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A�������. In drylands all over the world, chronic anthropic disturbances are relevant factors for woodland 
degradation. Different disturbances can potentially interact to change vegetation structure. Knowing woodland 
structure is crucial for be�er predicting forest dynamic because trees of different sizes significantly affect 
the regeneration processes, number of saplings and young trees, crown traits and competition a�ributes. 
Throughout the Monte biogeographic region, grazing and wood extraction are the main anthropogenic 
disturbances on Prosopis dry woodlands that can generate modifications in key ecosystem processes. First, we 
aimed to assess woodland structure at sites under chronic anthropic disturbances. Subsequently, we explored 
how the combination of grazing and wood extraction affected the population structure of P. flexuosa considered 
by classes: seedlings, saplings and adults. We found that sites under disturbances presented a high density of 
trees of smaller sizes. Besides, the interaction effect between grazing and wood extraction depended on the 
intensities of each of the disturbances. The combination of high intensities of both grazing and wood extraction 
negatively affected the abundance of all classes, but low or moderate grazing intensities combined with high 
wood extraction had a positive effect on the abundance of saplings and adults. High intensities of co-occurring 
disturbances decreased seedling abundance affecting forest recruitment which also was negatively reflected in 
sapling and adult abundance. However, the combination of low or moderate grazing and high wood extraction 
generated a woodland structure characterized by few seedlings, and many saplings and adult trees of small 
size. Application of management options (e.g., spatial or temporal separation of human use, programmed 
management of grazing and wood extraction intensities or planned practices as wood removal for local use) 
should contribute to enhance the provision of ecosystem services in Prosopis sp. woodlands without risking 
regeneration persistence and improving the woodland structure.

[Keywords: chronic anthropogenic disturbance, dry woodlands, wood extraction, co-management practices, 
grazing, interactive disturbances]

R������. Efectos interactivos de los disturbios antrópicos crónicos sobre la estructura forestal de Prosopis 
en el Monte Central, Argentina. En las zonas áridas de todo el mundo, los disturbios antrópicos crónicos son 
factores relevantes para la degradación de los bosques. La combinación de distintos disturbios puede cambiar 
la estructura de la vegetación, lo cual tiene implicancia en los procesos de regeneración, el número de plántulas 
y árboles jóvenes, las características de la copa y los atributos de competencia. En la región biogeográfica 
de Monte, el pastoreo y la extracción de madera son los principales disturbios antrópicos en los bosques de 
Prosopis que pueden generar modificaciones en procesos clave de los ecosistemas. Primeramente, nuestro 
objetivo fue evaluar la estructura del bosque en sitios bajo disturbios antrópicos crónicos. Posteriormente, 
exploramos cómo las posibles interacciones entre pastoreo y extracción de madera afectaron la estructura 
de la población de P. flexuosa, considerada por clases: plántulas, juveniles y adultos. Los sitios sometidos a 
disturbios presentaron una alta densidad de árboles de menor tamaño. Además, la co-ocurrencia de altas 
intensidades de disturbio disminuyó la abundancia de plántulas, afectando el reclutamiento forestal, lo cual 
también afectó negativamente la abundancia de renovales y adultos. Sin embargo, la combinación de pastoreo 
bajo o moderado y alta extracción de madera generó una estructura boscosa con pocas plántulas y muchos 
renovales y adultos de pequeño tamaño. Aplicar opciones de manejo como la separación espacial o temporal 
del uso humano, el manejo programado de las intensidades de ganadería, o prácticas planificadas como la 
extracción de madera para uso local contribuiría a mejorar la provisión de servicios ecosistémicos en bosques 
de Prosopis sp. sin afectar la regeneración y mejorando la estructura del bosque.

[Palabras clave: disturbios antrópicos crónicos, bosques de zonas áridas, extracción de madera, prácticas de 
co-manejo, pastoreo, disturbios interactivos]
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I�����������
Dryland biomes occupy approximately 

41% of the world’s land surface and are 
home to one-third of the world’s population 
(Bastin et al. 2018). These ecosystems deserve 
special attention due to the high fragility 
they present in the face of anthropic pressure 
(Whitford 2002). Woodland structure of 
drylands is determined by climate and edaphic 
properties, especially water availability, and 
it is also particularly sensitive to the impact 
of human activities because of their low 
regeneration capacity (Malagnoux et al. 2007; 
Villagra et al. 2009; Albuquerque et al. 2018). 
Understanding the effects of factors driving 
woodland population dynamics can improve 
conservation and management programs 
(Piraino et al. 2016).

Chronic anthropogenic disturbances derive 
from the human use of woodlands to support 
livelihoods; for example, the extraction 
of deadwood and non-timber woodland 
products, grazing or hunting (FAO 2016). 
Opposite to large-scale disturbances such 
as habitat loss and fragmentation, chronic 
disturbances are diffuse and more frequent, 
and operate at small spatial scales. Therefore, 
they are not expected to cause sudden and 
complete changes to the environment (Ribeiro 
et al. 2015). However, these disturbances 
have been recognized as a determining factor 
in the woodlands decline of developing 
countries because their effects could be 
cumulative over the time (Martorell and 
Peters 2005). Overgrazing and unplanned 
extraction of woodland products are among 
the main chronic disturbances that can change 
vegetation structure, cause local species 
extinctions, affect ecological processes and, 
finally, produce land degradation (Leal et 
al. 2005; Martorell and Peters 2005; Ribeiro 
et al. 2015). Chronic disturbances modified 
the structure of woodlands and turned 
them into alternative states such as lands 
dominated by shrubs (Ribeiro et al. 2015). 
Knowing woodland structure is crucial for 
better predicting forest dynamic because 
trees of different sizes significantly affect the 
regeneration processes, the number of saplings 
and young trees, crown traits, and competition 
attributes (Podlanski et al. 2019). It is generally 
accepted that the combined effects of multiple 
chronic disturbances influence ecosystem 
processes, but the effects of those interactions 
on plant population dynamics remain poorly 
understood (Mandle and Ticktin 2012).

The Monte biogeographic region is a 
subtropical warm temperate desert located 
in western Argentina (Abraham et al. 2009), 
where Prosopis flexuosa is the main tree species, 
reaching ~250 years of longevity (Alvarez and 
Villagra 2009). From the ecosystem point of 
view, P. flexuosa is considered a nurse species 
because it increases soil fertility by contributing 
organic matter under its canopy, promoting 
interactions between animals and plants (Rossi 
and Villagra 2003; Villagra and Alvarez 2019). 
Also, this tree species provides important 
ecosystem services such as shade and forage 
for livestock, food, firewood, and materials 
for house building (Alvarez and Villagra 
2009). The history of anthropic and natural 
disturbances has driven to the desertification 
of large areas of Prosopis woodlands, reducing 
the extent of its occurrence and simplifying its 
structure (Villagra et al. 2009). 

Nowadays, grazing and wood extraction 
(the main productive and subsistence 
activities in Prosopis woodlands) can modify 
key ecosystem processes (Meglioli et al. 2014). 
The effects of grazing have been studied to a 
deeper extent than those produced by wood 
extraction. Grazing has differential effects over 
different plant life cycle phases (Aschero et 
al. 2016). In the initial stages, grazing can 
facilitate germination and seed dispersal 
processes (Campos and Ojeda 1997) and 
can also decrease above- and belowground 
competition from herbaceous vegetation 
towards woody seedlings, favoring their 
establishment and persistence. Once woody 
plants reach the sapling stage, they become 
much less vulnerable, but competition, 
nutrient limitations and disturbances such 
as herbivory can combine to slow down 
sapling development and prolong the time 
they require to reach the adult stage (Archer 
et al. 2017). Likewise, disturbances such as 
grazing or wood extraction can cause the 
destruction of the apical bud in P. flexuosa 
saplings, favoring vegetative regeneration 
(regrowth) and generating individuals with 
multiple stems (Alvarez et al. 2011a). 

Wood is an essential component of forests 
which provides regeneration substrate for 
some plants and refuge for multiple organisms 
(Morrissey et al. 2014). Thus, extraction of 
deadwood on the ground can reduce suitable 
sites for germination and establishment of 
seedlings. Also, the damage produced during 
the wood extraction process could negatively 
affect the initial development stages of a 
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population. There is incipient evidence that 
wood removal does not have negative effects 
on seed production of P. flexuosa, understory 
plants and soil properties in Prosopis 
woodlands, but results are not conclusive 
(Vazquez et al. 2011). Although wood 
extraction and grazing commonly occurs 
simultaneously in arid lands, their potential 
interactive effect is still poorly understood. 

Considering what has been stated so far, we 
hypothesize that chronic disturbances, despite 
representing a low intensity disturbance, are 
determinant of P. flexuosa woodland structure 
in the Monte of Argentina, and their effects 
could be differential among stage classes, 
specially affecting the most vulnerable stages, 
as regeneration (Villagra et al. 2004). Also, 
simultaneous disturbance agents can interact 
and produce an effect greater than the sum 
of their individual effects; for example, wood 
extraction increases the possibilities of cattle 
grazing —which leads to greater soil erosion, 
increased trampling and decreased suitable 
sites for germination—, negatively affecting 
forest regeneration. Our specific objectives 
were to: 1) assess woodland structure in sites 

under different long-term land management 
types and 2) explore how the potential 
interactions between grazing and wood 
extraction, affected the population structure 
of P. flexuosa. The final goal of this study 
is to generate information for the regional 
management of Prosopis woodlands and to 
contribute to the knowledge of the functioning 
of dryland ecosystems in the face of low 
intensity disturbances sustained over time.

M�������� ��� M������ 
Study site

The study area is located in the Monte 
biogeographic region (24°35’ S to 44°20’ 
S and from 62°54’ W to 69°5’ W) (Figure 
1). It is characterized by semiarid to arid 
climate, marked seasonality and wide daily 
temperature range. The average annual 
temperature varies from N to S between 
17.5 and 13 °C, respectively. Total annual 
precipitation varies between 50 and 350 mm; 
it is concentrated in Spring and Summer, and 
shows a decreasing gradient from east to west 
(Labraga and Villalba 2009). 

Figure 1. Study area location (a, b) and sites (a) within Prosopis woodlands of the Central Monte, in areas with high 
grazing disturbance (rangelands with continuous grazing management: R1 and R3; rangelands with rotational grazing 
management: R2 and R4), area with wood extraction (transition zone) and undisturbed area (reserve) (a). Surfaces of 
the private cattle ranches are approximate. Schema of plots at each site (c).
Figura 1. Localización del área de estudio (a, b) y de los sitios (a) de muestreo en bosques de Prosopis del Monte Central, 
en áreas con fuerte disturbio ganadero (campos con manejo continuo: R1 y R3; campos con manejo rotativo: R2 y R4), 
área con extracción de madera (zona de transición) y área no disturbada (reserva) (a). Las superficies de los campos 
ganaderos son aproximadas. Esquema de las parcelas establecidas por cada sitio (c).
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The vegetation is a mosaic composed by a) 
shrub steppe dominated by Zigophyllaceae 
species, b) edaphic steppes of halophytic 
shrubs such as Suaeda divaricata, Atriplex 
spp. and Alleronfea vaginata, and c) azonal 
woodlands dominated by species of Prosopis 
genus or ‘algarrobales’ that reach between 
15 and 30% of tree cover (Villagra et al. 
2004). In the ‘algarrobales’, P. flexuosa trees 
are commonly associated with shrubby and 
small trees such as Larrea divaricata, Geoffroea 
decorticans, Capparis atamisquea and Bulnesia 
retama. 

The study area is placed in the Ñacuñán plain, 
which was formed by the accumulation of 
Andean sediments during the upper Cenozoic 
and Quaternary periods (Guevara et al. 1997), 
conforming an alluvial fan with a west-east 
disposition. Therefore, Prosopis woodlands 
are located in (micro)gradient with poor soils 
on the west and an enrichment of the soil to 
the east by accumulation of sediments, related 
to the transition between the ‘Huayquerias’ 
(i.e., lands extensively eroded by water and 
wind due to lack of vegetation know as 
‘badlands’) and the sedimentary basin (Figure 
1) (Capitanelli 1972). Also, the Ñacuñán plain 
presents temporary streams and deep layers 
of clay that could provide additional water 
for plant growth (Torres 2001; Tanquilevich 
1971).

In relation to historical use, trees all over the 
region were felled at the beginning of the 19th 
century to extract logs, coal and poles. The 
forest products were used first for charcoal 
and gas production, and later for the supply 
of wood for the wine and furniture industries. 
After 1916, forest clearing increased the 
growth of heliophytic grasses and promoted 
the expansion of cattle grazing (Abraham 
and Prieto 1999). Since then, cattle grazing 
has progressively increased and has become 
the dominant production system in the region. 
In parallel, wood exploitation has decreased 
(Aschero and García 2012). The current 
woodland constitutes a secondary regrowth 
forest characterized by the presence of multi-
stemmed trees.

We worked in areas with different long-
term land management types: the Ñacuñán 
Biosphere Reserve (34°03’ S - 67°58’ W), the 
transition zone, and surrounding private 
rangelands (Figure 1a). In the reserve, grazing 
and extractive activities have been excluded for 
nearly 50 years. The response to the exclusion 
of a disturbance agent is inherently linked to 

disturbance intensity, site-specific properties 
and time of cessation of disturbance. It 
has been observed that after 30-40 years of 
domestic grazing removal, the increase of 
plant biomass (i.e., grasses and shrubs) led to 
a significant spatial rearrangement of plant 
patches and modifications of certain functions, 
such as soil stability and nutrient cycling 
(Valone and Sauter 2005; Cramer et al. 2008; 
Tabeni et al. 2017). As noted in the reserve, 50 
years of domestic grazing removal promoted 
an increment in the abundance-dominance 
or frequency of the main palatable grasses as 
well as some species of shrubs (Rossi 2004). 
Also, the increase of plant cover restored the 
spatial arrangement of vegetation patches 
and consequently reestablished landscape 
connectivity (Tabeni et al. 2016). Thus, for 
the purpose of this study, the reserve can be 
considered as an undisturbed area. 

The surrounding private rangelands present 
different combinations of grazing and wood 
extraction (i.e., people extract stems from 
living trees mainly for use as poles and also 
deadwood for domestic use) (Figure 2a and 
2b). As grazing is the main disturbance in 
those rangelands, we referred to them as areas 
with high grazing disturbance to simplify 
identification. However, disturbances, 
grazing and wood extraction can be jointly 
present in rangelands. In the transition zone, 
a local community of approximately fourteen 
families extract wood for domestic use, 
including coarse woody debris and stems and 
deadwood from living trees. This area presents 
an intense extraction pressure, considering 
the time of deadwood production in Prosopis 
woodlands (~20 years) (Alvarez et al. 2011a). 
As grazing disturbance is not present in this 
area, we referred to it as an area with wood 
extraction disturbance.

Field methods
Sample design considered land management 

type and woodland heterogeneity. We 
established 23 sites within the ‘algarrobal’ 
community patches, in woodlands areas with 
different land management types, taking as 
a base the vegetation map of González-
Loyarte et al. (2000). Sites were separated 
from each other by at least 500 m. Ten sites 
were randomly selected in the undisturbed 
area and 13 sites were established in areas 
with chronic disturbances (3 in the area with 
wood extraction and 10 in areas with high 
grazing disturbance). Then, we arranged 
three sampling plots within each site (except 



₁₁₂                                                                     CR S�������� �� ��                                      E������ �� ������������� ������������ �� �������� ���������                                ₁₁₃Ecología Austral 32:108-121

for a site where two plots were established) 
according to logistic possibilities. Plots were 
20x50 m, placed at least 100 m apart from each 
other (n=68 plots) (Figure 1a and 1c).

Woodland structure survey
We registered variables related to woodland 

structure in each plot: number of P. flexuosa 
trees, number of stems in each individual 
of P. flexuosa, basal diameter of each stem 
(using diameter tape or digital caliper), total 
tree height (with Velmex digital hypsometer, 
resolution: 0.1 m), crown dimensions (major 
and minor diameter using diameter tape). 
Considering that most trees are multi- 
stemmed, we calculated the equivalent basal 
diameter (EBD) for each tree with the next 
formula, following the procedure used by 
Alvarez et al. (2006). Formula includes dab 
(diameter at the height of the base) of each 
stem.

EBD = 2 √ {{π (dab1/2)2+π (dab2/2)2+π (dab3/
2)2+....+π (dabn/2)2}/π}

Then, we estimated total density (trees/ha), 
stems/ha and canopy coverage (m2/ha). 

Finally, we classified trees of P. flexuosa in 
stage-size classes as adults (EBD>7.5 cm), 
saplings (EBD between 7.5 and 1 cm) and 
seedlings (EBD<1 cm) (Villagra et al. 2005; 

Aschero and García 2012). The seedlings 
class is characterized for being a critical 
period of great mortality, where the seedling 
needs to establish. After the seedling stage, 
survival is probably high (Villagra et al. 2004). 
The category of saplings and adults were 
established according to the management 
practices in the area. Individuals with basal 
diameters greater than 7.5 cm were considered 
adults because they are used as firewood and 
poles for vineyards (Villagra et al. 2005). We 
estimated the number of trees per hectare for 
each stage size-classes (hereafter abundance 
of adults, saplings and seedlings) from the 
number of trees per plot belonging to each 
class.

Disturbance indices
Since chronic disturbances produce gradual 

changes in ecosystems, they need to be 
measured on a continuous scale that quantifies 
the degree of disturbance, rather than using a 
dichotomic scale (Martorell and Peters 2005). 
Thus, we built quantitative indices of grazing 
and wood extraction in the same plots to 
analyze the effects of chronic disturbances on 
the stand structure of Prosopis woodlands. In 
private rangelands and in the transition zone, 
we counted the number of branch collars in all 
trees of the plots as a sign of branch removal 
(hereafter, wood extraction index). Wood 
extraction index was null in the reserve. 

Figure 2. Wood accumulation for posts and firewood in rangelands (a and b) (ph: E. Barrio). Vegetation stands with 
small trees and high density (c and d) (ph: C. Szymañski).
Figura 2. Acumulación de madera para postes y leña en campos ganaderos (a y b) (ph: E. Barrio). Parches de vegetación 
con árboles pequeños y gran densidad (c y d) (ph: C. Szymañski).
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Subsequently, we approximated grazing 
intensity (hereafter, grazing index) in plots of 
the rangelands by visually estimating fresh 
cow dung cover using a 1x1 m quadrat, placed 
30 times systematically within each plot. The 
sum of cow dung cover in all the quadrants 
was established as the grazing index per 
plot. Grazing was null in the reserve and the 
transition zone.

Data analysis
First, we used principal component analysis 

(PCA) to describe the main trends of sites’ 
variation according to structure. The data 
recorded in the plots corresponding to 
the same site were averaged to obtain the 
values per site. In the PCA we included the 
structure variables total density of trees, 
crown diameter, height, canopy coverage 
and stems/ha (Di Rienzo et al. 2008). Later, 
we performed generalized linear mixed 
models (GLMM) to analyze the combined 
effects of chronic anthropogenic disturbances 
on abundance of each stage size-classes (i.e., 
adults, saplings and seedlings), assuming a 
Poisson distribution of errors. Therefore, the 
abundance of each class was established as 
response variable and disturbance indices 
were set up as fixed effects. Disturbance 
indices were scaled dividing the x value 
by their standard deviations before being 
incorporated to GLMM. There was not a 
correlation between disturbance indices used 
as explanatory variables (rho=-0.08, P>0.05). 
We explored the potential interactive effects 

of grazing and wood extraction including 
the interaction between wood extraction 
index and grazing index in the GLMM. 
Considering that plots corresponding to the 
same site have similar history, management 
and environment, we included the site in 
GLMM as random effect (Bates et al. 2014). 
We calculated R2 marginal (R2M) and R2 
conditional (R2C) coefficients to assess the 
goodness of fit. R2M represents variance of 
fixed factors while R2C represents the variance 
explained by both fixed and random effects 
(Nakagawa and Schielzeth 2013). We used 
graphic methods to test assumptions of 
normality and homogeneity of residuals. 

We performed all analyses using R v.3.2.5 
environment and language (R Core Team 2018) 
and Infostat program (Di Rienzo et al. 2008). 
We performed principal components analysis 
with Infostat program. We used ‘lme4’ (Bates 
et al. 2018), ‘fitdistrplus’ (Delignette-Muller 
and Dutang 2015), ‘DHARMa’ (Hartig 2020), 
‘emmeans’ (Lenth 2021) and ‘MuMIn’ (Barton 
2020) packages to perform GLMM.

R������

Relationship among sites with different land 
management types

The PCA analysis indicated that height, 
crown diameter, total density and stems/ha 
were the variables with the best projection 
on PC1 (Figure 3). The first component 
explained ~60% of the variability. Sites with 

Figure 3. Principal 
components analysis to 
describe site similarities 
and structural variables. 
Principal components 1 
and 2 are represented.
Figura 3. Análisis de 
componentes principales 
para describir las 
similitudes entre sitios y las 
variables estructurales. Se 
representan componentes 
principales 1 y 2.
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Figure 4. Effects of the 
interaction between 
grazing and wood 
extraction indices 
on the abundance of 
adults, saplings and 
seedlings. Four levels are 
represented for grazing 
index: null, mean, 
mean+standard deviation 
and maximum. 
Figura 4. Efectos de 
la interacción entre 
indicadores de ganadería 
y extracción de madera 
sobre la abundancia 
de adultos, juveniles y 
plántulas. Se representan 
sólo cuatro niveles del 
índice de uso ganadero: 
nulo, medio, medio+una 
desviación estándar y 
máximo.
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chronic disturbances mainly presented higher 
densities and smaller sizes of individuals, and 
they were arranged to the right of the graph, 
while undisturbed sites presented the opposite 
characteristics and were grouped to the left of 
the graph.

Abundance of stage size-classes according 
chronic disturbances

The GLMM results indicated that the 
combination of high intensities of both 
disturbances negatively affected all stage 
classes, decreasing their abundances (Table 
1; Figure 4). However, intermediate intensity 
of grazing found in private rangelands 
combined with low, moderate, or high wood 
extraction intensities increased the abundance 
of adults and saplings (Figure 4). Particularly, 
the combination of low grazing intensity and 
high wood extraction increased the abundance 
of adults and saplings between three and 
five times more than low intensities of both 
disturbances (Figure 4). 

The highest seedlings abundance was 
observed at high grazing intensity and low 
wood extraction. For low grazing intensity, 
high wood extraction increased seedlings 
abundance. The abundance of seedlings did 
not show variation for intermediate intensity of 
grazing found in private rangelands combined 
with low, medium, or high intensities of wood 
extraction (Figure 4). Disturbances explained 
between 17 and 25% of the variance in stage 
classes abundance (variance of fixed effects). 
Large variation in GLMM was associated to 
site as random effects (~72-78%) (Table 1). 

D���������
The lack of knowledge about the combined 

action of anthropic disturbances makes it 
difficult to implement sustainable practices 
for the use of natural resources. This study is 
the first to quantify the interaction effect of two 
common disturbances of arid lands, grazing 
and wood extraction. Since the global effect 
of the chronic disturbances results from their 
integrated effects on the different stages of the 
life cycle of a species, we analyzed chronic 
anthropogenic disturbances effects on the 
population structure considered by stages 
classes. We found that the combination of high 
intensities of grazing and wood extraction 
negatively affected seedlings abundance, 
according to disturbance intensities found 
in the study area. Aschero and García (2012) 
reported that the positive effects of grazing on 
seedling emergence offset the negative effects 
of livestock on seed production and seedling 
survival; thus, grazing does not have a net 
effect on tree recruitment. Conversely, in this 
work, we show that the combination of high 
intensities of both grazing and wood extraction 
decreased seedling abundance and, therefore, 
regeneration in P. flexuosa woodlands. Wood 
is an important functional component of forest 
ecosystems which provides regeneration 
substrate for plants, among other effects 
(Morrissey et al. 2014). Elimination of wood 
reduces the regeneration microsites and 
may allow more access of livestock into the 
stand, increasing herbivory, trampling and 
soil erosion by cattle, and consequently, 
decreasing recruitment. Disturbances favor 
the presence of highly erodible soils that 

Adjusted Model Fixed effects Estimate Std. error Z value P value

Adults abundance Intercept 4.02 0.12 33.29 <0.0001
    R2M=25% Grazing index 0.19 0.05 4.26 <0.0001
    R2C=97% WE index 0.35 0.04 9.81 <0.0001

Grazing index × WE index -0.39 0.04 -10.51 <0.0001
Saplings abundance Intercept 3.99 0.15 26.02 <0.0001
    R2M=19% Grazing index 0.09 0.05 1.82 0.07
    R2C=98% WE index 0.41 0.04 9.28 <0.0001

Grazing index × WE index -0.22 0.04 -5.34 <0.0001
Seedlings abundance Intercept 2.21 0.21 10.42 <0.0001
    R2M=17% Grazing index 0.63 0.11 5.87 <0.0001
    R2C=95% WE index 0.24 0.12 1.95 0.05

Grazing index × WE index -0.43 0.13 -3.28 <0.005

Table 1. Results of adjusted models for abundance per stage-classes of Prosopis flexuosa according to different disturbances 
in the Monte Central, Argentina. WE index: wood extraction index; R2M: R2 marginal; R2C: R2 conditional.
Tabla 1. Resultados de los modelos ajustados para la abundancia de Prosopis flexuosa por clase en relación con los 
distintitos disturbios en el Monte Central, Argentina. WE index: índice de extracción de madera; R2M: R2 marginal; 
R2C: R2 condicional.
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hinder germination (Muñoz-Rojas et al. 
2016). Furthermore, the role of vegetation 
patches is crucial in promoting germination 
and seedling establishment in arid lands 
because they provide water and nutrients 
(Aguiar and Sala 1999; Snyman 2004; 
Muñoz-Rojas et al. 2016). Anthropogenic 
disturbances can change vegetation spatial 
configuration and even reduce the cover of 
patches, consequently reducing the facilitation 
process and decreasing recruitment (Aguiar 
and Sala 1999). Our results are highly relevant 
to forest conservation as they indicate that the 
combination of high intensities of productive 
and subsistence activities, such as grazing 
and wood extraction, would negatively 
affect regeneration. In accordance with this, 
Martorell and Peters (2005) reported that 
different anthropogenic disturbances can act 
synergistically on the population density of the 
endemic cacti Mammillaria pectinifera, and that 
their combined effects are more detrimental 
than individually. However, the abundance 
of seedlings did not vary for intermediate 
intensity of grazing found in private 
rangelands combined with low, medium, 
or high intensities of wood extraction. The 
highest seedlings abundance was observed 
for combination of high intensity of grazing 
and low wood extraction because grazing 
facilitates germination and seed dispersal 
processes (Campos and Ojeda 1997).

Similar results were found in saplings 
and adults, whose abundances decreased 
when high intensities of both disturbances 
(grazing and wood extraction) took place 
simultaneously. These results could reflect 
a consequence of the negative effects on the 
early stages. Disturbances can prolong the 
time saplings require to reach the adult stage 
(Archer et al. 2017). Even for the study site, 
previous research found that the transition 
probability from sapling to the next stages 
was lower under grazing disturbance than 
inside the reserve (Aschero et al. 2016). 
However, the combination of low or moderate 
grazing and high wood extraction increased 
the adults and saplings. Disturbances as 
grazing and wood extraction can produce the 
destruction of apical bud of saplings favoring 
their resprout and generating multi-stemmed 
trees (Alvarez et al. 2011a). Furthermore, 
clumping of seedlings and young trees was 
associated with grazing sites because cattle 
facilitate the germination process (Aschero 
and García 2012). Thus, areas with chronic 
disturbances presented stands conformed by 

small multi-stemmed trees, which indicate 
that disturbances decrease the size of trees but 
increase their abundance, facilitating woody 
encroachment (Asner et al. 2003). This could 
be observed in stands of closed woodland 
with a high density of individuals and 
difficult access, near cattle pens and watering 
points (Fig. 2c y 2d). Disturbances can lead 
ecosystems to alternative states with different 
structural and functional attributes (Chillo and 
Ojeda 2014). Previous studies conducted in 
drylands have reported that the presence of 
chronic disturbances over time has led to the 
formation of different vegetation structures 
(Ribeiro et al. 2015). According to Cesca 
and collaborators (2014), other disturbances 
such as recurring fire events have changed 
the structure of P. flexuosa woodland in 
southern Mendoza. Woodland has degraded 
to shrubland structure where the population 
is dominated by individuals of small size and 
multiple stems (Cesca et al. 2014). Changes 
in the woodland structure can have deep 
consequences on species diversity, water use, 
total C stock, among others (González-Roglich 
2015).

In the Monte desert, previous research focused 
on the effect of livestock has determined that 
population of P. flexuosa in cattle-grazed areas 
present greater proportions of seedlings and 
saplings (Aschero and García 2012). Also, no 
differences have been reported in population 
growth rate between grazed and undisturbed 
Prosopis woodlands (Aschero et al. 2016), 
probably due to the moderate livestock loads. 
In the study area, the carrying capacity for cow 
calf production depends on precipitation, 
but the recommended sustainable stocking 
rate is between 15 and 26 ha/AU (hectares 
per animal unit; one animal unit (AU) is 
defined as a 450 kg beef cow) (Guevara et 
al. 2009). Livestock production would not 
represent an aggressive disturbance for other 
components of arid forests, like functional 
diversity of mammal assemblages, as long 
as it does not produce as big a change as the 
replacement of vegetation composition and 
structure (Chillo and Ojeda 2012). It has even 
been suggested that maintaining appropriate 
levels of grazing is crucial in arid ecosystems 
where wild ungulates were abundant in the 
past (Martorell and Peters 2005).

In the present research, we explored the 
effects of anthropic disturbances as the main 
determinants of population stages-based 
structure of P. flexuosa in woodlands of Monte 
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bioregion. In summary, our results indicate 
that the combination of low or intermediate 
intensities of grazing and high wood extraction 
generates a woodland structure characterized 
by few seedlings, and many saplings and 
adult trees of small size. This structure could 
be sustained for a very long time given the 
longevity of P. flexuosa (~250 years) and the 
expected regeneration by climatic pulses for 
desert species (Holmgren et al. 2006; Morales 
and Villalba 2012).

Some considerations about the study 
should be considered. We could observe a 
modified structure of the woodland in areas 
with chronic disturbances. But the effects in 
the exclusive area of wood extraction were 
more intense than effects in rangelands. In 
the study area, wood removal is focused on a 
small surface around the human settlement. 
Hence, in this focal area the effect is more 
intense than the effect produced by grazing, 
which is distributed over a bigger area. 
Trees with EBD greater than 60 cm were 
not found in wood removal area, probably 
because of the extraction of individuals or 
cohorts throughout the history of use. On 
the other hand, large variation in GLMM was 
associated to site as random effects (~72-78%), 
highlighting that site management, its history 
and local environment heterogeneity is an 
important variable to consider for woodland 
structure in the Monte desert. Knowing the 
mechanisms by which climate and soil factors 
influence forest dynamics will help to predict 
the behavior of woodlands concerning human 
disturbances and climate change.

Wood is a central component for the 
conservation of biodiversity in woodlands 
ecosystems. Although there is an extensive 
knowledge of the ecological importance of 
wood in boreal and temperate forests both 
for nutrient cycling and for habitats provision 
of different organisms (Harmon et al. 1986; 
Seibold et al. 2015), research is still scarce in arid 
ecosystems (Vázquez et al. 2011). Moreover, 
preliminary studies have demonstrated that 
wood removal does not have negative effects 
on the cover, richness and composition of 
understory plants of Prosopis woodlands 
(Vázquez et al. 2011). However, the history 
of livestock use in these woodlands may have 
masked the effect of wood extraction. Wood 
management should be included in ecosystem 
management of woodlands in order to ensure 
biodiversity conservation and provision of 

ecosystems services. Thus, it is advisable 
to deepen the knowledge about the role of 
wood in drylands and the consequences of 
its removal on ecological processes.

Management considerations
Since our results indicate that the combination 

of high intensities of grazing and wood 
extraction has a negative effect on all stages, the 
spatial or temporal separation of these activities 
or the maintained of moderate intensities of 
disturbances could reduce the risk for forest 
conservation, especially if more vulnerable 
tree life stages are considered. Considering 
that low or moderate grazing intensities 
combined with high extraction intensities 
had a positive effect on the abundance of all 
classes, the planned management of grazing 
and wood extraction intensities could help to 
improve the woodland structure. Woodland 
patches presenting high density of small 
multi-stemmed trees, distributed throughout 
disturbed areas, could be thinned to provide 
wood for local use (Alvarez 2008). Practices 
such as thinning would also help to optimize 
the distribution of diameter classes in the 
woodland structure and they have shown 
positive effects in stimulating growth in 
Prosopis spp. because tree spacing reduces 
competition (Cornejo-Oviedo et al. 1991; 
Patch and Felker 1997). Considering mean 
density of stands without disturbances as a 
reference, some stems and trees in disturbed 
stands can be removed to achieve a density 
of 200 trees/ha. Studies conducted in Prosopis 
spp. natural stands have shown the greatest 
growth rate with a density of 100 trees/ha 
(Patch and Felker 1997). Tree spacing could 
better drive biomass production and increase 
crown diameter, improving wood production. 
Besides, P. flexuosa is a heliophilous tree 
with low tolerance to shade, whose internal 
branches dry and remain on the tree (Alvarez 
et al. 2011b). Regulated removal of wood can 
enhance the entrance of light to the crown 
improving growth (Alvarez et al. 2011b). 
Woodlands of Central Monte have the 
capacity for firewood production (Alvarez et 
al. 2011a), so the planned removal of standing 
wood would be a possible activity in arid lands 
without grazing.

The reserve integrates the Man and 
Biosphere Reserve Program of UNESCO, 
where the development of strategies for 
biodiversity conservation and sustainable use 
is encouraged. But the reserve is also within 
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the Native Forest Territorial Planning Law 
as the First Conservation Category (Villagra 
and Alvarez 2019). Whence, firewood and 
woodland products extraction is prohibited. 
Even though the inhabitants of the reserve 
have historically depended on wood as a fuel 
to meet their energy needs, the access to this 
resource has been restricted. Occasionally, 
the inhabitants’ annual wood requirement is 
complemented with wood from road cleaning 
(P. Cuello, personal communication). There is 
also an incipient use of other energy sources 
as electricity and solar energy (Campos et 
al. 2019), but wood remains the main fuel in 
rural communities. Thus, planning the use of 
woodland resources jointly with inhabitants 
is an effective management tool that should be 
developed in arid lands (Alvarez et al. 2011b). 
The study site presents a favorable scenario for 
the development of co-management practices 
between inhabitants and conservation 
agents. Application of management options 

should contribute to enhance provision of 
ecosystem services of Prosopis sp. woodlands 
without risking regeneration persistence and 
improving woodland structure.
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