seed dispersers.
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1  |  INTRODUC TION

Shifting the scientific gaze from merely natural ecosystems to human-
modified landscapes regarding biodiversity conservation is an im-
portant goal to meet the challenges of the Anthropocene (Seddon 
et al., 2016; Johnson et al., 2017). Within the South American grass-
land biome, the heavily used Campos region of Uruguay is subject 
to expanding land use changes to establish monocultures for the 
globalized market (Céspedes-Payret et al., 2012). Native forests are 
scattered within a landscape matrix dominated by grasslands, tim-
ber and crop plantations, forming biological corridors for avian and 
mammalian biodiversity (Nores et al., 2005; Haretche et al., 2012). 
Among them, the so-called park forests (‘monte parque’) are com-
posed of native xerophilous trees growing in a dense herbaceous 
stratum shaped by cattle ranching. Quantitative studies in park for-
ests are scarce (but see Bernardi et al., 2016; Pozo & Säumel, 2018). 
Some qualitative studies have reported on the geographical varia-
tion in species composition denoting a high affinity with the Flora 
Paranaense and the seasonal dry forests of the Chaco and Espinal of 
central South America (Grela, 2004; Brussa & Grela, 2007).

Together with the worldwide loss of dry forests (Miles et al., 
2006; Hansen et al., 2013), park forests have been greatly threat-
ened by agricultural expansion (e.g. Tiscornia et al., 2014). The west-
ern part of Uruguay, in particular, has experienced the highest loss of 
natural habitats due to soybean farming and afforestation (Brazeiro 
et al., 2008, 2020). The survival of park forests depends on forest 
regeneration, which is determined by a balance of complex biotic 
and abiotic interactions.

In general, several biotic factors negatively affect forest regen-
eration (Catterall, 2016; Martinez-Ramos et al., 2016). Wild and do-
mestic herbivores can deter regeneration (Macdougall et al., 2010), 
annual herbs out-compete tree seedlings when colonizing fields or 
large forest gaps (Cuesta et al., 2010) or exotic species suppress the 
native species (Catterall, 2016): Ligustrum lucidum and Gleditsia tria-
canthos inhibit the regeneration of native species (Costa & Delgado, 
2001; Plaza Behr et al., 2016).

In contrast, positive interactions have been recognized as a major 
driving force for species coexistence in plant communities, partic-
ularly in harsh environments (Bertness & Callaway, 1994). Nurse 
plants facilitate regeneration and maintain plant species richness 
under grazing across a range of ecosystems and productivity levels 
(Smit et al., 2007; Manning et al., 2009; Catterall, 2016). The nurse 
plant mitigates the abiotic stresses and/or disturbances that plants 
experience outside the nurse canopy (Gómez-Aparicio, 2009), such 
as high temperatures, lack of water and nutrients, low soil moisture 
and fertility, thus providing suitable microsites for seedling estab-
lishment (Padilla & Pugnaire, 2006). In addition, indirect interactions 
occur via diverse pathways (Sotomayor & Lortie, 2015) especially in-
direct facilitation (e.g. Pages & Michalet, 2003; Saccone et al., 2010; 
Schöb et al., 2013; Michalet et al., 2015). For example, neighbour-
ing plants can also influence seedling establishment by acting as a 
physical barrier (e.g. thorns, spines), through chemical compounds 
or by concealment of seedlings (Baraza et al., 2006; Guignabert 

et al., 2020). Nurse species can also indirectly facilitate other spe-
cies by reducing the negative effect of strong competitors (Pages & 
Michalet, 2003; Saccone et al., 2010).

Direct and indirect facilitation under high abiotic stress has been 
examined across many species and a wide range of environmental 
conditions especially in semi-arid and arid ecosystems and at high 
elevations (e.g. Abdallah & Chaieb, 2012; Soliveres et al., 2012; 
Andivia et al., 2017; Anthelme et al., 2017). However, few studies 
have addressed facilitation in temperate forests or productive grass-
lands (Oesterheld & Oyarzábal, 2004; Duarte et al., 2006; Fidelis 
et al., 2009), such as Uruguayan temperate grasslands or forests. 
Specifically, no studies exist on patterns of tree regeneration in 
Uruguayan park forests, but such knowledge is critical to their con-
servation and sustainable management.

We explored the role of scattered trees in regeneration by an-
alyzing the natural occurrence of nurse–beneficiary interactions. 
Additionally, to contribute to the knowledge of parks forests and 
their nurse tree species, we also characterized the tree community 
composition. We hypothesized that scattered trees facilitate tree 
regeneration under their canopies by three different mechanisms: 
(i) by providing shade for light sensitive or shade-tolerant species; 
(ii) by reducing grass competition within the dense grass matrix; and 
(iii) by promoting forest regeneration linked to the attraction of seed 
dispersers. Assessing these hypotheses contributes to the develop-
ment of strategies to design multifunctional landscapes in agri-and 
silvicultural landscapes in Uruguay and provide valuable information 
for the management of one of the most threatened and poorly stud-
ied forests of Uruguay.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

Uruguay is located in the temperate zone of South America and cov-
ers an area of about 176,215 km2. Mean annual temperature ranges 
from 16ºC in the south to 20ºC in the north and the annual rainfall 
average is approximately 1,500 mm in the north to 1,000 mm in the 
south (Redo et al., 2012). Our study sites are located in the western 
sedimentary basin along the Uruguay River (‘Cuenca sedimentaria 
del Oeste’) and the Basaltic Region (‘Cuesta Basaltica’). Livestock 
ranching on grasslands is one of the main economic activities. 
Livestock roams through nearby forests looking for shade, water, and 
forage, especially when grassland productivity is low (Etchebarne & 
Brazeiro, 2016), forming natural silvopastoral systems.

Native forests are classified visually according to their physi-
ognomy and topographic location into gallery forests along rivers, 
park forests — a transition zone between riverine forest and grass-
lands — creek forest in the rocky parts of the mountains that sur-
round water streams, and hill forests on hillsides (Brussa & Grela, 
2007). Park forests are composed of scattered thorny tree species 
and an understorey of grasses. They vary from the typical, relict 
park forest known as ‘algarrobal’ composed mainly of Prosopis affinis 
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and Prosopis nigra to a successional and sometimes dominant form 
named ‘espinillar’ composed mainly of Vachellia caven (Haretche 
et al., 2012; Delgado & Nebel, 2014).

The study sites include ‘blanqueales’ associated with the alkaline 
floodplains of the Rio Uruguay in the surroundings of San Javier (Rio 
Negro department). They are exceptionally flooded, with park veg-
etation used for grazing covered by grasses and scattered woody 
species (Prosopis nigra and Vachellia caven) of variable density. Soils 
are alkaline (white areas), eutrophic Brunosols with a low fertility 
and imperfect drainage.

The ‘algarrobales’ of Artigas correspond to gently undulating in-
terfluves, the exceptionally flooded litoral of the Rio Cuarem, with 
a vegetation used for grazing and covered by grasses and scattered 
trees dominated by Prosopis affinis. Soils are sub-nutric Brunosols 
with a sandy loam texture, medium fertility and moderately good 
drainage.

The ‘algarrobales’ of Paysandú are located in the plains of the 
Rio Queguay Grande and are flat and seasonally (for short times) 
flooded. The study sites present park vegetation used for grazing, 
associated with water courses and with a variable density of trees, 
dominated by Prosopis affinis. Soils are shallow eutrophic Planosols, 
dark brown to black in colour, with a high fertility and imperfect 
drainage.

The ‘espinillares’ of Tacuarembo are located in the plains of the 
Rio Tacuarembo adjacent to drainage routes; they are flat and sea-
sonally (for short times) flooded areas. The vegetation is used for 
grazing, covered by grasses and disperse woody species of (mainly) 
Vachellia caven. Soils are dystric Planosols with sandy loam, deep 
variable colours and imperfect drainage.

2.2  |  Nurse interactions

To assess the performance of regeneration of tree species we de-
signed a series of paired 1 m × 1 m plots located in two types of 
microhabitat of regeneration sites, under the canopy of the trees 
and the other in the open area, approximately two times the crown 
distance from the nurse tree (Figure 1c). Each paired treatment was 
repeated 210 times: 60 in ‘blanqueales’ of Rio Negro, 45 in ‘algar-
robales’ of Artigas, 60 in ‘algarrobales’ of Paysandú and 45 in ‘espinil-
lares’ of Tacuarembo. We recorded grass cover as a fraction of the 
total plot from 0% to 100%. For each tree, we recorded species, total 
height, crown diameter, leaf area index (LAI) and diameter at breast 
height (DBH). Crown diameter was measured as the average length 
of the longest spread from edge to edge across the crown and the 
longest spread perpendicular to the first cross-section through the 
central mass of the crown (Pretzsch et al., 2015). LAI is a dimension-
less measure defined as the amount of leaf area (m2) in a canopy per 
unit ground area (m2) (Asner et al., 2003) which was used as a proxy 
to estimate the effect of shading by nurse trees. LAI was measured 
with the LAI-2000 canopy analyzer (Li-Cor, Lincoln, NE, USA) as the 
average of three readings taken under the canopy and in the open 
area (Figure 1b).

2.3  |  Field inventory design

Forest inventories were undertaken between October and 
December 2017. Our study sites are located where park forests 
are principally distributed including the north, west and the central 
part of Uruguay within the departments of Rio Negro, Paysandú, 
Artigas and Tacuarembo (Figure 1a). We used the FAO forest defini-
tion that forests have a canopy coverage with trees higher than 5 m 
of at least 10% and a stand area of more than 0.5 ha (FAO, 2016). 
A total of ten permanent plots, each of one hectare, were estab-
lished in park forests where livestock ranching is the most exten-
sive, traditional productive activity. The initial location of the plots 
was selected arbitrarily to avoid the selection of habitat formations 
outside the scope of the study. Tree inventories were undertaken 
in three 20 m × 10 m plots located in the corners and centre of the 
permanent plot (Figure 1b). Attributes such as species name, DBH 
and height were recorded for all individual or multistem adult living 
trees (DBH ≥ 2.5 cm at 1.3 m) and regenerating trees (DBH < 2.5 cm 
diameter and height < 1 m).

2.4  |  Data analysis

The nurse effects of trees on plant regeneration were analyzed with 
generalized linear mixed-effects models (GLMMs) using the Poisson 
distribution. We used the regeneration density, calculated as the 
total number of saplings per area. We tested for multicollinearity 
among the variables by calculating variance inflation factors (VIF). 
A VIF greater than 10 is regarded as severe multicollinearity (Zuur 
et al., 2010). VIF analysis suggested that no input variables were 
problematically correlated.

We assessed how the regeneration density of tree species was 
affected by the microhabitat, LAI and relative grass cover. We used 
paired treatments and study sites as a random effect to account for 
unmeasured influences within paired plots and sites.

We carried out the same analysis with relative grass cover as 
response variable and habitat and LAI as predictor variables. We 
separately analyzed plots with scattered trees using the same 
mixed-effects model and using crown diameter, height and DBH as 
explanatory variables to identify differences in interactions across 
tree nurse variables.

We calculated the ‘relative interaction index’ (RII) to estimate the 
intensity of the interactions (Armas et al., 2004). RII indices were 
used to directly compare the performances of understorey regener-
ating trees among treatments:

where P+N and P−N denote the performances of regeneration in 
the presence and absence of the nurse tree, respectively. RII was 
calculated based on the regeneration density. RII results signifi-
cantly above zero indicated facilitation, the intensity of which in-
creases up to 1. RII significantly below zero revealed competitive 

RII = (P+N − P−N)∕(P+N + P−N),
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interactions, the intensity of which increases up to –1 (Armas et al., 
2004).

We reviewed existing literature on each species for three dif-
ferent traits: dispersal mode, life strategy and facilitation type (see 
Table 2). The dispersal mode was classified into anemochoric (wind-
dispersed seeds or fruits), zoochoric (seed or fruits dispersed by 
animals) and autochoric species (seed or fruits dispersed by explo-
sive mechanisms); see van der Pijl (1982). We classified tree species 
according to their life strategy as light-demanding shade-intolerant, 
intermediate shade-tolerant and shade-tolerant species (Anderson 
et al., 1969). Categories of ‘shade-tolerant’ and ‘shade-intolerant’ 
species refer to their ability to germinate and grow under various 
light regimes (Swaine & Whitmore, 1988; Whitmore, 1989).

Finally, facilitation type was classified into either facilitation 
obligates, facilitation beneficiaries (Butterfield, 2009) and non-
facilitated species. We considered as facilitation obligates those tree 
species found only under the canopy of a given nurse tree but not 
in the open microhabitat, while facilitation beneficiaries were tree 

species with more individuals growing under the canopy of a nurse 
than in the open microhabitat. For specific information on the liter-
ature see Table 2. We then calculated the regeneration density of 
each trait (0 to 100) by dividing the density of a given trait by the 
total density of all the traits and multiplying by 100.

We compared the variation of: (i) strength and direction of RII 
between forest types; (ii) regeneration density, LAI and relative 
grass cover between open and closed microhabitats; (iii) regenera-
tion density within dispersal modes, life strategies and facilitation 
types; and (iv) Shannon diversity index between forest types. The 
data were tested for normality using the Shapiro–Wilk test. We used 
one-way ANOVA to test for differences in species diversity between 
forest types and a post-hoc Tukey test after finding significantly 
different results. The Kruskal–Wallis H test followed by Dunn post-
hoc tests were used with non-parametric data. Statistical analyses 
were undertaken with the open-source software package R version 
3.3.2 (R Foundation for Statistical Computing, Vienna, Austria) using 
the packages vegan (Oksanen et al., 2017), mass (Ripley et al., 2016) 

F I G U R E  1 Description of the study area: (a) the study sites in Uruguay including the north, west and the central part of Uruguay within 
the departments of Rio Negro, Paysandú, Artigas and Tacuarembo, coordinate system UTM zone 21 S; (b) sampling design composed of 
permanent plots (100 m2 × 100 m2), inventory plots (200 m2), treatment plots (1 m2), and measurement points of leaf area index (LAI); (c) 
nurse interaction design showing the “open microhabitat” and “nurse” treatments; (d–f) park forests characterized by dispersed trees of 
Prosopis spp. “algarrobal” (Department of Artigas), Vachellia caven “espinillar” (Department of Tacuarembo) and with alkaline soils “blanqueal” 
(Department of Rio Negro) respectively

(a)

(b)

(c)

(d)

(e)

(f)
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and lme4 (Bates et al., 2015) with an adopted alpha of 0.05 or less 
considered as significant.

We also analyzed the park forest communities in our study sites 
by tree forest composition and diversity. We used non-metric mul-
tidimensional scaling (NMDS) on the Bray–Curtis dissimilarity ma-
trix of tree species abundance, a robust unconstrained ordination 
method to visualize patterns of composition between forest sites 
(Clarke, 1993). The Bray–Curtis distance was chosen because it is 
based on quantitative data and has been shown to be one of the 
best for detecting gradients of species composition (Minchin, 1987). 
The significance of the compositional differences was tested with 
a permutational multivariate analysis of variance (PERMANOVA) 
using the ‘Adonis’ function in the vegan package (Anderson, 2001). 
To assess species diversity, we calculated the Shannon index (H') 
(Shannon & Weaver, 1949).

3  |  RESULTS

3.1  |  Nurse interactions

Park forest trees had a positive effect on tree regeneration den-
sity (Table 1, Figure 2a) indicated by the higher regeneration den-
sity under trees than in the open area (H = 92.8, p < 0.001) with an 
increase of around 1600%. In total, 16 tree species were recorded 
regenerating under the canopy of park forest trees (Table 2). Schinus 
longifolia, Celtis ehrenbergiana and Blepharocalyx salicifolius were the 
densest species, whereas Erythrina crista-galli, Geoffroea decorticans 
and Populus alba were not recorded under the nurse trees. High grass 
cover had a significant negative effect on tree regeneration density 
(Table 1, Figure 2b). Nurse-specific variables including variations in 
DBH, height and crown diameter did not influence tree regeneration 
density (Table 1, Figure 2d–f). There was a shift from significantly fa-
cilitative net interactions in ‘espinillares’ to non-significantly facilita-
tive or neutral net interactions in ‘algarrobales’ (H = 36.3, p < 0.001; 
Figure 3a). LAI displayed 61% more shade under trees than in the 
open area (H = 249.1, p < 0.001; Figure 3b), while grass cover was 

significantly lower (H = 53.8; p < 0.001, Figure 3c) with a decrease of 
around 24% under the trees. Within all regenerating species, disper-
sal mode varied significantly (H = 23.5, p < 0.001; Figure 3d, Table 2), 
and density of zoochorous species (mainly mediated by birds) was 
significantly higher than that of anemochorous (p < 0.001) and auto-
chorous species (p < 0.001). Life strategy traits had a similar density 
in the regenerating species (F = 0.6, p > 0.05; Figure 3e, Table 2). 
Post-hoc pairwise comparisons indicated a higher density of facilita-
tive obligates (p < 0.01) and facilitative beneficiary trees (p < 0.01) 
in comparison with non-facilitated trees.

3.2  |  Composition and diversity

In total, we identified 21 tree species (see Appendix S1) from 14 
different families, 20 native species and the exotic Populus alba. 
The tree layer was composed of 14  species and the regeneration 
layer of 20 species. Of the recruits 75% belonged to Vachellia caven, 
Prosopis nigra and Prosopis affinis. Differences in the composition of 
plant communities were noted between park forest types (F = 1.59; 
R2 = 0.44, p < 0.01), the ‘espinillares’ having the greatest distance 
to the ‘blanqueales’ and ‘algarrobales’ (Figure 4a). These differences 
were associated more to adult tree species composition (F = 3.31; 
R2 = 0.62, p < 0.01) than regenerating species composition (F = 1.35; 
R2  =  0.40, p  >  0.01). Tree species diversity (F  =  4.39, p  =  0.058; 
Figure 4b) and regenerating species diversity (F = 3.34, p = 0.097; 
Figure 4c) did not vary between different park forest types.

Espinillares were dominated by Vachellia caven and species 
like Blepharocalyx salicifolius, and Celtis ehrenbergiana, with regen-
eration of Allophyllus edulis, Maytenus ilicifolia and Vachellia caven. 
Blanqueales were dominated by Prosopis nigra followed by Vachellia 
caven and Aspidosperma quebracho-blanco, regeneration was sig-
nificant in species like Schinus longifolia, Celtis ehrenbergiana and 
Xylosma tweediana. Algarrobales were dominated by Prosopis affinis 
followed by Vachellia caven and Celtis ehrenbergiana, and the most 
abundant regenerating species were Celtis ehrenbergiana, Vachellia 
caven, Schinus longifolia and Prosopis affinis.

TA B L E  1 Results of the generalized linearmixed models (GLMM). Z values for the fixed effects and SD that fitted the random effects 
(sites and treatments) are shown

Model Fixed terms Z value p value Random effects SD

Regeneration (trees m−2)
Open and closed

Microhabitat
Grass cover
LAI

−7.3
−4.5
1.6

<0.001***
<0.001***
<0.09 ns

Sites
Treatment

0.84
0.00

Grass cover (%)
Open and closed

Microhabitat
LAI

13.4
0.4

<0.001***
0.64 ns

Sites
Treatment

0.27
0.00

Regeneration (trees m−2)
Close

Grass cover
LAI
Tree height
DBH
Crown diameter

−3.4
1.3
−0.5
0.8
0.1

<0.001***
0.18 ns
0.60 ns
0.38 ns
0.87 ns

Sites 0.92

Abbreviations: DBH, diameter at breast height; LAI, Leaf area index; ns, not significant.
***p < 0.001, **p < 0.01; *p < 0.05.
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4  |  DISCUSSION

4.1  |  Trees facilitate regeneration in grazed park 
forests

Studies in Uruguay have been limited to assessment of the grazing 
effect on tree regeneration of hill forests (Etchebarne & Brazeiro, 
2016), palm forests (Báez & Jaurena, 2000; Rivas, 2005) and a coastal 
forest (Rodríguez-Gallego, 2006). To our knowledge, no study has 
assessed the occurrence and importance of facilitation mechanisms 
in Uruguayan park forests.

Our study clearly confirmed a pattern of tree regeneration under 
nurse trees in park forests with 1600% more seedling density under 
the trees than in open areas (Figure 2a, Table 1). This indicates that 
adult trees facilitate the establishment of new individuals, a form of 
‘parental care’ in plants as was found in an Araucaria Forest in South 
Brazil (Duarte et al., 2006), in a sclerophyllus forest and the forest–
grassland ecotone in Chile (Fajardo & McIntire, 2011; Cavieres & 
Peñaloza, 2012; Root-Bernstein & Jaksic, 2013) and in seasonally dry 
forests in Argentina (Tálamo et al., 2015; Torres & Renison, 2015). 
However, the ‘perch effect’ is also an option for all fleshy-fruited 
species that are dispersed by birds (see Table 2; e.g. Celtis ehrenber-
giana [Palacios et al., 2014] or Schinus longifolia]. Nurse and perch 
effects are not mutually exclusive, rather both effects function in a 
synergistic way: bird dispersal brings seeds to the safe germination 
sites of the nurse tree.

Our results agree with findings by Gómez-Aparicio et al. (2008) 
and Guignabert et al. (2020) where tree regeneration was facilitated 
by nurse plants in the presence of hervibores. Specific nurse charac-
teristics including fine variations of shape and size are suggested as 
major drivers of interactions (Anthelme et al., 2017). However, in our 
study we did not find an effect of variations of the stem diameter, 

stem height and crown diameter of nurse trees on tree regeneration 
(Figure 2d-f, Table1).

In our study, trees significantly increase shade in the understo-
rey (+61%) (Figure 3b). Open areas in park forests are subject to 
high solar radiation, and nurse trees can provide shade and reduce 
light intensity. Similar studies emphasize the provision of shade 
and reduction of light intensity by nurse trees (Abdallah & Chaieb, 
2012), resulting in lower seedling mortality compared to open mi-
crohabitats (Manning et al., 2006). The nurse trees analyzed in this 
study, Prosopis spp., and Vachellia caven, are also able to improve 
soil conditions for regeneration as a result of their nitrogen fixation 
capacity (Root-Bernstein et al., 2017). Isolated trees of Vachellia 
caven improve soil fertility and herbaceous biomass in Uruguayan 
grasslands (Bernardi et al., 2016). The nurse effect of Vachellia caven 
was also recorded in a sclerophyllous forest of central Chile (Root-
Bernstein et al., 2017). Vachellia caven display a lower height, multi-
branched stems and the presence of spines that creates a structure 
that restricts cattle browsing, grazing and trampling. In fact, our data 
provide evidence for the greater effectiveness of Vachellia caven 
(‘espinillares’) in facilitating regeneration in comparison with Prosopis 
spp. (‘algarrobales’ and ‘blanqueales’) (Figure 3a). In contrast, despite 
the presence of spines Prosopis species have characteristics that limit 
their protective role, such as a growth architecture that leaves open 
spaces beneath them, allowing relatively easy access to herbivores.

We recorded 24% less grass cover under trees compared to the 
open habitat (Figure 3c). Shade provided by nurse plants is able to re-
duce the growth of competing herbs (Pages & Michalet, et al., 2003; 
Cuesta et al., 2010; Saccone et al., 2010; Prévosto et al., 2012). Such 
an indirect positive effect on tree seedlings plays an important role 
in systems where grass competition is an important limiting factor. 
Grasses have large negative effects on woody species due to their 
fibrous roots and a large root:shoot ratio, which allows them to 

F I G U R E  2 Effect graphs based on 
the generalized linear mixed-effects 
model (GLMM), testing the effects of 
microhabitat and tree parameters on tree 
regeneration. Mean partial effects on 
tree regeneration are shown (solid lines). 
Circles show arithmetic means, error bars 
represent standard errors. Shaded regions 
correspond to 95% confidence intervals 
for each section. For parameter definition 
see section 2. Materials and Methods, for 
results see Table 1
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compete efficiently for soil and water resources (Gómez-Aparicio, 
2009).

Recruited tree species in our study were predominantly zoochor-
ous and dispersed mainly by birds (Table 2, Figure 3d). Scattered 
trees in landscapes used by livestock are known to act as habitat 
islands, providing connectivity across open habitats and attracting 
frugivorous birds that use trees for perching, which results in a seed 
rain beneath nurse trees (Manning et al., 2006). Regenerating species 
were predominately facilitative obligates and facilitative beneficia-
ries, whereas non-facilitated species were significantly less frequent 
(Figure 3f, Table 2). Some species like Schinus longifolia, Celtis ehren-
bergiana, and Blepharocalyx salicifolius showed a notably higher re-
generation density. This is consistent with the fact that these species 
are intermediately shade-tolerant species, whereas light-demanding 
species like Erythrina crista-galli and Geoffroea decorticans were only 
recorded in open areas (Table 2). In general, studies have shown 
that the nurse effect is more beneficial for stress-intolerant than for 
stress-tolerant species (Gómez-Aparicio et al., 2008). Shade-tolerant 
species were also benefitted when livestock was excluded from a 
hillside forest in Uruguay (Etchebarne & Brazeiro, 2016). Life strat-
egy traits had similar densities in the regenerating species. In fact, 

park forest trees were able to promote the regeneration of species 
with three different life strategies, highlighting their important role 
within the ecosystem (Figure 3e, Table 2).

4.2  |  Community composition but not diversity 
varies across park forests

Quantitative studies on park forests are scarce and limited to some 
local studies. We characterized here, for the first time, a large num-
ber of park forests across Uruguay. The park forests analyzed are 
similar in species diversity (Figure 4b, c) and the values are compara-
ble with results in another study that evaluated other park forests in 
northwestern Uruguay (Pozo & Säumel, 2018), but higher than those 
recorded in the ‘espinillares’ in Brazil (Watzlawick et al., 2010; Redin 
et al., 2011). Tree communities have a distinct species composition 
(Figure 4a). In general, Vachellia caven, Prosopis affinis and Prosopis 
nigra were the most characteristic and abundant species, comprising 
75% of the total abundance, as has been recorded for other park for-
ests of Uruguay and Brazil (Redin et al., 2011; Pozo & Säumel, 2018). 
Species like Aspidosperma quebracho-blanco, Geoffroea decorticans 

TA B L E  2 Tree and regeneration species composition in park forests in Uruguay, with codes used in the NMDS analysis. Dispersal mode 
(DM): Zoo (Zoochorous), Ane (Anemochorous), Aut (Autochorous). Life strategy (LS): Shi (light-demanding shade-intolerant), Int (intermediate 
shade-tolerant), Sht (shade-tolerant species). Facilitation type (FT): Obl (facilitation obligates), Ben (facilitation beneficiaries), Nof (species 
non-facilitated). R: Species recorded in the facilitation experiments. For references see Appendix S2

Family Species/Author/Code DM LS FT DE, References

Anacardiaceae Schinus longifolia (Lindl.) Speg. (ScLo) Zoo Sht Ben 1. Abraham de Noir et al. (2002)
2. Assunção et al. (2014)
3. Barberis et al. (2002)
4. Barchuk & Díaz (2005)
5. Chaneton et al. (2013)
6. Etchebarne and Brazeiro (2016)
7. Fontoura et al. (2006)
8. González & Cadenazzi (2015)
9. Madeira et al. (2009)
10. Mielke & Schaffer (2010)
11. Plaza Behr et al. (2016)
12. da Silva Possete et al. (2015)
13. Redin et al. (2017)
14. Risio et al. (2014)
15. Streit et al. (2014)
16. Zalba & Villamil (2002)

Apocynaceae Aspidosperma quebracho-blanco Schltdl. (AsQb) Ane Int Ben

Berberidaceae Berberis laurina Billb. (BeLa) R Zoo Shi Obl

Bignoniaceae Tabebuia impetiginosa (Mart. ex DC) Standl. 
(TaRor) R

Ane Int Obl

Celastraceae Maytenus ilicifolia Mart. ex Reissek (MaIlr) R Zoo Int, Sht Obl

Euphorbiaceae Sebastiania brasiliensis Spreng. (SeBr) Aut Shi, Int Obl

Flacourtaceae Xylosma tweediana (Clos) Eichler (XyTw) R Zoo Shi Obl

Leguminosae Erythrina crista-galli L. (ErCrr) R Ane Shi Nof

Leguminosae Geoffroea decorticans (Gillies ex Hook. & Arn.) 
Burkart (GeDe)

Zoo Shi, Int Nof

Leguminosae Prosopis affinis Spreng. (PrAf) R Zoo Shi Ben

Leguminosae Prosopis nigra (Griseb.) Hieron. (PrNi) Zoo Shi Nof

Leguminosae Vachellia caven (Molina) Seigler & Ebinger (VaCa) R Zoo Shi Ben

Myrtaceae Blepharocalyx salicifolius (Kunth) O.Berg (BlSa) R Zoo Int, Sht Obl

Myrtaceae Eugenia uniflora L. (EuUn) R Zoo Shi, Int Obl

Myrtaceae Myrcianthes cisplatensis (Cambess.) O.Berg (MyCi) Zoo Shi Obl

Myrtaceae Myrrhinium atropurpureum Schott (MyAt) R Zoo Int, Shi, Sht Obl

Rhamnaceae Scutia buxifolia Reissek (ScBu) R Zoo Shi, Int Obl

Salicaceae Populus alba L. (PoAl) R Ane Shi Nof

Sapindaceae Allophylus edulis (A.St.-Hil., A.Juss. & Cambess.) 
Hieron. ex Niederl. (AlEd) R

Zoo Shi Obl

Thymelaeaceae Daphnopsis racemosa Griseb. (DaRar) R Zoo Shi, Int, Sht Obl

Ulmaceae Celtis ehrenbergiana (Klotzsch) Liebm. (CeTa) R Zoo Int Obl
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and Prosopis nigra were more common in ‘blanqueales’ than in the 
other park forest types. This observation agrees with previous stud-
ies in Uruguay which highlight the presence of Prosopis nigra exclu-
sively on halomorphic soils in ‘blanqueales’ (Fagúndez, 2015). The 
majority of native forest species found in our study have wide dis-
tributions in Uruguay and in South America (Brussa & Grela, 2007; 
González, 2013) and have been reported in other park forests of 
Uruguay (Costa & Delgado, 2001; Grela & Brussa, 2003). Affinity 
with the Chaco and Espinal flora was evident in the park forests 
from the presence of species like Vachellia caven, Celtis ehrenbergi-
ana, Prosopis affinis, Prosopis nigra, Schinus longifolia, Aspidosperma 
quebracho-blanco and Scutia buxifolia (Haretche et al., 2012; Noy-
Meir et al., 2012; Watzlawick et al., 2014; Cabido et al., 2018). We 
recorded the exotic species Populus alba regenerating in the ‘algar-
robales’. This species was originally introduced in Uruguay by sil-
vicultural practices (Masciadri et al., 2010). Likewise, other studies 
recorded exotic species such as Ligustrum lucidum, Gleditsia triacan-
thos, and Melia azedarach invading park forests in Uruguay (Piaggio 
& Delfino, 2009; Traversa-Tejero & Alejano-Monge, 2013; Pozo & 
Säumel, 2018) and invading Espinal forests in Argentina (Lewis et al., 
2009; Noy-Meir et al., 2012).

4.3  |  Restoration of park forests

Our results have practical implications for the management of park 
forests: woody species such as Prosopis affinis, Prosopis nigra and 
Vachellia caven appeared as excellent candidates for use as nurses 
in the restoration of all system types and can be combined with 
temporal exclosures of grazing to foster regeneration and growth. 
Restoration approaches that promote revegetation and minimize 
cost and effort can be achieved using facilitation as a restoration 
tool, especially in developing countries that have few resources 
at their disposal and lack incentives to restore degraded forests 
(Gómez-Aparicio, 2009). In addition, our results suggest that pre-
serving forest remnants will accelerate secondary succession in 
these areas (passive restoration) by acting as seed sources and pro-
viding a habitat for dispersers (Rey Benayas et al., 2008). As in the 
majority of dry forests worldwide (Miles et al., 2006; Hansen et al., 
2013), park forests have been destroyed because of agricultural 
expansion, over-grazing and selective wood extraction for fuel or 
other products (especially Prosopis spp.). The same forest type in 
Argentina, the Espinal, has been almost completely destroyed due 
to agricultural intensification (Noy-Meir et al., 2012). In areas where 

F I G U R E  3 Variations of: (a) relative interaction index (RII) of trees on tree regeneration density and richness; (b) value of Leaf Area Index 
(LAI) between open and closed microhabitats; (c) grass cover between open and closed microhabitats; (d) regeneration density distributed 
across dispersal modes, (e) life strategy and (f) facilitation type. Abreviations: BL (‘blanqueales’, Rio Negro), ALB (‘algarrobales’, Artigas), ALP 
(‘algarrobales’, Paysandú), ES (‘espinillares’, Tacuarembo); Zoo (zoochorous), Ane (anemochorous), Aut (autochorous); Shi (light-demanding 
shade-intolerant), Int (intermediate shade-tolerant), Sht (shade-tolerant species); Obl (facilitation obligates), Ben (facilitation beneficiaries), 
Nof (species non-facilitated). Circles show aritmetic means, error bars represent standard errors. Values of p are given: ***, p < 0.001; **, 
p < 0.01; *, p < 0.05. For variable definition see section 2. Materials and Methods
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F I G U R E  4 (a) Non-metric multidimensional scaling (NMDS) ordination of tree species from different park forests using the Bray–Curtis 
distance based on species abundance, showing distance between sites and tree species (adults and regeneration species). (b, c) Shannon 
diversity index (H) of tree species (b) and regeneration species (c); circles show aritmetic means, error bars represent standard errors. 
Abreviations: BL (‘blanqueales’, Rio Negro), ALB (‘algarrobales’, Artigas), ALP (‘algarrobales’, Paysandú), ES (‘espinillares’, Tacuarembo). (d) 
NMDS ordination showing distance between sites and adults. (e) NMDS ordination showing distance between sites and regeneration 
species. Species were abbreviated with the first four letters of the names and ending in r for regeneration; circles size correspond to the age 
category; p values are given
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most dry forests have been converted into pasture a conservative 
approach has led to the creation of silvopastoral systems based on 
grazing and the maintenance of the native tree layer while preserv-
ing ecosystem functions (Rejžek et al., 2017). This can be a strategy 
to maintain or restore natural park forests especially using species 
like Aspidosperma quebracho-blanco, Prosopis affinis, Prosopis nigra 
and Vachellia caven that are already used in other natural silvopasto-
ral systems (Root-Bernstein & Jaksic, 2013; Rejžek et al., 2017). We 
propose that floristically diverse park forests have to be protected 
for conservation and restored whenever possible, without necessar-
ily preventing them from being used for traditional silvopastoralism. 
An integrated view of the forest–grassland mosaic has to be included 
in management practices, e.g. by assisting tree establishment and 
survival in grasslands (Erdős et al., 2018) to create silvopastoral 
systems.

5  |  CONCLUSION

Our study supports the facilitation effect that nurse trees exert on 
tree regeneration under their canopy, in grazed park forests. Based 
on our results we suggest that the nurse mechanisms are explained 
by the provision of shade, the limitation of grass development and 
therefore the reduction of grass competition, and the attraction of 
zoochorous seed dispersers. Scattered trees exert parental care in 
highly modified agricultural and silvicultural park forests of Uruguay 
and therefore they act as important refugia promoting tree recov-
ery with paramount importance in these ecosystems. Further stud-
ies are therefore needed on the outcome of tree–tree regeneration 
interactions in a scenario of increased magnitude and frequency of 
grazing. Experimental studies to assess other variables such as hu-
midity, temperature, soil composition and risk of predation under 
nurse trees and in the open areas will contribute to the understand-
ing of the underlying facilitation mechanism of nurse trees in park 
forests.

ACKNOWLEDG EMENTS
We acknowledge our field assistants and the local communi-
ties and landowners of Uruguay for making this study possible. 
Especially we would like to thank Andrés Berruti, César Pérez, 
Pablo da Luz and Ignacio Balbis for their support during field 
work. The article processing charge was funded by the Deutsche 
Forschungsgemeinschaft (DFG, German Research Foundation) – 
491192747 and the Open Access Publication Fund of Humboldt-
Universität zu Berlin.

AUTHOR CONTRIBUTIONS
Conceptualization: Paola Pozo and Ina Säumel; implementation and 
adaptation of the study, Paola Pozo; methodology design and valida-
tion, Paola Pozo and Ina Säumel; data acquisition and analysis, Paola 
Pozo; draft writing, Paola Pozo; review and editing, Paola Pozo and 
Ina Säumel; visualization, Paola Pozo; supervision and funding acqui-
sition, Ina Säumel.

DATA AVAIL ABILIT Y S TATEMENT
The authors confirm that the data supporting the findings of this 
study are available within the article and its supplementary materials.

ORCID
Paola Pozo Inofuentes   https://orcid.org/0000-0002-6508-5020 
Ina Säumel   https://orcid.org/0000-0001-9099-8182 

R E FE R E N C E S
Abdallah, F. & Chaieb, M. (2012) The influence of trees on nutrients, 

water, light availability and understorey vegetation in an arid envi-
ronment. Applied Vegetation Science, 15(4), 501–512.

Abraham de Noir, F., Juárez, M.L., Boletta, P., & Saavedra de Avila, S. 
(2002) Ripeness and seed dispersal in a semiarid region of Argentina 
and their relation with some climatic factors. Foresta Veracruzana, 
4, 7–13.

Anderson, M.J. (2001) A new method for non-parametric multivari-
ate analysis of variance. Austral Ecology, 26(1), 32–46. https://doi.
org/10.1111/j.1442-9993.2001.tb000​81.x

Anderson, R.C., Loucks, O.L. & Swain, A.M. (1969) Herbaceous Response 
to Canopy Cover, Light Intensity, and Throughfall Precipitation 
in Coniferous Forests. Ecology, 50, 255–263. https://doi.
org/10.2307/1934853

Andivia, E., Villar-Salvador, P., Tovar, L., Rabasa, S. & Rey Benayas, 
J.M. (2017) Multiscale assessment of woody species recruitment 
in Mediterranean shrublands: facilitation and beyond. Journal 
of Vegetation Science, 28, 639–648. https://doi.org/10.1111/
jvs.12520

Anthelme, F., Meneses, R.I., Valero, N.N.H., Pozo, P. & Dangles, O. (2017) 
Fine nurse variations explain discrepancies in the stress-interaction 
relationship in alpine regions. Oikos, 126, 1173–1183. https://doi.
org/10.1111/oik.04248

Armas, C., Ordiales, R. & Pugnaire, F.I. (2004) Measuring plant interac-
tions: A new comparative index. Ecology, 85, 2682–2686. https://
doi.org/10.1890/03-0650

Asner, G.P., Scurlock, J.M.O. & Hicke, A.J. (2003) Global synthesis of 
leaf area index observations: implications for ecological and re-
mote sensing studies. Global Ecology Biogeography, https://doi.
org/10.1046/j.1466-822X.2003.00026.x

Assunção, V.A., Casagrande, J.C., Sartori, Â.L.B. (2014) Floristics and 
Reproductive Phenology of Trees and Bushes in Central West 
Brazil. Anais da Academia Brasileira de Ciências, 86(2), 785–800. 
http://dx.doi.org/10.1590/0001-37652​01420​130042

Báez, F. & Jaurena, M. (2000) Regeneration of Butia (Butia capitata) palm 
grove under grazing conditions. Survey of rural establishments in 
Rocha. (Spanish) (Regeneración del palmar de Butiá (Butia capi-
tata) en condiciones de pastoreo. Relevamiento de establecimien-
tos rurales de Rocha). In: Báez, F. & Jaurena, M. (Eds.) Biodiversity 
Conservation and Sustainable Development Program in the Eastern 
Wetlands (Uruguay) (Programa de Conservación de la Biodiversidad 
y Desarrollo Sustentable en los Humedales del Este (Uruguay)). 
Montevideo: Probides, (1–32).

Baraza, E., Zamora, R., & Hódar, A. (2006) Conditional outcomes in plant–
herbivore interactions: neighbours’ matter. Oikos, 113(1), 148–156.

Barberis, I.M., Batista W.B., Pire E.F., Lewis J.P., León R.J.C. (2002) 
Woody population distribution and environmental heterogeneity 
in a Chaco forest, Argentina. Journal of Vegetation Science, 13(5), 
607–614. https://doi.org/10.1111/j.1654-1103.2002.tb020​88.x

Barchuk, A.H., Valiente-Banuet, A., Diaz, M.P. (2005) Effect of shrubs 
and seasonal variability of rainfall on the establishment of 
Aspidosperma quebracho-blanco in two edaphically contrast-
ing environments. Austral Ecology, 30(6), 695–705. https://doi.
org/10.1111/j.1442-9993.2005.01511.x

https://orcid.org/0000-0002-6508-5020
https://orcid.org/0000-0002-6508-5020
https://orcid.org/0000-0001-9099-8182
https://orcid.org/0000-0001-9099-8182
https://doi.org/10.1111/j.1442-9993.2001.tb00081.x
https://doi.org/10.1111/j.1442-9993.2001.tb00081.x
https://doi.org/10.2307/1934853
https://doi.org/10.2307/1934853
https://doi.org/10.1111/jvs.12520
https://doi.org/10.1111/jvs.12520
https://doi.org/10.1111/oik.04248
https://doi.org/10.1111/oik.04248
https://doi.org/10.1890/03-0650
https://doi.org/10.1890/03-0650
https://doi.org/10.1046/j.1466-822X.2003.00026.x
https://doi.org/10.1046/j.1466-822X.2003.00026.x
http://dx.doi.org/10.1590/0001-3765201420130042
https://doi.org/10.1111/j.1654-1103.2002.tb02088.x
https://doi.org/10.1111/j.1442-9993.2005.01511.x
https://doi.org/10.1111/j.1442-9993.2005.01511.x


    |  11 of 13
Journal of Vegetation Science

POZO INOFUENTES and SÄUMEL

Bates, D., Machler, M., Bolker, B.M. & Walker, S.C. (2015) Fitting Linear 
Mixed-Effects Models using lme4. Journal of Statistical Software, 67, 
1–48. https://doi.org/10.18637/​jss.v067.i01

Bernardi, R.E., Holmgren, M., Arim, M., Scheffer, M. (2016) Why are for-
ests so scarce in subtropical South America? The shaping roles of 
climate, fire and livestock. Forest Ecology and Management, 363, 
212–217. https://doi.org/10.1016/j.foreco.2015.12.032

Bertness, M.D. & Callaway, R. (1994) Positive interactions in com-
munities. Trends in Ecology & Evolution, 9, 187–191. https://doi.
org/10.1016/0169-5347(94)90087​-6

Brazeiro, A., Achkar, M., Toranza, C. & Barthesagui, L. (2008) Potential 
impacts of land use change on Uruguay's terrestrial biodiversity 
(Potenciales impactos del cambio de uso de suelo sobre la biodi-
versidad terrestre de Uruguay). In: Vanina Volpedo, A. & Fernández 
Reyes, L. (Eds.), Effect of global changes on biodiversity (Efecto de los 
cambios globales sobre la biodiversidad). Montevideo: CYTED, (7–22).

Brazeiro, A., Achkar, M., Toranza, C., Bartesaghi, L. (2020) Agricultural 
expansion in Uruguayan grasslands and priority areas for verte-
brate and woody plant conservation. Ecology and Society, 25(1). 
https://doi.org/10.5751/es-11360​-250115

Brussa, C.A. & Grela, I.A. (2007) Arboreal flora of Uruguay. With emphasis 
on the species of Rivera and Tacuarembó. (Flora arbórea del Uruguay. 
Con énfasis en las especies de Rivera y Tacuarembó). Empresa Gráfica 
Mosca, Montevideo.

Butterfield, B.J. (2009) Effects of facilitation on community stability and 
dynamics: Synthesis and future directions. Journal of Ecology, 97, 
1192–1201. https://doi.org/10.1111/j.1365-2745.2009.01569.x

Cabido, M., Zeballos, S.R., Zak, M., Carranza, M.L., Giorgis, M.A., Cantero, 
J.J. et al. (2018) Native woody vegetation in central Argentina: 
Classification of Chaco and Espinal forests. Applied Vegetation 
Science, https://doi.org/10.1111/avsc.12369

Catterall, C.P. (2016) Roles of non-native species in large-scale regen-
eration of moist tropical forests on anthropogenic grassland. 
Biotropica, 48, 809–824.

Cavieres, L.A. & Peñaloza, A. (2012) Facilitation and interference at the 
intraspecific level: Recruitment of Kageneckia angustifolia D. Don 
(Rosaceae) in the montane sclerophyllous woodland of central 
Chile. Perspectives in Plant Ecology, Evolution and Systematics, 14, 
13–19. https://doi.org/10.1016/j.ppees.2011.09.003

Céspedes-Payret, C., Piñeiro, G., Gutiérrez, O. & Panario, D. (2012) Land 
use change in a temperate grassland soil: Afforestation effects on 
chemical properties and their ecological and mineralogical implica-
tions. Science of the Total Environment, 438, 549–557. https://doi.
org/10.1016/j.scito​tenv.2012.08.075

Chaneton, E.J., Mazía, N., & Batista, W.B. (2013) Woody plant invasions 
in Pampa Grasslands: A biogeographical and community assembly 
perspective. Ecotones Between Forest and Grassland, (pp.115–144). 
New York: Springer Science.

Clarke, K.R. (1993) Non-parametric multivariate analyses of changes in 
community structure. Australian Journal of Ecology, 18, 117–143. 
https://doi.org/10.1111/j.1442-9993.1993.tb004​38.x

Costa, N.R. & Delgado, G.S. (2001) Analysis of management plans in 
natural forests in Uruguay and case study in a mountain community, 
department of Lavalleja. (Análisis de planes de manejo en bosques 
naturales de Uruguay y estudio de caso en una comunidad serrana, 
departamento de Lavalleja.) Unpublished Thesis. Universidad de la 
República (UdelaR)

Cuesta, B., Villar-Salvador, P., Puértolas Simon, J., Rey Báñales, J.M., & 
Michalet, R. (2010) Facilitation of Quercus ilex in mediterranean 
shrubland is explained by both direct and indirect interactions 
mediated by herbs. Journal of Ecology, 98, 687–696. https://doi.
org/10.1111/j.1365-2745.2010.01655.x

Delgado, S. & Nebel, J.P. (2014) Native Forest Management Manual (Manual 
de Manejo del Bosque Nativo). Agricultura y Pesca: Ministerio de 
Ganadería.

da Silva Possete, R.F., Mikich, S.B., Hatschbach, G.G., dos Santos 
Ribas, O. & Liebsch, D. (2015) Floristic composition and dispersal 
syndromes in Araucaria Forest remnants in the municipality of 
Colombo, Paraná state, Brazil. Check List, 11(5), 1771. https://doi.
org/10.15560/​11.5.1771

Duarte, L.D.A.S., Dos-Santos, M.M.G., Hartz, S.M. & Depatta Pillar, V. 
(2006) Role of nurse plants in Araucaria Forest expansion over 
grassland in south Brazil. Austral Ecology, 31, 520–528. https://doi.
org/10.1111/j.1442-9993.2006.01602.x

Erdős, L., Kröel-Dulay, G., Bátori, Z., Kovács, B., Németh, C., Kiss, P.J. 
et al. (2018) Habitat heterogeneity as a key to high conservation 
value in forest-grassland mosaics. Biological Conservation, 226, 72–
80. https://doi.org/10.1016/j.biocon.2018.07.029

Etchebarne, V. & Brazeiro, A. (2016) Effects of livestock exclusion in 
forests of Uruguay: Soil condition and tree regeneration. Forest 
Ecology and Management, 362, 120–129. https://doi.org/10.1016/j.
foreco.2015.11.042

Fagúndez, C. (2015) Distribution patterns in the genus Prosopis L. 
(Leguminosae): The carob trees of Uruguay. (Patrones de dis-
tribución en el género Prosopis L. (Leguminosae): Los algar-
robos de Uruguay). Unpublished Thesis. Universidad de la República 
Uruguay

Fajardo, A. & McIntire, E.J.B. (2011) Under strong niche overlap conspe-
cifics do not compete but help each other to survive: Facilitation at 
the intraspecific level. Journal of Ecology, 99, 642–650. https://doi.
org/10.1111/j.1365-2745.2010.01771.x

FAO (2016) Global forest resources assessment 2015. How are the World's 
Forests Changing? Second edition. Rome: FAO, (1–54).

Fidelis, A., Overbeck, G.E., Pillar, V.D. & Pfadenhauer, J. (2009) The eco-
logical value of Eryngium horridum in maintaining biodiversity in 
subtropical grasslands. Austral Ecology, 34, 558–566. https://doi.
org/10.1111/j.1442-9993.2009.01959.x

Fontoura, S.B., Ganade, G., Larocca, J. (2006) Changes in plant community 
diversity and composition across an edge between Araucaria forest 
and pasture in South Brazil. Revista Brasileira de Botânica, 29(1), 79–
91. https://doi.org/10.1590/s0100​-84042​00600​0100008

Gómez-Aparicio, L. (2009) The role of plant interactions in the resto-
ration of degraded ecosystems: A meta-analysis across life-forms 
and ecosystems. Journal of Ecology, 97, 1202–1214. https://doi.
org/10.1111/j.1365-2745.2009.01573.x

Gómez-Aparicio, L., Zamora, R., Castro, J. & Hódar, J.A. (2008) Facilitation 
of tree saplings by nurse plants: Microhabitat amelioration or pro-
tection against herbivores? Journal of Vegetation Science, 19, 161–
172. https://doi.org/10.3170/2008-8-18347

González, S.E. (2013) Study of the floristic composition and structure 
of the riparian forests of the Uruguay River north and south of the 
Salto Grande dam, in the departments of Artigas, Salto and Paysandú 
(Uruguay). (Estudio de la composición florística y estructura de los 
bosques ribereños del río Uruguay al norte y al sur de la represa de 
Salto Grande, en los departamentos de Artigas, Salto y Paysandú 
(Uruguay)). Unpublished Thesis Universidad de la República 
(UdelaR)

González, S., & Cadenazzi, M. (2015) Recolonización natural por bosque 
ribereño en margen izquierda del embalse de Salto Grande. 
Identificación de especies pioneras. Agrociencia Uruguay, 19(1), 
1–13.

Grela, I.A. (2004) Floristic geography of tree species in Uruguay: proposal 
for the delimitation of dendroflora. (Geografía florística de las es-
pecies arbóreas de Uruguay:propuesta para la delimitación de 
dendrofloras). Unpublished Thesis Universidad de la República 
(UdelaR)

Grela, I.A. & Brussa, C.A. (2003) Floristic survey and comparative analy-
sis of tree communities in Sierra De Ríos (Relevamient O Florístico 
Y Análisis Comparativo De Comunidades Arbóreas De Sierra De 
Ríos (Cerro Largo - Uruguay)). Agrociencia Uruguay, 7, 11–26.

https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.foreco.2015.12.032
https://doi.org/10.1016/0169-5347(94)90087-6
https://doi.org/10.1016/0169-5347(94)90087-6
https://doi.org/10.5751/es-11360-250115
https://doi.org/10.1111/j.1365-2745.2009.01569.x
https://doi.org/10.1111/avsc.12369
https://doi.org/10.1016/j.ppees.2011.09.003
https://doi.org/10.1016/j.scitotenv.2012.08.075
https://doi.org/10.1016/j.scitotenv.2012.08.075
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1365-2745.2010.01655.x
https://doi.org/10.1111/j.1365-2745.2010.01655.x
https://doi.org/10.15560/11.5.1771
https://doi.org/10.15560/11.5.1771
https://doi.org/10.1111/j.1442-9993.2006.01602.x
https://doi.org/10.1111/j.1442-9993.2006.01602.x
https://doi.org/10.1016/j.biocon.2018.07.029
https://doi.org/10.1016/j.foreco.2015.11.042
https://doi.org/10.1016/j.foreco.2015.11.042
https://doi.org/10.1111/j.1365-2745.2010.01771.x
https://doi.org/10.1111/j.1365-2745.2010.01771.x
https://doi.org/10.1111/j.1442-9993.2009.01959.x
https://doi.org/10.1111/j.1442-9993.2009.01959.x
https://doi.org/10.1590/s0100-84042006000100008
https://doi.org/10.1111/j.1365-2745.2009.01573.x
https://doi.org/10.1111/j.1365-2745.2009.01573.x
https://doi.org/10.3170/2008-8-18347


12 of 13  |    
Journal of Vegetation Science

POZO INOFUENTES and SÄUMEL

Guignabert, A., Augusto, L., Gonzalez, M., Chipeaux, C. & Delerue, F. 
(2020) Complex biotic interactions mediated by shrubs: Revisiting 
the stress-gradient hypothesis and consequences for tree seedling 
survival. Journal of Applied Ecology, 57(7), 1341–1350.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., 
Tyukavina, A. et al. (2013) High-resolution global maps of 21st-
century forest cover change. Science, 342(6160), 850–853. https://
doi.org/10.1126/scien​ce.1244693

Haretche, F., Mai, P. & Brazeiro, A. (2012) Woody flora of Uruguay: 
inventory and implication within the Pampean region. Acta Bot 
Brasilica, 26, 537–552. https://doi.org/10.1590/S0102​-33062​
01200​0300004

Johnson, C.N., Balmford, A., Brook, B.W., Buettel, J.C., Galetti, M., 
Guangchun, L. et al. (2017) Biodiversity losses and conservation 
responses in the Anthropocene. Science (80-), 356, 270–275.

Lewis, J.P., Noetinger, S., Prado, D.E. & Barberis, I.M. (2009) Woody 
vegetation structure and composition of the last relicts of Espinal 
vegetation in subtropical Argentina. Biodiversity and Conservation, 
18(13), 3615–3628. https://doi.org/10.1007/s1053​1-009-9665-8

Macdougall, A.S., Duwyn, A. & Jones, N.T. (2010) Consumer-based 
limitations drive oak recruitment failure. Ecology, 91, 2092–2099. 
https://doi.org/10.1890/09-0204.1

Madeira, B.G., Espírito-Santo, M.M., Neto, S.D., Nunes, Y.R.F., Arturo 
Sánchez Azofeifa, G., Wilson Fernandes, G., Quesada, M. (2009) 
Changes in tree and liana communities along a successional gra-
dient in a tropical dry forest in south-eastern Brazil. Plant Ecology, 
201(1), 291–304. https://doi.org/10.1007/s1125​8-009-9580-9

Manning, A.D., Fischer, J. & Lindenmayer, D.B. (2006) Scattered 
trees are keystone structures -  Implications for conservation. 
Biological Conservation, 132, 311–321. https://doi.org/10.1016/j.
biocon.2006.04.023

Manning, A.D., Gibbons, P. & Lindenmayer, D.B. (2009) Scattered trees: 
a complementary strategy for facilitating adaptive responses to cli-
mate change in modified landscapes? Journal of Applied Ecology, 46, 
915–919. https://doi.org/10.1111/j.1365-2664.2009.01657.x

Martínez-Ramos, M., Pingarroni, A., Rodríguez-Velázquez, J., Toledo-
Chelala, L., Zermeño-Hernández, I. & Bongers, F. (2016) Natural 
forest regeneration and ecological restoration in human-
modified tropical landscapes. Biotropica, 48, 745–757. https://doi.
org/10.1111/btp.12382

Masciadri, S., Brugnoli, E. & Muniz, P. (2010) InBUy database of invasive 
and alien species (IAS) in uruguay: A useful tool to confront this 
threat to biodiversity | La base de datos de especies exóticas e inva-
soras (EEI) en Uruguay-inBUy: Una herramienta útil para enfrentar 
esta amenaza sobre la biod. Biota Neotropica, 10, 205–213. https://
doi.org/10.1590/S1676​-06032​01000​0400026

Michalet, R., Brooker, R.W., Lortie, C.J., Maalouf, J.P. & Pugnaire, F.I. 
(2015) Disentangling direct and indirect effects of a legume shrub 
on its understorey community. Oikos, 124(9), 1251–1262.

Mielke, M.S. & Schaffer B. (2010) Photosynthetic and growth responses 
of Eugenia uniflora L. seedlings to soil flooding and light intensity. 
Environmental and Experimental Botany, 68(2), 113–121. https://doi.
org/10.1016/j.envex​pbot.2009.11.007

Miles, L., Newton, A.C., DeFries, R.S., Ravilious, C., May, I., Blyth, S. 
et al. (2006) A global overview of the conservation status of trop-
ical dry forests. Journal of Biogeography, 33(491–505), https://doi.
org/10.1111/j.1365-2699.2005.01424.x

Minchin, P.R. (1987) An evaluation of the relative robustness of tech-
niques for ecological ordination. Vegetatio, 69(1-3), 89–107. https://
doi.org/10.1007/BF000​38690

Nores, M., Cerana, M.M. & Serra, D.A. (2005) Dispersal of for-
est birds and trees along the Uruguay River in southern South 
America. Diversity and Distribution, 11, 205–217. https://doi.
org/10.1111/j.1366-9516.2005.00141.x

Noy-Meir, I., Mascó, M., Giorgis, M.A., Gurvich, D.E., Perazollo, D., Ruiz, 
G., et al. (2012) Structure and diversity of two fragments of the 

espinal forest in Córdoba, a threatened ecosystem. (Estructura y 
diversidad de dos fragmentos del bosque de espinal en córdoba, 
un ecosistema amenazado). Boletín De La Sociedad Argentina De 
Botánica, 47, 119–133.

Oesterheld, M. & Oyarzábal, M. (2004) Grass-to-grass protec-
tion from grazing in a semi-arid steppe. Facilitation, com-
petition, and mass effect. Oikos, 107, 576–582. https://doi.
org/10.1111/j.0030-1299.2004.13442.x

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., & 
O'Hara, R.B., et al. (2017) vegan: Community Ecology Package. R 
Packag version 24-4. Retrieved from: https://CRAN.R-proje​ct.org/
packa​ge=vegan

Padilla, F.M. & Pugnaire, F.I. (2006) The role of nurse plants in res-
toration of degraded environments. Frontiers in Ecology and 
the Environment, 4, 196–202. https://doi.org/10.1890/154
0-9295(2006)004

Pages, J.-P., Michalet, R. (2003) A test of the indirect facilita-
tion model in a temperate hardwood forest of the northern 
French Alps. Journal of Ecology, 91(6), 932–940. https://doi.
org/10.1046/j.1365-2745.2003.00825.x

Piaggio, M. & Delfino, L. (2009) Floristics and phytosociology of a 
river forest in Minas de Corrales, Rivera, Uruguay. (Florística y 
fitosociología de un bosque fluvial en Minas de Corrales, Rivera, 
Uruguay). Iheringia, 64, 45–51.

van der Pijl, L. (1982) Principles of Dispersal in higher plants, 3rd edition. 
Berlin: Springer.

Plaza Behr, M.C., Pérez, C.A., Goya, J.F., Azcona, M. & Arturi, M.F. (2016) 
Plantación de celtis ehrenbergiana como técnica de recuperación 
de bosques invadidos por ligustrum lucidum en los talares del NE 
de Buenos Aires. Austral Ecology, 26, 171–177.

Pozo, P. & Säumel, I. (2018) How to bloom the green desert: Eucalyptus 
plantations and native forests in Uruguay beyond black and white 
perspectives. Forests, 9, 614. https://doi.org/10.3390/f9100614

Pretzsch, H., Biber, P., Uhl, E., Dahlhausen, J., Rötzer, T., Caldentey, J. 
et al. (2015) Crown size and growing space requirement of common 
tree species in urban centres, parks, and forests. Urban Forestry 
and Urban Greening, 14, 466–479. https://doi.org/10.1016/j.
ufug.2015.04.006

Prévosto, B., Monnier, Y., Ripert, C. & Fernandez, C. (2012) To what ex-
tent do time, species identity and selected plant response variables 
influence woody plant interactions? Journal of Applied Ecology, 49, 
1344–1355. https://doi.org/10.1111/jpe.12000

Redin, C.G., Longhi, R.V., Watzlawick, L.F. & Longhi, S.J. (2011) Floristic 
composition and structure of the natural regeneration of the 
Espinilho State Park, RS, Brazil (Composição florística e estru-
tura da regeneração natural do Parque Estadual do Espinilho, 
RS). Ciência Rural, 41, 1195–1201. https://doi.org/10.1590/S0103​
-84782​01100​5000083

Redin, C.G., Longhi, S.J., Reichert, J.M., Soares, K.P., Rodrigues, M.F., 
Watzlawick, L.F. (2017). Grazing changes the soil-plant relationship 
in the tree-regeneration stratum in the pampa of souhtern bra-
zil. Cerne, 23(2), 193–200. https://doi.org/10.1590/01047​76020​
17230​22225

Redo, D.J., Aide, T.M., Clark, M.L. & Andrade-Núñez, M.J. (2012) 
Impacts of internal and external policies on land change in Uruguay, 
2001–2009. Environmental Conservation, 39, 122–131. https://doi.
org/10.1017/S0376​89291​1000658

Rejžek, M., Coria, R.D., Kunst, C., Svátek, M., Kvasnica, J., Navall, M. 
(2017) To chop or not to chop? Tackling shrub encroachment by 
roller-chopping preserves woody plant diversity and composition in 
a dry subtropical forest. Forest Ecology and Management, 402, 29–
36. https://doi.org/10.1016/j.foreco.2017.07.032

Rey Benayas, J.M., Bullock, J.M. & Newton, A.C. (2008) Creating wood-
land islets to reconcile ecological restoration, conservation, and 
agricultural land use. Frontiers in Ecology and the Environment, 6, 
329–336.

https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
https://doi.org/10.1590/S0102-33062012000300004
https://doi.org/10.1590/S0102-33062012000300004
https://doi.org/10.1007/s10531-009-9665-8
https://doi.org/10.1890/09-0204.1
https://doi.org/10.1007/s11258-009-9580-9
https://doi.org/10.1016/j.biocon.2006.04.023
https://doi.org/10.1016/j.biocon.2006.04.023
https://doi.org/10.1111/j.1365-2664.2009.01657.x
https://doi.org/10.1111/btp.12382
https://doi.org/10.1111/btp.12382
https://doi.org/10.1590/S1676-06032010000400026
https://doi.org/10.1590/S1676-06032010000400026
https://doi.org/10.1016/j.envexpbot.2009.11.007
https://doi.org/10.1016/j.envexpbot.2009.11.007
https://doi.org/10.1111/j.1365-2699.2005.01424.x
https://doi.org/10.1111/j.1365-2699.2005.01424.x
https://doi.org/10.1007/BF00038690
https://doi.org/10.1007/BF00038690
https://doi.org/10.1111/j.1366-9516.2005.00141.x
https://doi.org/10.1111/j.1366-9516.2005.00141.x
https://doi.org/10.1111/j.0030-1299.2004.13442.x
https://doi.org/10.1111/j.0030-1299.2004.13442.x
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1890/1540-9295(2006)004
https://doi.org/10.1890/1540-9295(2006)004
https://doi.org/10.1046/j.1365-2745.2003.00825.x
https://doi.org/10.1046/j.1365-2745.2003.00825.x
https://doi.org/10.3390/f9100614
https://doi.org/10.1016/j.ufug.2015.04.006
https://doi.org/10.1016/j.ufug.2015.04.006
https://doi.org/10.1111/jpe.12000
https://doi.org/10.1590/S0103-84782011005000083
https://doi.org/10.1590/S0103-84782011005000083
https://doi.org/10.1590/01047760201723022225
https://doi.org/10.1590/01047760201723022225
https://doi.org/10.1017/S0376892911000658
https://doi.org/10.1017/S0376892911000658
https://doi.org/10.1016/j.foreco.2017.07.032


    |  13 of 13
Journal of Vegetation Science

POZO INOFUENTES and SÄUMEL

Ripley, B., Venables, B., Bates, D., Hornik, K., Gebhardt, A. & Firth, D. 
(2016). MASS: Support functions and datasets for venables and ripley's 
MASS. R package version 7.45. Retrieved from: https://cran.r-proje​
ctorg/​web/packa​ges/MASS/

Risio, L., Herrero, C., Bogino, S.M., & Bravo, F. (2014). Aboveground 
and belowground biomass allocation in native Prosopis caldenia 
Burkart secondaries woodlands in the semi-arid Argentinean pam-
pas. Biomass and Bioenergy, 66, 249–260. https://doi.org/10.1016/j.
biomb​ioe.2014.03.038

Rivas, M. (2005) Challenges and alternatives for in situ conservation of 
Butia capitata (Mart.) palm groves. (Desafíos y alternativas para la 
conservación in situ de los palmares de Butia capitata (Mart.) Becc.). 
Agrociencia, 161–168. https://doi.org/10.2477/VOL9I​SS1-2PP16​
1-168

Rodríguez-Gallego, M.G. (2006) Structure and regeneration of the ombú 
forest (Phytolacca dioica) of the Castillos lagoon (Rocha, Uruguay). 
(Estructura y regeneración del bosque de ombúes (Phytolacca di-
oica) de la laguna de Castillos (Rocha, Uruguay)). In: Menafra, R., 
Rodríguez-Gallego, L., Scarabino, F. & Conde, D. (Eds) Bases para 
la conservación y el manejo de la costa uruguaya. Graphis -  Vida 
Silvestre, (503–511). Montevideo

Root-Bernstein, M. & Jaksic, F. (2013) The chilean espinal: Restoration 
for a sustainable silvopastoral system. Restoration Ecology, 21, 409–
414. https://doi.org/10.1111/rec.12019

Root-Bernstein, M., Valenzuela, R., Huerta, M., Armesto, J. & Jaksic, F. 
(2017) Acacia caven nurses endemic sclerophyllous trees along 
a successional pathway from silvopastoral savanna to forest. 
Ecosphere, 8, 1–22. https://doi.org/10.1002/ecs2.1667

Saccone, P., Pages, J.P., Girl, G., Brun, J.J., & Michalet, R. (2010) Acer 
negundo invasion along a successional gradient: early direct facil-
itation by connative pioneers and late indirect facilitation by con-
specifics. New Phytologist, 187(3), 831–842.

Schöb, C., Armas, C. & Pugnaire, F.I. (2013) Direct and indirect interactions 
co-determine species composition in nurse plant systems. Oikos, 122, 
1371–1379. https://doi.org/10.1111/j.1600-0706.2013.00390.x

Seddon, N., Mace, G.M., Naeem, S., Tobias, J.A., Pigot, A.L., Cavanagh, R. 
et al. (2016) Biodiversity in the anthropocene: Prospects and pol-
icy. Proceedings of the Royal Society B: Biological Sciences, 283(1844), 
20162094. https://doi.org/10.1098/rspb.2016.2094

Shannon, C.E. & Weaver, W. (1949) The mathematical theory of commu-
nication. Mathematical Theory of Communication, 27, 117. https://
doi.org/10.2307/3611062

Smit, C., Vandenberghe, C., Den Ouden, J. & Müller-Schärer, H. (2007) 
Nurse plants, tree saplings and grazing pressure: Changes in facili-
tation along a biotic environmental gradient. Oecologia, 152, 265–
273. https://doi.org/10.1007/s0044​2-006-0650-6

Soliveres, S., Eldridge, D.J., Hemmings, F. & Maestre, F.T. (2012) Nurse 
plant effects on plant species richness in drylands: The role of graz-
ing, rainfall and species specificity. Perspectives in Plant Ecology, 
Evolution and Systematics, 14, 402–410. https://doi.org/10.1016/j.
ppees.2012.09.003

Sotomayor, D.A. & Lortie, C.J. (2015) Indirect interactions in terres-
trial plant communities: emerging patterns and research gaps. 
Ecosphere, 6(6), 1–23.

Streit, H., Carlucci, M., & Bergamin, R. (2014). Patterns of diaspore func-
tional diversity in Araucaria Forest successional stages in extreme 
southern Brazil. Rev Bras Biociências, 12(2), 106–114.

Swaine, M.D. & Whitmore, T.C. (1988) On the definition of ecological 
species groups in tropical rain forests. Vegetatio, 75, 81–86. https://
doi.org/10.1007/BF000​44629

Tálamo, A., Barchuk, A., Cardozo, S., Cardozo, S., Trucco, C., MarÁs, 
G. et al. (2015) Direct versus indirect facilitation (herbivore 

mediated) among woody plants in a semiarid Chaco forest: A spa-
tial association approach. Austral Ecology, 40, 573–580. https://doi.
org/10.1111/aec.12224

Tiscornia, G., Achkar, M., Brazeiro, A. (2014) Efectos de la intensificación 
agrícola sobre la estructura y diversidad del paisaje en la región 
sojera de Uruguay. Ecología Austral, 24(2), 212–219. https://doi.
org/10.25260/​ea.14.24.2.0.24

Torres, R.C. & Renison, D. (2015) Effects of vegetation and herbivores on 
regeneration of two tree species in a seasonally dry forest. Journal 
of Arid Environments, 121, 59–66. https://doi.org/10.1016/j.jarid​
env.2015.05.002

Traversa-Tejero, I.P. & Alejano-Monge, M.R. (2013) Caracterización, dis-
tribución y manejo de los bosques nativos en el norte de Uruguay. 
Revista Mexicana De Biodiversida, 84, 249–262. https://doi.
org/10.7550/rmb.23314

Watzlawick, L.F., Longhi, S.J., Schneider, P.R., Finger, C.A.G. & Longhi, 
R.V. (2010) Caracterização e dinâmica da vegetação de uma 
Savana Estépica Parque, Barra do Quaraí, RS, Brasil. Pesquisa 
Florestal Brasileira, 30, 363–368. https://doi.org/10.4336/2010.
pfb.30.64.363

Watzlawick, L.F., Longhi, S.J., Schneider, P.R. & Finger, C.A.G. (2014) 
Aspectos da vegetação arbórea em fragmento de estepe estacional 
savanícola, barra do quaraí-RS, Brasil. Revista Ciência Florestal, 24, 
23–36. https://doi.org/10.5902/19805​09813320

Whitmore, T.C. (1989) Canopy gaps and the two major groups of forest 
trees. Ecology, 70, 536–538. https://doi.org/10.2307/1940195

Zalba, S.M. & Villamil, C.B. (2002). Woody Plant Invasion in Relictual 
Grasslands. Biological Invasions, 4(1/2), 55–72. https://doi.
org/10.1023/a:10205​32609792

Zuur, A.F., Ieno, E.N. & Elphick, C.S. (2010) A protocol for data exploration to 
avoid common statistical problems. Methods in Ecology and Evolution, 
1, 3–14. https://doi.org/10.1111/j.2041-210X.2009.00001.x

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

Appendix S1. Composition of woody species mean tree density 
(AD) and mean regeneration density (RD) are given. Abreviations 
include: BL (‘blanqueales’, Rio Negro), ALB (‘algarrobales’, Artigas), 
ALP (‘algarrobales’, Paysandú), ES (‘espinillares’, Tacuarembo).
Appendix S2. Supplementary references for Table 2 on tree and 
regeneration species composition in park forests in Uruguay are 
given.
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