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Notwithstanding the increasing cattle activity on the South American temperate forests, its impacts on
the forests regeneration are yet poorly understood. We investigated the influence of cattle on the regen-
eration of monkey puzzle tree (Araucaria), an endangered conifer of the temperate forests of Chile and
Argentina, on properties of small landowners and of timber companies. In thirty-six 100 x 20 m plots,
we recorded the number of seedlings and saplings from seeds and resprouts, the number of cattle dung
pats and the density of parent trees. We used the cattle dung pats as a surrogate of cattle activity (the
cattle intensity index, CAI). The regeneration was analyzed as a function of the CAl, land tenure regime,
the study site, and the number of parent Araucaria trees. We used likelihood methods and model selec-
tion for data analysis. Overall, there was a negative exponential influence of the CAI on all response vari-
Land use ables. In small landowner forests, even low cattle intensities caused regeneration to drop rapidly to zero,
Nahuelbuta whereas in plots owned by timber companies regeneration decreased smoothly as the CAl increased. The
Chile CAI affected regeneration of Araucaria qualitatively by decreasing the ratio of sexual/asexual regenera-
tion, which may lead to problems of genetic drift in the long-term. Our results suggest that conservation
of a single species does not necessarily ensure its long-term persistence. It is necessary to protect the eco-
systems in which the species grows and involve local stakeholders in the development of management
strategies that reduce the impacts of cattle ranching.
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1. Introduction logging, man-made fires and land clearance since European coloni-

zation (Veblen, 1982). The ecology of Araucaria is disturbance-dri-

Araucaria araucana (Molina) K. Koch (Araucariaceae) is an
impressively large and long-lived conifer, reaching 50 m in height,
2.5m in diameter and up to 1300 years in age (Montaldo, 1974).
This conifer is commonly known as the monkey puzzle tree, Pehuén
or Araucaria, and its current distribution spans only three degrees
of latitude and is divided between a main area straddling the
Chilean and Argentinian slopes of the Andean Cordillera, and two
unconnected populations in the Coastal Range of Chile (Fig. 1).
The current distribution derives from a previously more extensive
range, which has been severely reduced and fragmented by
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ven, principally by volcanism, natural and human ignited fires,
landslides and wind, and it has effective adaptations to thrive un-
der these disturbance regimes such as thick bark and epicormic
buds (Burns, 1993; Gonzélez et al., 2006). Araucaria is generally
dioecious, but may occasionally be monoecious with predomi-
nantly gravity-dispersed seeds and wind-dispersed pollen. Most
of the Araucaria seeds fall directly under the canopy or a few me-
ters away from the parent tree, due to their large size (2-4 cm long,
1-2 cm wide) and heavy weight (3.5-5.0 g, Gonzalez et al., 2006).
Araucaria seeds can also be dispersed over greater distances by
birds, rodents and other animals (Veblen, 1982; Gonzalez et al.,
2006). Asexual reproduction by root suckering has been reported
on the Andes and the Coastal Range (Schilling and Donoso, 1976;
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Fig. 1. (a) Location of the study area, and (b) distribution of Araucaria forests within the Coastal and Andean ranges, and location of the two main populations of monkey

puzzle that were sampled in this study in the Coastal Range.

Cortés, 2003), particularly under severe disturbance regimes
(Cortés, 2003; Gonzalez et al., 2006). Yet it is unknown how impor-
tant this process is for population maintenance and expansion
(Veblen et al., 1995).

Araucaria is a socially significant species, producing high-qual-
ity timber and providing a unique resource for tourism and recre-
ation. The tree has a relevant role in the culture of the indigenous
Pehuenche people and is also valued for its large, edible seeds,
which are extensively collected for local markets (Aagesen,
1998a). Araucaria has been classified under the IUCN guidelines
as vulnerable (Farjon and Page, 1999), and is currently officially
protected in both Chile and Argentina as well as internationally
through its listing in Appendix I of the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES). De-
spite its protected status and outstanding ecological, economic
and cultural significance, Araucaria forests continue to experience
intense human-induced pressures, such as grazing and harvesting,
both for timber and seeds (Aagesen, 1998b). Its thick bark and res-
prouting ability may confer the Araucaria a competitive advantage
under fire regimes relative to other coexisting species with thin
bark such as Nothofagus pumilio and Nothofagus dombeyi (Schilling
and Donoso, 1976; Gonzdlez and Veblen, 2007). Nevertheless,
grazing and high-frequency human set fires may have profound ef-
fects on the species long-term persistence, mostly by altering its
regeneration capacity. Nowadays, the most obvious sign of Arau-
caria forest degradation is the lack of natural regeneration, which
might be exacerbated by livestock and feral exotic animals as wild
boar (Sus scrofa) and red deer (Cervus elaphus), which consume
seeds in autumn and seedlings in spring, and trample seeds, seed-
lings and saplings during grazing (Gallo et al., 2004; Shepherd and
Ditgen, 2005; Sanguinetti and Kitzberger, 2009a). In addition, cat-
tle ranching can cause soil compaction, which may change soil
structure and contribute to the increased incidence of water stress,
tree mortality during dry periods and erosion (Fleischner, 1994;
Hobbs, 2001).

Studies about the regeneration of the species include the effects
of biophysical factors (Veblen, 1992; Christie and Armesto, 2003)
and stand variables (Donoso and Nyland, 2005) on seedling densi-
ties in late-successional and old-growth evergreen (Valdivian) for-
ests in Chile. More recently, the effects of masting, seed predation
and understory vegetation on seedling establishment (Sanguinetti
and Kitzberger, 2008, 2009a,b), and the long-term implications of
fire in the regeneration of the species (Burns, 1993; Gonzailez
et al,, 2005; Gonzadlez and Veblen, 2007) have been addressed.
However, notwithstanding the widespread coincidence of cattle
and the distribution of Araucaria forests, the impacts of animal
husbandry on the regeneration of this tree species are yet poorly
understood. The effects of grazing on Araucaria may vary under dif-
ferent land tenure regimes, namely rural properties of small land-
owners and large properties of timber companies. Currently, most
of Chile’s forests on the Coastal Range are owned by a small num-
ber of large timber companies. During the last decades, these com-
panies have been responsible for the replacement of large tracts of
native forests by exotic Pinus radiata and Eucalyptus spp. planta-
tions (Taylor, 1998; Lara and Veblen, 1993; Echeverria et al.,
2006; Lara et al., 2010). Paradoxically, some of the properties
owned by timber companies, where exotic plantations are expand-
ing, are nowadays refuge to some of the last remnants of Araucaria
forests in the Coastal Range. Improving our understanding of how
Araucaria regeneration responds to cattle intensity under these
two major land tenure regimes might therefore contribute to man-
age the conservation and sustainable use of this endangered spe-
cies more efficiently.

This study is aimed to elucidate whether there is a negative ef-
fect of cattle on the regeneration of A. araucana in the Coastal
Range, which are more exposed to human disturbance compared
to the Andes. We analyzed how the impact of cattle on regenera-
tion varies according to land tenure regime, site (northern and
southern) and density of Araucaria parent trees. Specifically we
investigated the impacts of cattle ranching on: (1) the number of
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seedlings and saplings; (2) the number of seedlings and saplings
originated from seed (sexual reproduction); (3) the number of res-
prouting seedlings and saplings (asexual reproduction); and (4) the
ratio between seedlings and saplings originated from seed and
those from resprout.

2. Materials and methods
2.1. Study area

The study was carried out in the Nahuelbuta mountain range,
within the coastal distribution range of Araucaria in Chile (Fig. 1).
We selected this study area for three main reasons: (1) Araucaria
populations in the southern limit of its distribution in the Coastal
Range are genetically distinct to the other populations: popula-
tions in the northern Coastal Range do not differ genetically from
those in the Andean range (Bekessy et al., 2002). Thus, our study
includes two genetically distinct extant populations; (2) human
disturbance represents a serious threat for forest conservation in
the Coastal Range, mainly due to its physiographical features; ele-
vations rarely exceed 1500 m, and therefore provide greater acces-
sibility and represent higher vulnerability (Armesto et al., 1995);
and (3) the scarcity of protected areas in this region (Armesto
et al., 1998) poses an additional threat for Araucaria populations.
Most Araucaria forests are included within large properties of tim-
ber companies, and to a lesser extent, are within the properties of
small landowners that extract firewood and timber for charcoal
from associated species, and use the forest for cattle grazing.

Nahuelbuta is characterized by abundant endemic flora and
fauna, which probably reflects the location of vegetation refuges
during the last glacial period (Armesto et al., 1995). The main forest
association in the study area is Araucaria-N. dombeyi forest. Sam-
pling was conducted in two different sites: the northern Coastal
Range (NCR), and the southern Coastal Range (SCR, Fig. 1). The
NCR site bordered the Nahuelbuta National Park (37°44'S,
72°55'W; 37°51'S, 73°03'W, elevation between 700 and 1400 m).
The SCR site matches the southern limit of Araucaria distribution
in the Coastal Range (38°29’ W, 73°12' W, elevation between 450
and 700 m). The predominant climate is temperate with Mediter-
ranean influence, with average temperatures between —1 °C in
winter and 9 °C in summer, and an average annual precipitation
of 1500-2500 mm (Di Castri and Hajek, 1976; Gonzalez et al.,
2006). Soils derived from metamorphic material and granitic rocks
are thin to moderately deep (15-180 cm), loamy-clay to clay at
depth, extremely acidic to very strongly acidic (pH =3.0-5.5),
and have moderate to high erodibility, and low nutrient levels
(IREN-CORFO, 1964; Montaldo, 1974).

2.2. Sampling methods

We established thirty-six 100 x 20 m sampling plots: 20 plots
were located in rural properties of small landowners (sampling
size: NCR = 17 plots, SCR = 3 plots) and 16 plots in large properties
of timber companies (sampling size: NCR = 9 plots, SCR = 7 plots).
Within each plot, we counted monkey puzzle seedlings (<1.3 m
in height) and saplings (>1.3 m tall and <5 cm in diameter at breast
height, DBH) in thirty 2 x 2 m sub-plots set at 10 m intervals from
each other along three 100 m line transects running parallel to the
longest axis of the plot. Using a non-destructive technique we dug
around each sapling and seedling by hand and hand shovel to
differentiate between sexual (seeds) and asexual (resprouts, sensu
Gonzilez et al., 2006) regeneration. For the sake of brevity we will
refer henceforth to seedlings and saplings from seeds and
resprouts, although seedlings in a strict sense refer only to young
plants grown from seeds. Once we made the observations, we

put back and compacted the soil around the seedlings and saplings.
In each 100 x 20 m plot we counted the number of cattle dung pats
and estimated the number of dung pats/ha as a surrogate of the
current cattle density and trampling pressure. The dung pats have
a very slow decomposition rate in this region due to the cold tem-
peratures that prevail during most of the year. Therefore our esti-
mation of cattle intensity is likely to include the accumulated
activity of cattle for a broad period of time, spanning at least the
last 1-2 years (C. Zamorano, pers. obs.). Henceforth we will refer
to this variable as the cattle intensity index (CAI). Measurements
of damage by grazing were not YY considered since Araucaria is
not a palatable species. In each of these plots we also counted
the number of parent trees, defined as those individuals >5 cm in
DBH. Even though 5 cm in DBH might seem a low size for trees
to become reproductive, we must note that reproductive capacity
in this species is more related to age than to size. Araucaria reaches
sexual maturity between 15 and 25 years old (Montaldo, 1974),
and since it is a slow growing species, individuals >5 cm in DBH of-
ten attain this age (Cortés, 2003). We did not determine the sex of
adult Araucaria trees because of the difficulties to do such distinc-
tion in tall trees and/or in dense stands.

2.3. Statistical analyses

We fitted models for the following response variables: total
number of seedlings and saplings; number of seedlings and sap-
lings originated from seed (sexual reproduction); number of res-
prouting seedlings and saplings (asexual reproduction); and the
ratio between seedlings and saplings originated from seed and res-
prouts (sexual/asexual ratio). The latter was calculated as follows
for seedlings (we applied the same formula to saplings):

Number of seedlings from seed + 1

Sexual/asexual ratio = Number of resprouting seedlings + 1

These response variables were analyzed as a function of the cat-
tle intensity index (CAI), land tenure regime (small landowner,
timber company), the study site (NCR, SCR), and the number of
parent trees. We used likelihood methods and model selection as
an alternative to traditional hypothesis testing (Johnson and Om-
land, 2004; Canham and Uriarte, 2006) for data analysis. Following
the principles of likelihood estimation, we estimated model
parameters that maximized the likelihood of observing the regen-
eration measured in the field, given a suite of alternative models.
We examined eight different nested models. For each model, we
conducted separate analyses for each individual response variable,
namely overall seedling and sapling regeneration, as well as anal-
yses considering sexual and asexual seedling and sapling regener-
ation. For each response variable (Y), our simplest model takes the
form:

Y=aqa. e (1)

The first term in the model, q, is an estimated parameter that rep-
resents the average Araucaria regeneration in the absence of cattle
effects. The second term, e?“A, controls for the effect of cattle inten-
sity. This model implies that regeneration changes exponentially as
a function of the number of dung pats, where b is an estimated
parameter that controls for the slope of the curve.

We tested three variants of Eq. (1). A first variant allowed the
effect of the cattle intensity on Araucaria regeneration to vary
depending on land tenure:

Y=aq-e™ (2)

where b; defines the slope of the exponential curve between regen-
eration and cattle intensity for the two classes of land tenure ana-
lyzed. To test for the possibility of a site effect independent of
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cattle intensity, we ran a modified version of the simplest model in
which the average Araucaria regeneration (i.e. term b in Eq. (1)) was
estimated separately for the NCR and the SCR study sites:

Y = a; - eb-CAI (3)

The last variant included both the effects of land tenure on the
slope of the exponential curve, and the inclusion of separate terms
for average Araucaria regeneration in the two study sites:

Y =g - eb M (4)

We also ran variations of Egs. (1)-(4) including a density effect
of parent trees on regeneration. The most complex model, a variant
of Eq. (4), takes the form:

Y = a; - eb,-CAHoNumber of trees (5)

We used simulated annealing, a global optimization procedure,
to determine the most likely parameters (i.e. the parameters that
maximize the log-likelihood) given our observed data (Goffe
et al., 1994). We used a Poisson error structure for variables involv-
ing a count number of seedlings and saplings, and a normal error
structure with the variance as a power function of the mean for
the sexual/asexual ratio of seedlings and saplings. The latter re-
quired estimating an additional parameter, delta, to determine
the scaling of the variance to the mean. Alternative models were
compared using the Akaike Information Criterion (AIC.) corrected
for small sample sizes (Burnham and Anderson, 2002). Models
with a difference in AIC. < 2 units are considered to have equiva-
lent empirical support, whereas a difference value within only 4-
7 units of the best model has considerably less support. Differences
in AIC. > 10 indicate that the worse model has virtually no support
and can be omitted from further consideration. We used asymp-
totic two-unit support intervals to assess the strength of evidence
for individual maximum likelihood parameter estimates (Edwards,
1992). These are simply the range of parameter estimates for
which ‘support’ (log-likelihood) is within two units of the maxi-
mum log-likelihood, and were determined by incrementally vary-
ing parameter estimates above and below the maximum likelihood
estimated until log-likelihood had dropped by two units. The R? of
the model fit (1 — SSE/SST, sum of squares error (SSE); sum of
squares total (SST)) of observed versus predicted was used as a
measure of goodness-of-fit. All analyses were performed using
the ‘likelihood’ package (Murphy, 2008) written for the R environ-
ment (R Development Core Team, 2010).

3. Results

Seedlings were almost threefold more abundant than saplings
(Table 1). Sexual regeneration in seedlings was more frequent than
asexual regeneration, whereas saplings showed the opposite trend.
Mean density of seedlings and saplings was considerably higher in

Table 1

Mean density and standard deviation (in parentheses) of Araucaria seedlings and
saplings in sampled plots of small landowners and timber companies, including
sexual (i.e. from seed) and asexual (i.e. from resprouting) regeneration.

Mean density (plants/ha)

All plots Small landowners  Timber companies
Total seedlings 861 (761) 613 (874) 1172 (1870)
Sexual regeneration 571 (938) 467 (729) 703 (1160)
Asexual regeneration 289 (504) 146 (145) 469 (710)
Total saplings 333 (241) 229(392) 463 (517)
Sexual regeneration 134 (261) 96 (154) 182 (353)
Asexual regeneration 199 (218) 133 (238) 281 (164)

plots of timber companies than in those of small landowners
(Table 1).

Comparison of alternate models revealed the best-fits for the
different response variables (Table 2). For total and sexual seed-
lings, the best-fit models showed site-specificity and an effect of
land tenure on the response of Araucaria regeneration to cattle
intensity, without an effect of the parent tree density (R? = 0.40
and 0.33, respectively). For total saplings and asexual regeneration
of seedlings, the best-fit model included the effects of land tenure
and tree density (R? = 0.25 and 0.27, respectively). Site specificity
and density-dependence were the main effects included in the
best-fit model for regeneration of sapling resprouting (R? = 0.28).
For seedlings, the results suggest a slight response of the sexual/
asexual ratio to cattle intensity of land tenure regimes and sites
(R*>=0.16), whereas for saplings this response was even lower,
with the best-fit model including only site-specificity (R?=0.13,
Table 2). There was a density effect in total saplings, and seedling
and sapling resprouts (Table 2), indicating that the higher the num-
ber of parent trees, the more regeneration from resprouting. Over-
all, there was a negative influence of cattle intensity on all
response variables, except for sapling resprouts (Fig. 2).

The northern Coastal Range (NCR) had, on average, greater
regeneration than the southern Coastal Range (SCR, see model
coefficients in Table 3). In addition, the estimated sexual/asexual
ratio of seedlings was about threefold larger in the NCR than in
the SCR, and almost eightfold larger for saplings (Fig. 3). It must
be noted that the estimated mean value of the sexual/asexual ratio
of saplings in the SCR (parameter ascg in Table 3) was below one,
thus indicating a predominance of asexual as compared to sexual
regeneration even in the absence of cattle (Fig. 3). Parameter b in
the exponential term of the models was approximately one order
of magnitude higher in small properties than in forest companies
(Table 3). As a result, in small landowner forests, low cattle inten-
sities (100-200 dung pats/ha) caused regeneration to drop rapidly
to zero, whereas in plots of timber companies, regeneration de-
creased smoothly as cattle intensity increased, and models pre-
dicted some degree of regeneration even at high levels of cattle
intensity (>1000 dung pats/ha), particularly for seedlings (Fig. 2).
The same applied to the sexual/asexual ratio of seedlings (Fig. 3).
No density effect was detected in the sexual/asexual ratio of seed-
lings and saplings.

4. Discussion
4.1. Cattle impacts on the regeneration of Araucaria

During the last decades, the native forests of the Nahuelbuta
mountain range have been exposed to substantial loss as a result
of the expansion of commercial plantations, agricultural activities
and urban and industrial sprawl (Aguayo et al., 2009). Despite legal
protection, Araucaria forests in Chile are still exposed to constant
direct and indirect human disturbances, similarly to what has been
reported in mixed ombrophyllus forests with Araucaria angustifolia
in southern Brazil (Vibrans et al., 2011). Cattle, fire, and selective
logging of forest species associated with this conifer, especially N.
pumilio and N. dombeyi for timber and N. antarctica for firewood
and charcoal, are common disturbances in these forests. Cattle
ranching may have profound impacts on forest ecosystems (Hobbs,
2001; Floyd et al., 2003). Free-ranging cattle grazing on seedlings
and saplings can diminish, damage or prevent the recruitment of
many tree and other species by trampling, thus promoting changes
in species composition (Hobbs, 2001; Floyd et al., 2003; Wassie
et al., 2009). In Nahuelbuta, soil compaction caused by intensive
cattle ranching since the late 1940s in the NCR and early 1950s
in the SCR has probably aggravated the restrictive natural soil
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Table 2

Comparison of alternate models (using AIC.) for seedling and sapling Araucaria regeneration, including sexual (i.e. from seed) and asexual (i.e. from resprouting) regeneration. The
best model (lowest AICc) is indicated in boldface type. The number of parameters k and R? refer to the best model (see Table 3).

Response variable ~ AIC?

Basic model® Land tenure model®

Site-specific model? Site-specific land tenure

model®
No-density Density No-density Density No-density Density No-density Density K R?
effect effect effect effect effect effect effect effect
Seedlings density 516.25 478.29 414.97 378.43 476.44 406.31 360.70 432.20 4 040
Sexual 485.20 480.43 395.32 391.59 426.93 405.38 318.13 355.23 4 033
regeneration
Asexual 285.75 240.23 268.09 223.39 286.74 232.02 268.65 288.48 4 027
regeneration
Ratiog/a 185.95 188.27 171.81 174.60 180.31 183.16 165.40 168.83 5 0.16
Saplings density 227.16 211.44 209.11 192.97 227.56 214.08 210.37 230.25 4 025
Sexual 166.81 164.98 145.33 144.25 159.28 152.67 133.06 146.64 4 024
regeneration
Asexual 161.11 148.25 159.47 146.02 576.55 141.19 144.71 149.96 4 028
regeneration
Ratiog/a 110.71 113.29 111.22 114.16 90.85 93.46 93.00 99.66 4 013
@ Akaike Information Criterion corrected for small sample sizes.
b This model predicts Araucaria regeneration only as a function of the CAL
¢ This model allows variations in the response of Araucaria regeneration to the number of cattle dung pats between the two land tenure classes.
4 This model estimates different average responses of Araucaria regeneration in the two study sites.
e

This model is a combination of the previous two models.
f Number of model parameters.

conditions that characterize the region, especially in properties of
small landowners (Torrején and Cisternas, 2003; Zamorano et al.,
2008).

Our study reveals that Araucaria regeneration is severely af-
fected by cattle ranching, both in properties of timber companies
and of small landowners. In the large properties of private timber
companies, forests are used by neighboring farmers and even by
those from nearby towns as a source of fodder and refuge for cattle.
In some cases, companies allow this use through the “leasing of
grazing rights”, but this does not include any control over livestock
density or the amount of forest area that is grazed. The negative
exponential models show that small increases in cattle intensity
may lead to a substantial decrease in the regeneration of the spe-
cies, particularly for seedlings. The effect of cattle ranching on
the regeneration of Araucaria appears much less dramatic in plots
owned by timber companies than in small rural properties (Fig. 2).
Two complementary explanations may account for such differ-
ences in the response to cattle ranching. On the one hand, forests
owned by private companies are often used by cattle as a winter
refuge, whereas cattle ranching in small rural properties take place
throughout the entire year. Thus, although not directly accounted
for in our study, the frequency of a disturbance might be as impor-
tant as its intensity on the regeneration of a species. On the other
hand, firewood and timber extraction are one of the main sources
of income in small rural properties (Zamorano et al., 2008).
Although current legislation prohibits logging of Araucaria, extrac-
tion of forest species associated with this conifer, especially Not-
hofagus spp. is allowed. Such disturbances, which occur less
intensively in lands of timber companies (C. Zamorano, unpub-
lished results), may act synergistically with cattle ranching (Hobbs,
2001; Laurance and Useche, 2009), amplifying its impact on mon-
key puzzle regeneration.

The response of regeneration to cattle intensity was also site-
specific in most cases. The SCR displayed, in average, lower values
of seedlings and saplings than the NCR (Fig. 2). Overall differences
found in regeneration between the NCR and the SCR can be ex-
plained by two main reasons: (1) soils in the NCR have better phys-
ical and chemical properties than those in the SCR (Cortés et al.,
2001). Unfortunately, soil measures were not directly accounted
for in this study; and (2) Araucaria forests in the NCR are, in general

terms, better conserved, display more complex structure and hold
a larger number of plant species than forests in the SCR (Cortés
et al., 2001; Cortés, 2003; Zamorano et al., 2008).

Among seedlings, the proportion of resprouts was relatively
high (ca. one third of the total number of seedlings) compared to
other studies in Araucaria stands at the Andes that describe ca.
10% of seedlings from asexual regeneration (e.g. Sanguinetti and
Kitzberger, 2009b). This figure was even higher for saplings, with
more than half the total number of saplings having an asexual ori-
gin (Table 1). Best fit models of the sexual/asexual ratio of seed-
lings and saplings (Fig. 3) might indicate that, in the face of
disturbance, resprouts are expected to have higher chances of sur-
vival than plants germinating from seeds. Resprouts have advanta-
ges, including an already established root system with a large
surface area for water and resource acquisition and high stored en-
ergy reserves (Simdes and Marques, 2007; Miller and Kauffman,
1998), which enables them to withstand disturbances and compete
more efficiently for resources. It is also important to remark that
density of parent trees does not play an important role in explain-
ing the observed regeneration of seedlings and saplings from seed,
but might be important in determining regeneration from respr-
outs (Fig. 2). This implies that Araucaria densities of about 50
trees/ha, the minimum number recorded in our plots, would suf-
fice to produce the current observed figures of seedling and sapling
regeneration from seed.

4.2. Conservation prospects

For some species, a limited level of grazing can increase regen-
eration by removing competitive vegetation, reducing fire hazards
and through fertilization from manure (Kuiters et al., 1996; Black-
hall et al., 2008). Although Araucaria is highly tolerant to distur-
bances (Burns, 1993; Gonzilez et al., 2006), increasing levels of
cattle ranching have a rapid response in its regeneration, both
quantitatively, by reducing the number of seedlings and saplings,
and qualitatively, by decreasing the ratio of sexual/asexual regen-
eration. These impacts may lead to problems of genetic drift which
would ultimately have profound implications for the conservation
of this species, especially for populations in the southern limit of
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Fig. 2. Predicted decrease of seedling and sapling density (number per ha) as a function of the cattle intensity index (CAI) for the best selected models (see Table 1). For
simplicity, only three tree density classes were represented in those models for which this term was important: high density = 200 Araucaria trees/ha; medium density = 100

trees/ha; low density = 50 trees/ha.

Araucaria distribution, which are genetically distinct from the
other populations (Bekessy et al., 2002).

Overall, the results of this study reveal that partial conservation
actions focused on a single species and limited to cutting prohibi-
tions do not necessarily ensure its long-term persistence. It is nec-
essary to develop scientific-based conservation plans focused on
the species autoecology, considering its particular germination

and growth characteristics, as well as the optimal environmental
conditions that determine its distribution. This involves developing
synergies between single-species (Simberloff, 1998) and ecosys-
tem approaches (Walker and Salt, 2006; Lindenmayer et al., 2007).

Even though our results suggest the incompatibility of the con-
servation of Araucaria with cattle ranching, cattle eradication is not
a feasible solution. It is unpractical to control livestock access to
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Table 3

Parameter estimates and two-unit support intervals (in brackets) for the most parsimonious models of seedling and sapling Araucaria regeneration, including sexual (i.e. from
seed) and asexual (i.e. from resprouting) regeneration, as well as the sexual/asexual ratio (Ratiosa).

Response variable a Aaner Ascr B bsmatt property byorest company c delta’
Seedlings 23.18 6.92 —0.0096 —0.0009
[20.67, 25.59] [4.84, 9.64] [-0.0116, —0.0077] [-0.0011, —0.0006]
Sexual regeneration 17.09 2.02 -0.0133 —0.0009
[14.85,19.42] [0.92, 3.54] [-0.0166, —0.0105] [-0.0013, —0.0006]
Asexual regeneration  2.00 —0.0053 —0.0009 0.005
[1.70, 2.38] [-0.0075, —0.0033] [-0.0016, —0.0004] [0.004, 0.006]
Ratios/a 3.94 1.46 —0.0038 —0.0002 1.147
[3.22, 5.13] [0.92, 2.40] [-0.0046, —0.0025] [-0.0008, 0.0006] [0.902, 1.466]
Saplings 2.95 —0.0046 —0.0004 0.003
[2.52, 3.53] [-0.0046, —0.0027] [-0.0008, —0.0001] [0.002, 0.004]
Sexual regeneration 4.49 0.93 —0.0146 —0.0012
[3.35, 5.77] [0.26, 2.08] [-0.0217, —0.0090] [-0.0024, —0.0005]
Asexual regeneration 0.92 2.01 -9.19e-07 0.003
[0.66, 1.21] [2.75,0.71] [-0.0005, 0.0004] [0.002, 0.004]
Ratios/a 1.75 0.31 —0.0006 0.853
[1.39, 2.15] [0.23,0.51] [-0.0009, —0.0002] [0.662, 1.081]

@ Parameter delta determines the scaling of the variance to the mean.
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Fig. 3. Predicted decrease of seedling and sapling sexual/asexual ratio as a function of the cattle intensity index (CAI) for the best selected models (see Table 1). Horizontal
gray lines indicate the point below which asexual regeneration surpasses sexual regeneration.

the properties of timber companies or even the National Park, gi-
ven their wide ranges and lack of fences. A tighter control in small
and medium-sized properties would inevitably increase pressure
of illegal cattle ranching in larger uncontrolled properties, as well
as unsustainable productive pressure on small farms and rural
poverty of families that depend on livestock as their main source
of income (Zamorano et al., 2008). Current policies oriented to-
wards poverty reduction in rural areas of Chile mainly target agri-
culture, livestock or planting of exotic forest species, whereas
conservation and sustainable management of native forests has
been systematically neglected (Tecklin and Catalan, 2005). As a re-
sult, inevitably contradictory interests arise between current pro-
duction-oriented agricultural and silvicultural policies and partial
and limited species-focused conservation policies for Araucaria.
So what is the path forward? An important step is to promote
the regulation of livestock densities and Araucaria protection
among local actors, instead of relying on policies imposed that
have small chances to assure sustainable long-term solutions for
the conservation of this species. Multiscale approaches offer now-
adays a unique opportunity to conciliate policies for rural develop-
ment and Araucaria conservation through the concerted
interaction of all relevant stakeholders (Reed, 2008) in order to at-
tain long-term sustainable land use planning at local and land-
scape scales, considering both the local interests and the
environmental features of the region. To guarantee the success of
multiscale approaches, stakeholder participation must be institu-
tionalized, promoting organisational cultures that can facilitate
processes where goals are negotiated and outcomes are necessarily
uncertain (Reed, 2008).

Notwithstanding that timber companies have been responsible
for the conversion of large extensions of native forests to exotic
plantations during the last decades (Taylor, 1998; Echeverria
et al,, 2006; Lara et al., 2010), the lower cattle impact recorded
on Araucaria regeneration as compared to properties of small land-
owners offer an excellent opportunity for the conservation of these
forests, as these remnants are less exposed to the negative effects
of cattle and other disturbances. Some practices to foster conserva-
tion of this species include active restoration by planting Araucaria
seedlings on patches where regeneration is very scarce or absent,
promoting reconversion of exotic plantations established in for-
merly Araucaria forest patches, and implementing monitoring pro-
grammes to control the invasion of exotic forest species within
Araucaria remnants. In addition, timber companies might contrib-
ute to conservation of the species by identifying pasturelands or
areas more suitable for cattle ranching in order to reduce cattle
pressure on the extant Araucaria remnants (Polasky et al., 2008),
particularly when leasing grazing rights.

In Chile, it has recently been promulgated a legal instrument for
the conservation and sustainable management of native forests
(Law No. 20283 of Development and Recuperation of the Native
Forests). This law defines subsidies for afforestation with threa-
tened forest species, which may represent a first step towards
developing further forest restoration initiatives. In addition, there
are currently several ongoing governmental subsidies that support
productive systems of small landowners, such as pastureland
improvement through fertilization and erosion control. In the
long-term this could help regulate and even exclude cattle ranch-
ing activities from Araucaria forests.
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Further investigation is needed to fully understand the multiple
factors that affect the long-term maintenance of Araucaria popula-
tions, as well as the interactions between natural and human-dri-
ven disturbances, in order to develop and promote effective
measures for the restoration and conservation of these endangered
unique forests. Although there are still many unsolved questions,
our results can help identify urgent policies and promote initia-
tives to reverse or mitigate the degradation processes that affect
Araucaria regeneration.

Acknowledgements

C.Z. was supported by the Royal Botanic Garden Edinburgh
(Catherine Olver Scholarship), WWEF (Prince Bernhard Scholarship
for Nature Conservation, Contract 920533.01) and Red Latinoamer-
icana de Botanica (Contract RLBO7-ATP02). Travel of M.G.E. sup-
ported by the Commission of the European Communities through
the Alfa project Conservation and restoration of native forests in
Latin America (FOREST) to J.M. Rey Benayas. L.C. was supported
by project REMEDINAL2 (Comunidad de Madrid, S2009/AMB-
1783). The authors acknowledge the valuable comments of Pedro
F. Quintana-Ascencio and Lucia Galvez, and the support of Marco
Cortés, Bruce G. Ferguson, Hugo Perales, Martin Gardner, Juan
Escalona, Domingo Cifuentes, Neptali Ramirez-Marcial and
Departamento de Accién Social of Angol (DAS).

References

Aagesen, D.L., 1998a. Indigenous resource rights and conservation of the Monkey-
Puzzle tree (Araucaria araucana, Araucariaceae): a case study from southern
Chile. Econ. Bot. 52, 146-160.

Aagesen, D.L., 1998b. On the northern fringe of the South American temperate
forest: the history and conservation of the Monkey-Puzzle Tree. Environ. Hist. 3,
64-85.

Aguayo, M., Pauchard, A., Azdcar, G., Parra, 0., 2009. Cambio del uso del suelo en el
centro sur de Chile a fines del siglo XX. Entendiendo la dindmica espacial y
temporal del paisaje. Rev. Chil. Hist. Nat. 82, 361-374.

Armesto, ], Aravena, ].C., Villagran, C., Pérez, C., Parker, G., 1995. Bosques templados
de la Cordillera de la Costa. In: Armesto, J., Villagran, C., Arroyo, M. (Eds.),
Ecologia de los bosques nativos de Chile. Editorial Universitaria, Santiago, Chile,
pp. 199-213.

Armesto, J., Rozzi, R., Smith-Ramirez, C., Arroyo, M., 1998. Conservation targets in
South American temperate forests. Science 282, 1271-1272.

Bekessy, S., Allnutt, T.R., Premoli, A., Lara, A., Ennos, R., Burgman, M., Cortés, M.,
Newton, A., 2002. Genetic variation in the vulnerable and endemic Monkey
Puzzle tree, detected using RAPDs. Heredity 88, 243-249.

Blackhall, M., Raffaele, E., Veblen, T.T., 2008. Cattle affect early post-fire
regeneration in a Nothofagus dombeyi-Austrocedrus chilensis mixed forest in
northern Patagonia, Argentina. Biol. Conserv. 141, 2251-2261.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach, second ed. Springer-Verlag, New
York.

Burns, B., 1993. Fire-induced dynamics of Araucaria araucana-Nothofagus antarctica
forest in the Southern Andes. J. Biogeogr. 20, 669-685.

Canham, C.D., Uriarte, M., 2006. Analysis of neighborhood dynamics of forest
ecosystems using likelihood methods and modeling. Ecol. Appl. 16, 62-73.
Christie, D., Armesto, J., 2003. Regeneration microsites and tree species coexistence

in temperate rain forests of Chiloé Island, Chile. J. Ecol. 91, 776-784.

Cortés, M., 2003. Dindmica y Conservacién de Araucaria araucana (Mol.) Koch. en la
Cordillera de la Costa de Chile. Tesis de Magister en Ciencias, Mencién Recursos
Forestales. Facultad de Ciencias Forestales, Universidad Austral de Chile,
Valdivia. Chile.

Cortés, M., Gerding, V., Thiers, O., 2001. Caracterizacién de la fertilidad de dos sitios
con Araucaria araucana (Mol) Koch. en la Cordillera de la Costa de Chile. XIII
Reunién Anual de la Sociedad de Botanica de Chile. La Serena, Chile. Gayana Bot.
58, 73.

Di Castri, F., Hajek, E.R.,, 1976. Bioclimatologia de Chile, Editorial Universidad
Catolica de Chile, Santiago de Chile.

Donoso, P.J., Nyland, R.D., 2005. Seedling density according to structure, dominance
and understory cover in old-growth forest stands of the evergreen forest type in
the Coastal Range of Chile. Rev. Chil. Hist. Nat. 78, 51-63.

Echeverria, C., Coomes, D., Salas, J., Rey Benayas, J.M., Lara, A., Newton, A., 2006.
Rapid deforestation and fragmentation of Chilean temperate forests. Biol.
Conserv. 130, 481-494.

Edwards, AW.F.,, 1992. Likelihood(Expanded ed.), Johns Hopkins University Press,
Baltimore, Maryland.

Farjon, A., Page, C.N., 1999. Conifers. Status Survey and Conservation Action Plan.
IUCN/SSC Conifer Specialist Group. IUCN, Gland, Switzerland and Cambridge,
UK.

Fleischner, T., 1994. Ecological costs of livestock grazing in western North America.
Biol. Conserv. 8, 629-644.

Floyd, M., Fleischner, T., Hanna, D., Whitefield, P., 2003. Effects of historic livestock
grazing on vegetation at Chaco Culture National Historic Park, New Mexico.
Conserv. Biol. 17, 1703-1711.

Gallo, L., Izquierdo, F., Sanguinetti, L., Pinna, A,, Siffredi, G., Ayesa, ]., Lopez, C.,
Pelliza, A., Strizier, N., Gonzales Pefialba, M., Maresca, L., Chauchard, L., 2004.
Araucaria araucana forest genetic resources in Argentina. In: Vinceti, B., Amaral,
W., Meilleur, B. (Eds.), Challenges in Managing Forest Genetic Resources for
Livelihoods: Examples from Argentina and Brazil. International Plant Genetic
Resources Institute, Rome, pp. 115-143.

Goffe, W.L., Ferrier, G.D., Rogers, J., 1994. Global optimization of statistical functions
with simulated annealing. ]. Econom. 60, 65-99.

Gonzdlez, M., Veblen, T.T., 2007. Incendios en bosques de Araucaria araucana y
consideraciones ecolégicas al madereo de aprovechamiento en dreas
recientemente quemadas. Rev. Chil. Hist. Nat. 80, 243-253.

Gonzélez, M., Veblen, T.T., Sibold, J., 2005. Fire history of Araucaria-Nothofagus
forests in Villarrica National Park, Chile. ]. Biogeogr. 32, 1187-1202.

Gonzélez, M., Cortés, M., Izquierdo, F., Gallo, L., Echeverria, C., Bekessy, S., Montaldo,
P., 2006. Araucaria araucana (Molina) K. Koch. Araucaria (o), Pehuén, Pino
pifionero, Pino de Neuquén, Monkey Puzzle Tree. In: Donoso, C. (Ed.), Las
Especies Arbéreas de los Bosques Templados de Chile y Argentina. Autoecologia.
Marisa Cuneo Ediciones, Valdivia, Chile, pp. 36-53.

Hobbs, R., 2001. Synergisms among habitat fragmentation, livestock grazing, and
biotic invasions in Southwestern Australia. Conserv. Biol. 15, 1522-1528.

IREN-CORFO, 1964. Informaciones Meteor6logicas y Climaticas para la
Determinacion de la Capacidad de Uso de la Tierra, Santiago, Chile.

Johnson, J.B., Omland, K.S., 2004. Model selection in ecology and evolution. Trends
Ecol. Evol. 19, 101-108.

Kuiters, A.T., Mohren, G.M.J., Van Wieren, S.E., 1996. Ungulates in temperate forest
ecosystems. For. Ecol. Manage. 88, 1-5.

Lara, A., Veblen, T.T., 1993. Forest plantation in Chile: a successful model? In:
Mather, A. (Ed.), Afforestation: Policies, Planning and Progress. Bellhaven Press,
London, pp. 119-138.

Lara, A, Reyes, R, Urrutia, R,, 2010. Bosques nativos. In: Informe Pais: Estado del
Medio Ambiente en Chile. Instituto de Asuntos Piblicos, Universidad de Chile,
Santiago, Chile, pp. 107-139.

Laurance, W., Useche, D., 2009. Environmental synergisms and extinctions of
tropical species. Conserv. Biol. 6, 1427-1437.

Lindenmayer, D., Fischer, ]., Felton, A., Montague-Drake, R., Manning, A., Simberloff,
D., Youngentob, K., Saunders, D., Wilson, D., Felton, A., Blackmore, C., Lowe, A.,
Bond, S., Munro, N., Elliott, C., 2007. The complementarity of single-species and
ecosystem-oriented research in conservation research. Oikos 116, 1220-1226.

Miller, P.M., Kauffman, J.B., 1998. Seedling and sprout response to slash and burn
agriculture in a tropical deciduous forest. Biotropica 30, 538-546.

Montaldo, P., 1974. La Bioecologia de Araucaria araucana (Mol.) Koch. Boletin
Técnico No. 46 Instituto Forestal Latinoamericano de Investigacién y
Capacitacién. Mérida, Venezuela.

Murphy, L., 2008. Likelihood: Methods for Maximum Likelihood Estimation. R
Package Version 1.4.

Polasky, S., Nelson, E., Camm, J., Csuti, B., Fackler, P., Londsdorf, E., Montgomery, C.,
White, D., Arthur, J., Garber-Yonts, B., Haight, R., Kagan, J., Starfield, A., Tobalske,
C., 2008. Where to put things? Spatial land management to sustain biodiversity
and economic returns. Biol. Conserv. 141, 1505-1524.

R Development Core Team, 2010. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna. <www.R-
project.org>.

Reed, M.S., 2008. Stakeholder participation for environmental management: a
literature review. Biol. Conserv. 141, 2417-2431.

Sanguinetti, J., Kitzberger, T., 2008. Patterns and mechanisms of masting in the
large-seeded Southern Hemisphere conifer Araucaria araucana. Austral Ecol. 33,
78-87.

Sanguinetti, J., Kitzberger, T., 2009a. Factors controlling seed predation by rodents
and non-native Sus scrofa in Araucaria araucana forests: potential effects on
seedling establishment. Biol. Invasions 12, 689-706.

Sanguinetti, J., Kitzberger, T., 2009b. Efectos de la produccién de semillas y la
heterogeneidad vegetal sobre la supervivencia de semillas y el patrén espacio-
temporal de establecimiento de plantulas en Araucaria araucana. Rev. Chil. Hist.
Nat. 82, 319-335.

Schilling, G., Donoso, C., 1976. Reproduccion vegetativa natural de Araucaria
araucana (Mol.) Koch. Invest. Agricola 2, 121-122.

Shepherd, J.D., Ditgen, R.S., 2005. Human use and small mammal communities of
Araucaria forests in Neuquén, Argentina. Mastozool. Neotrop. 12, 217-226.
Simberloff, D., 1998. Flagships, umbrellas, and keystones: is single-species

management passé in the landscape era? Biol. Conserv. 83, 247-257.

Simdes, C., Marques, M., 2007. The role of sprouts in the restoration of Atlantic
Rainforest in southern Brazil. Restor. Ecol. 15, 53-59.

Taylor, M.E., 1998. Economic development and the environment in Chile. J. Environ.
Dev. 7, 422-436.

Tecklin, D., Catalan, R., 2005. La gestién comunitaria de los bosques nativos en el sur
de Chile: situacién actual y temas de discusién. In: Catalan, R., Wilken, P.,
Kandzior, A., Tecklin, D., Burschel, H. (Eds.), Las Comunidades y los Bosques del
Sur de Chile. Editorial Universitaria, Santiago, Chile, pp. 19-39.


http://www.R-project.org
http://www.R-project.org

118 C. Zamorano-Elgueta et al./Biological Conservation 152 (2012) 110-118

Torrejon, F., Cisternas, M., 2003. Impacto ambiental temprano en la Araucania
deducido de crénicas espaiiolas y estudios historiograficos. Bosque 24, 45-55.

Veblen, T.T., 1982. Regeneration patterns in Araucaria araucana forests in Chile. J.
Biogeogr. 9, 11-28.

Veblen, T.T., 1992. Regeneration dynamics. In: Glenn-Lewin, D.C., Peet, RK.,, Veblen,
T.T. (Eds.), Plant Succession: Theory and Prediction. Chapman and Hall, London,
pp. 152-187.

Veblen, T.T., Burns, B.R,, Kitzberger, T., Lara, A., Villalba, R., 1995. The ecology of the
conifers of southern South America. In: Enright, N., Hill, R. (Eds.), Ecology of the
Southern Conifers. Melbourne University Press, Melbourne, pp. 120-155.

Vibrans, A.C., Sevegnani, L., Uhlmann, A., Schorn, L.A., Sobral, M.G., de Gasper, A.L.,
Lingner, D.V., Brogni, E., Klernz, G., Godoy, M.B., Verdi, M., 2011. Structure of

mixed ombrophyllous forests with Araucaria angustifolia (Araucariaceae) under
external stress in southern Brazil. Rev. Biol. Trop. 59, 1371-1387.

Walker, B., Salt, D., 2006. Resilience Thinking. Sustaining Ecosystems and People in a
Changing World. Island Press, Washington.

Wassie, A., Sterck, F., Teketay, D., Bongers, F., 2009. Effects of livestock exclusion on
tree regeneration in church forests of Ethiopia. For. Ecol. Manage. 257, 765-772.

Zamorano, C. Cortés, M. Echeverria, C., Hechenleitner, P., Lara, A. 2008.
Experiencias de restauracién con especies forestales amenazadas en Chile. In:
Gonzélez-Espinosa, M., Rey Benayas, J.M. Ramirez-Marcial, N. (Eds.),
Restauracién de Bosques en América Latina. Mundi-Prensa, Fundacién
Internacional para la Restauracién de Ecosistemas (FIRE), México, pp. 19-37.



	Impacts of cattle on the South American temperate forests: Challenges  for the conservation of the endangered monkey puzzle tree (Araucaria araucana)  in Chile
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sampling methods
	2.3 Statistical analyses

	3 Results
	4 Discussion
	4.1 Cattle impacts on the regeneration of Araucaria
	4.2 Conservation prospects

	Acknowledgements
	References




