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Abstract

Protected areas (PAs) constitute a fundamental strategy for mitigating biodiversity loss.
The land-sparing approach has expanded in response to international agreements, but
expansion of PAs does not guarantee conservation objectives. The objective was to assess
PA effectiveness in conserving Nothofagus antarctica forests in Santa Cruz (Argentina), eval-
uating human impacts associated with fires, animal uses, and harvesting. The research was
conducted within pure native forests in Santa Cruz, Argentina. This province encompasses
52 protected areas, representing the highest concentration of conservation units within
the forested landscapes across Argentina. At least eight PAs included N. antarctica forests.
Three land tenure categories were evaluated: protected areas (PAs), a buffer of 15 km from
PA boundaries on private lands (BL), and private lands (PL) outside the buffer. In total,
103 stands were sampled, where 38 variables were assessed (impacts, soil, forest structure,
understory, and animal use). Three indices were developed to analyze ecosystem integrity:
forest structure (FI), soil (SI), and animal use (Al). PAs presented the highest FI (0.64 for
PA, 0.44 for BL, and 0.30 for PL) and AI (0.60 for PA, 0.55 for BL, and 0.52 for PL), and
together with buffer areas, the highest SI (0.43 for PA, 0.47 for BL, and 0.32 for PL). PAs
were clearly distinct from private lands; however, sustained actions for livestock exclusion,
harvest regulation, and fire management remain necessary for future sustainable planning
at the landscape level.
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Global protected area (PA) coverage currently encompasses 17.6% of terrestrial and in-

land water systems and 8.4% of marine and coastal ecosystems [1]. The Kunming—Montreal
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biodiversity protection and conservation, biodiversity loss continues to date [4,5]. Conse-
quently, evaluating PA effectiveness is essential for land use planning [6] and is typically
defined as the integration of three components: PA location, management performance,
and the capacity to implement the designated Management and Conservation Plan [7].
These analyses and evaluations often rely on subjective and, in some cases, self-assessed
questionnaires, even though their methodological rigor has improved over time [8]. Within
this context, monitoring must determine the extent to which the conservation of a PA’s
natural and cultural values is being achieved by assessing management effectiveness [9].
Such monitoring can be conducted from biological and ecological perspectives to evaluate
the ecosystems and their biodiversity [10,11]. Some studies employ indices based on defor-
estation and changes in land cover and land use, although these indicators do not always
reflect reductions in ecological integrity [12,13]. However, many degradations in value are
not detectable through remote sensing, affecting ecosystem integrity within PAs [12,14].
Therefore, monitoring biological and ecological attributes is necessary to enable a locally
grounded assessment [15].

In Argentina, only one quarter of the research conducted within National Parks
(NPs) and Provincial Reserves (PRs) aligns with the research priorities defined in their
management plans. Moreover, most of the management plans are either unavailable
or not publicly accessible [16]. Santa Cruz province includes 52 PAs with 7 NPs [17].
These PAs include a wide range of aquatic and terrestrial environments, from steppe
to forests [18]. Within the forested landscapes, Nothofagus antarctica (G. Forst.) Oerst.
occurs under different land conservation statuses, e.g., in eight PAs, three within NPs
(Los Glaciares, Patagonia, and Perito Moreno), and five within PRs (Lago del Desierto,
Tucu-Tucu, Peninsula Magallanes, Punta Gruesa, and San Lorenzo), as well as on private
lands, across the natural distribution of the species [19]. These forests occupy 1699 km? in
Santa Cruz province and have an important role in the local economy; however, only 16%
of the area in which they exist is effectively protected [18].

Nothofagus antarctica is one of the most phenotypically plastic tree species in Andean-
Patagonian forests, capable of adapting to a wide range of environmental conditions [20,21].
In addition to this plasticity, monospecific N. antarctica forests exhibit distinct phases of
the natural life cycle (initial growth, final growth, mature, and decay), which allow for the
classification of stands as even-aged (>70% of basal area represented by a single growth
phase), two-aged (>70% represented by two phases), or uneven-aged (three or more phases
representing >70% of basal area) [22]. A single conservation strategy is not recommended
for this heterogeneous forest [23,24], particularly considering that it also provides impor-
tant cultural, regulating, and provisioning ecosystem services (ES) [25]. In Santa Cruz
province, the use of N. antarctica forests is primarily associated with silvopastoral systems
involving domestic livestock (cattle, horses, and sheep), while a smaller proportion under-
goes forestry interventions, mainly thinning, to produce posts, poles, and firewood [26].
Overgrazing, land-use change, fires, and harvesting exert pressure on N. antarctica forests,
compromising their conservation and long-term persistence [27]. Rosas et al. [18] identify
N. antarctica forests as those presenting the greatest negative potential trade-offs between
production and conservation, with particular emphasis on areas located in the ecotone,
where environments provide both forage and shelter for domestic livestock. This creates a
production—conservation dilemma, often framed by the concepts of land-sharing and land-
sparing [28,29]. The land-sharing approach promotes production and conservation within
the same area and is associated with complex landscape structures in which natural habitats
coexist with low-intensity systems that employ environmentally friendly practices [30].
In contrast, land-sparing aims to secure the largest possible extent of contiguous, intact
natural habitats, spatially separating areas designated for biodiversity protection from
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those allocated to production [31]. Furthermore, the sensitivity of forests to climate vari-
ability accentuates the complexity of the problem, increasing ecosystem vulnerability [32],
both due to climate change itself and to its effects on meteorological variables associated
with the heightened probability and occurrence of large-scale forest disturbances (e.g.,
fires) [33]. For this reason, it is important to consider resilience, defined within our study
as the ability to maintain and/or recover ecosystem identity in the face of disturbances,
as well as the species vulnerability to climatic factors [23]. For example, some studies
demonstrate a high resilience of N. antarctica to fires [34] and to harvesting, owing to the
resprouting capacity [23]. Determining the effectiveness of PA makes it possible to evaluate
whether the proposed conservation objectives are being met, whether current management
and conservation strategies are effective, and whether alternative strategies need to be
considered [35].

The objective was to determine the effectiveness of PAs in conserving N. antarctica
forests in Santa Cruz province (Argentina), assessing the impact of fires, animal use, and
harvesting. We propose the following research questions: (i) Do livestock occupancy, forest
structure, and soil properties vary according to land tenure status? (ii) Does the intensity
of impacts increase as we move away from PA? We propose the following hypotheses:
(i) Unprotected areas exhibit greater livestock, logging, and fire pressures, which gradually
decrease in PAs; (ii) land tenure status influences forest structure (e.g., dominant height,
crown cover, basal area, total over-bark volume, percentage of mature basal area, vigor,
regeneration cover, seedling density and height, and sapling density and height), with more
conserved structures expected in PAs than in unprotected areas; (iii) private tenure status
leads to negative impacts on soil (e.g., compaction, acidification, carbon loss, and reduced
water retention capacity) where more intensive land use occurs; and (iv) PAs experience
lower herbivory pressure on the understory due to land use restrictions.

2. Materials and Methods
2.1. Study Area

The study area comprises pure N. antarctica forests across Santa Cruz province (Ar-
gentina). These forests exhibit different structural conditions (even-aged or uneven-aged),
depending on natural disturbances (e.g., windstorms) and anthropogenic impacts over
the last century (e.g., wildfires, logging, pastures, and livestock grazing) [18,19]. A total
of 103 stands (Figure 1), each with >2 ha of homogeneous forest structure, were sampled,
representing the environmental heterogeneity presented within PAs (National Parks and
Provincial Reserves) and private areas, e.g., farms with livestock operations. A 15 km buffer
zone was defined from the PA boundary, which was used to classify private area stands
into the private-land and buffer-area categories (Figure 1). The buffer size was arbitrarily
defined following some previous studies in the literature, e.g., [8,18,19]. We presented the
natural gradients across the study area and sampling stands (Figure 1A).

2.2. Data Taking and Data Analysis

At each sampling unit (stand), a sampling plot consisting of a 50 m transect placed
in a random direction was established. Stands that had been harvested were identified
by the presence of stumps resulting from cuts applied with different intensities (H-Int)
(0 = no harvesting, 1 = light harvesting, 2 = heavy harvesting, and 3 = clear cutting).
Fire impact was recorded in stands showing substantial alterations to their original forest
structure caused by fires of varying magnitudes and intensities (F-Int) (1 = less than half
of the trees were burned, 2 = half of the trees were burned, 3 = all trees were burned).
The occurrence of harvesting (H-O), fires (F-O), and animal use (A-O) was calculated
as the number of plots in which the impact was recorded relative to the total number
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of plots classified within each tenure status. Decay of coarse woody debris was very
low at these higher latitudes, requiring long-term periods to disappear from the forests
(e.g., higher-diameter healthy logs required more than 400 years); for this, the presence
of stumps, logs, and coarse wood debris resulting from harvesting or fires are a good
indicator [18,19]. When it was possible, we supported the characterization of each impact
through existing management plans, fire events, and stakeholder comments. Regeneration
was recorded at every meter along 50 m transect, allowing us to calculate the regener-
ation cover (CAN, %). At the 10 m and 40 m points of each transect, forest structure
was characterized using Bitterlich angle-count sampling (K = 3-5) [36]. The diameter at
1.3 m height (DBH), vigor (1-3, with 3 representing the highest vitality), and development
phase based on bark characteristics following the classification used by Martinez Pastur
et al. [22] were registered for each tree. Additionally, tree crown classes were assigned
based on light capture (dominant, co-dominant, intermediate, and suppressed) [37]. Each
angle-count measurement point was associated with a dominant height value (measured
with a TruPulse 200 rangefinder, corresponding to the tallest tree at each subplot), and
these were averaged to obtain dominant height per stand (DH, m). Using these data, basal
area (BA, m? ha1), total over-bark volume (TOBV, m® ha~!) [38], percentage of mature
basal area (>100 years old, PBA-M), and average vigor per plot (VIG, 1-3) were calculated.
Hemispheric photos (Nikon 35 mm with Sigma 8 mm lens) were taken at 10 m and 40 m of
the transect to calculate canopy cover (CC, %) using Gap Light Analyzer v.2.0 software [39].
Height, density, browsing on initial regeneration (seedlings, <1.3 m height), and advanced
regeneration (saplings, >1.3 m height and <5 cm DBH) were surveyed in two subplots,
at the beginning and end of the transect, using 1 m? for the initial regeneration and 5 m?
plots for the advanced regeneration. With this data, seedling density (DSE, thousand ha~1),
sapling density (DSP, thousand ha™1), seedling height (HSE, cm), sapling height (HSP, m),
and browsing damage in seedlings (BRW, %) were calculated.

To characterize the topsoil layer, we collected four soil samples along each transect
using a hand soil sampler (0-30 cm depth) of known volume (200 cm?), after removing the
litterfall. Samples were weighed before and after air-drying under laboratory conditions
(60 °C) until a constant weight was achieved, obtaining the soil water content (SWC, %) and
soil bulk density (SD, g cm~2), after coarse root debris and stones > 2 mm were removed
by sieving. Samples were used to determine (i) soil acidity (pH) in a suspension (air-dried
samples and deionized water) with a soil/water ratio of 1:2.5 [40], and (ii) total carbon
(C, %) by dry combustion analysis (muffled at 500 °C for 24 h) [41] and modeling [42].
Using the values of SD and C, the soil organic carbon content (SOC, t ha~! at 30 cm depth)
was calculated.

Dung counts were performed, distinguishing between herbivores, in a 4 x 50 m plot
along the transect (200 m?). This was used as a proxy for livestock occurrence (animals ha—1)
following Martinez Pastur et al. [42]. For hares (Lepus europaeus) we used a defecation rate
of 410 droppings per day, a dry matter forage requirement of 24 kg DM year !, a residual
palatable biomass of 130 kg DM ha~!, and a sheep equivalent (SE) of 0.075. With this
data, we determined herbivore occupation, discriminating guanacos (Lama guanicoe, LG,
SE ha~'), hares (LE, SE ha™'), sheep (SHE, SE ha™'), cattle (CAT, SE ha™!), horses (HOR,
SE ha—1), domestic livestock (LIV, SE ha~1), and total herbivorous (TSD, SE ha~!). For the
considered land tenure statuses, the occurrence of animal use (A-O) was calculated as the
number of plots in which this impact was recorded out of the total plots classified within
that status. For the occurrence of animal use, values less than 0.5 SE were considered as
zero. The impact intensity of animal use (A-Int) was calculated by averaging domestic
livestock loads.
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Figure 1. Map of the study area, identifying plots (dots) classified by land tenure (purple dots = Protected
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Areas, orange dots = buffer areas in private lands, red dots = private lands), and areas indicating forests
(light green areas = Nothofagus antarctica, dark green areas = other forest types), protected areas (violet
areas), 15 km buffer (orange areas), and lakes (light blue areas). A = north Santa Cruz, B = center Santa
Cruz, C = south Santa Cruz.

An index evaluating the overall diversity of impacts (IMP) on forests was constructed
by averaging the intensity of harvesting, fire, and livestock impacts. Samples of under-
story aerial biomass were also collected in sampled plots (0.25 m?) associated with each
transect, cutting above-ground vegetation (ground level to <1.3 m height) (UAB, kg ha~1!).
Vegetation samples were manually classified into palatable and non-palatable species
after oven-drying at 60 °C to constant weight and then weighed to obtain the palatable
biomass (UPB, kg ha~!). Additionally, average understory height was measured. Using the
palatable biomass value, the potential livestock occupation (POT) in sheep equivalents per
hectare was calculated. Three additional indices were constructed to group the analyzed
variables by topic (forest, soil, and animal use) and were then used to compare conservation
status. Values were standardized between 0 and 1 and averaged within each index to
obtain a value per plot. Variables considered positive were kept in their original form,
while negative variables were inverted by subtracting them from 1 (Table Al). These values
were then averaged by status for the final outputs. The variables included in the indexes
were classified into positive (assigned positive values) or negative (assigned negative val-
ues) structural attributes considering the reference forests (complete density and without
previous human impacts). The forest index (FI) included dominant height, canopy cover,
basal area, total over-bark volume, percentage of mature basal area, vigor, regeneration
cover, seedling density, seedling height, sapling density, and sapling height, with all these
variables considered positive. The soil index (SI) included soil water content, pH, soil total
carbon, and soil organic carbon content, which were all considered positive, and soil bulk
density, which was considered negative. Finally, the animal use index (Al) included direct
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animal load measurement variables and indirect measurements based on the understory,
including height, total biomass, palatable biomass, potential livestock (SE), and guanaco
(SE), all considered positive, and browsing percentage, hare (SE), sheep (SE), cattle (SE),
horse (SE), domestic livestock (SE), and total herbivorous (SE), all considered negative.
Values close to 1 in the FI indicate forests with the highest structural attributes of mature
unmanaged forests. For the SI, higher values represent soils with the best development
occurring in mature unmanaged forests, while higher Al values indicate greater ecosystem
integrity regarding animal use intensity, e.g., higher Al corresponds to lower domestic
animal use, as is expected in mature unmanaged forests. Based on the premise that a
PA is effective when it is managed to conserve ecosystem integrity across territories and
ecosystem types [43], ecosystem integrity was evaluated using the generated indices, with
values of 1 representing the highest levels of conservation for forest structure, soil, and
animal use. The different dimensions and variables employed in the analyses can vary
in their importance depending on the management and conservation objectives. For this,
we decided to use equal weighting for all the variables, including those variables that did
not present significant differences, which were considered as equally important to those
that were statistically different. Finally, the Pearson correlation coefficient (—1 to +1) and
significance (p-value) were obtained for each index.

2.3. Statistical Analysis

Data was analyzed by one-way analysis of variance (ANOVA) and pairwise mean
comparisons using Tukey’s test, with Statgraphics Centurion XVI software [44]. Thirty-five
ANOVAs were performed (one for each variable: H-Int, F-Int, A-Int, IMP, DH, CC, BA,
TOBV, PBA-M, VIG, CAN, DSE, HSE, DSP, HSP, SD, SWC, C, SOC, pH, UH, UAB, UPB,
BRW, POT, TSD, LG, LE, SHE, CAT, HOR, LIV, and Al), considering different land tenure
status (PL, BL, and AP) as the main factors. All the individual ANOVAs achieved normality
according to their skewness (—2 to +2).

3. Results
3.1. Analysis of the Impacts Across the Landscape

Occurrence and intensity of fire, harvesting, and livestock impacts do not vary ac-
cording to the conservation status of the stands (Table 1). Despite the lack of significant
differences, private lands showed the highest values for fire occurrence (FO) and fire in-
tensity (F-Int) and the lowest values for harvesting occurrence and harvesting intensity.
Private buffer lands (BLs) presented the highest values for harvest occurrence and intensity
(HO and H-Int) and animal use (A-O and A-Int). However, they showed fire occurrence
and fire intensity values like those of protected areas, and lower than those recorded in
private lands. In the status categories where the highest values of impact occurrence were
recorded, the highest impact intensities were also observed. PA had the lowest impact
values (IMP), while private buffer lands showed the highest. Regarding intensities, com-
pensatory patterns were observed. For example, PL areas with higher fire intensity showed
lower harvesting and animal use intensities; BL areas had higher animal use and harvesting
intensity but lower fire intensity; and PAs recorded intermediate values for harvesting and
animal use intensities but lower fire intensities; however, no significant differences were
found for the overall impact index (Table 1).

3.2. Forest Structure and Regeneration Variables

Forests in PLs exhibited the lowest values for DH, CC, BA, TOBYV, VIG, and HSP
(Table 2), contrasting significantly with PAs, which displayed the highest forest structural
values. Seedling density showed a significant inverse response, with the highest value
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in PLs and the lowest in PAs. The distribution of development phases was analyzed
using the PBA-M variable, considering trees >100 years old. No significant differences
were found among forest land tenures, although in all cases, more than 75% of the basal
area was represented by mature trees. Similarly, N. antarctica regeneration cover, seedling
height, and sapling density showed no variation among land statuses. The forest index (FI)
showed significant differences among the three groups: PA > BL > PL. Although protected
areas showed high values for H-O and H-Int, they also exhibited higher values for the
forest structure variables (DH, CC, BA, and TOBYV). Forests growing in buffer zones, which
had harvesting values like those inside the protected areas, displayed a reduction in their
FI. In contrast, forests on private lands, which had lower FI values, also showed lower
harvesting impacts.

Table 1. Occurrence and intensity of harvesting, fire, and animal use for each land conservation status
(PL = private land, BL = buffer area in private lands, PA = protected area) in Nothofagus antarctica
forests in Santa Cruz province (Argentina). F = Fisher test, p = probability at <0.05 in the ANOVAs.

Level H-O H-Int F-O F-Int A-O A-Int IMP
PL 0.13 0.17 0.51 0.81 0.66 0.38 0.45
BL 0.33 0.44 0.33 0.50 0.78 0.64 0.53
PA 0.29 0.37 0.34 0.50 0.63 0.46 0.44

F 1.97 1.62 0.92 0.22
() (0.145) (0.204) (0.402) (0.801)

PL = private land, BL = buffer area in private lands, PA = protected area. H-O = harvesting occurrence (%),
H-Int = harvesting intensity (0-3), F-O = fire occurrence (%), F-Int = fire intensity (0-3), A-O = animal use
occurrence (%), A-Int = animal use intensity (0-3), IMP = impact (0-1).

Table 2. Forest structure and regeneration variables for different land status (PL = private land,
BL = buffer area in private lands, PA = protected area) measured in Nothofagus antarctica forests in
Santa Cruz province (Argentina). F = Fisher test, p = probability at <0.05 in the ANOVAs.

Level DH CC BA TOBV  PBA-M VIG
PL 5.2a 45.48a 17.7a 64.9a 89.35 1.78a
BL 7.9b 65.71b 24.9ab 110.7a 80.58 1.95a
PA 9.1b 76.51b 37.9b 177.2b 89.35 2.35b

F 27.48 20.98 12.46 18.92 0.98 22.69
() (<0.001)  (<0.001)  (<0.001)  (<0.001)  (0.378)  (<0.001)

Level CAN DSE HSE DSP HSP FI
PL 9.4 48.8b 218 1.53 1.78a 0.30a
BL 43 17.5ab 29.7 1.24 1.94ab 0.44b
PA 33 8.1a 21.0 1.56 2.48b 0.64c

F 2.49 429 1.53 0.05 7.58 27.54
) (0.088) (0.016) (0.221) (0.955) (0.001)  (<0.001)

DH = dominant height (m), CC = crown cover (%), BA = basal area (m? ha~!), TOBV = total over-bark volume
(m® ha—1), PBA-M = mature basal area (%), VIG = vigor (1-3), CAN = regeneration cover (%), DSE = seedling
density (thousand ha~!), HSE = seedling height (cm), DSP = sapling density (thousand ha~!), HSP = sapling
height (m), FI = forest index (0-1). Different letters in the same column indicate significant differences by Tukey’s
test (p < 0.05).

3.3. Soil Variables

The soil variables (Table 3) showed significant differences, except for pH. Higher soil
bulk densities were found in PLs, while the lowest values were observed in PAs. SWC,
C, and SOC presented lower values in PLs, and higher values in PAs for SWC and in BLs
for C and SOC. The soil index (SI) showed significant differences, following the order
PA = BL > PL. Private lands were the most affected by fire occurrence and intensity, which
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may explain the lower SI values. Specifically, private lands with the lowest FI values
coincide with the lowest SI values. However, this trend was less distinct in buffer zones and
protected areas; while both fell into the same SI group with the highest values, they differed
in terms of FI, with protected areas exhibiting higher values. The areas most affected by
fire occurrence and intensity (PL) are those that exhibit the lowest SI values.

Table 3. Soil variables for different land status (PL = private land, BL = buffer area in private lands,
PA = protected area) measured in Nothofagus antarctica forests in Santa Cruz province (Argentina).
F = Fisher test, p = probability at <0.05 in the ANOVAs.

Level SD SWC C SOC pH SI
PL 0.905b 29.5a 5.47a 13.2a 52 0.32a
BL 0.775ab 37.6ab 9.82b 18.0b 54 0.47b
PA 0.723a 67.9b 7.82b 14.9ab 5.3 0.43b

F 8.58 5.19 6.39 5.52 0.68 7.05
(p) (<0.001) (0.007) (0.003) (0.005) (0.507) (0.001)

SD = soil bulk density (gr cm—3), SWC = soil water content (%), C = total soil carbon (%), SOC = soil organic
carbon (tn ha~! 30 cm), SI = soil index (0-1). Different letters in the same column indicate significant differences
by Tukey’s test (p < 0.05).

3.4. Understory Vegetation and Animal Use Variables

For direct and indirect animal use variables (Table 4), significant differences were
found for UH and SHE. For UH, the highest values were observed in PAs and the lowest in
PLs, while for SHE, the lowest values were found in PAs and the highest in PLs. Palatable
biomass (UPB) and POT showed marginally significant differences, being higher in PAs and
lower in PLs for both. No significant differences were found for UAB, BRW, TSD, LG, LE,
CAT, HOR, or LIV. The animal use index (AI) showed significant differences, distinguishing
two groups and one with intermediate values, following the order PA > BL > PL; this
corresponds to lower domestic animal use in protected areas. This finding aligns with
the A-O value, which, despite being the lowest, was like that found in unprotected buffer
zones, as well as with the intermediate A-Int value. Although only SHE showed significant
differences among the direct animal use variables (TSD, LG, LE, SHE, CAT, HOR, and LIV),
browsing values (BRW) on regeneration were lower in PA. In turn, this could explain the
greater heights of HSP and UH observed in PA. Conversely, in areas with higher animal
presence (PL), indicated by the lowest Al, we observed poorer soil conditions, as reflected
by the SL

3.5. Index Comparison Among Protected Areas, Buffer Areas, and Private Lands

The indices allowed us to examine relationships among soil properties, forest structure,
and animal use. Variables were partially correlated among them (Pearson correlation
coefficient and p-value for FI are presented in Table A2; for SI, in Table A3; and for Al in
Table A4) and must be considered to understand the obtained indexes. In all cases, BLs
exhibited the highest heterogeneity, with greater variability than PLs and PAs, positioning
it as an intermediate condition between the two (Figure 2). Considering BL forests as
intermediate between the protection levels of PAs and PLs, PAs consistently showed the
highest FI and Al values (Figure 2A). The soil index revealed two distinct groups: PLs, and
BLs together with PAs; however, along the FI axis, three groups emerged clearly, with buffer
zones occupying an intermediate position (Figure 2B). The animal use index highlighted
similarities between private lands and buffer zones, as well as between buffer zones and
protected areas, while also distinguishing PLs from PAs. When considered alongside the
soil index, areas with higher integrity in terms of animal use (PAs and BLs) also exhibited
superior soil characteristics, reflected in higher SI values (Figure 2C).
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Table 4. Understory vegetation and animal use variables according to different land status
(PL = private land, BL = buffer area in private lands, PA = protected area) measured in Nothofa-
gus antarctica forests in Santa Cruz province (Argentina). F = Fisher test, p = probability at <0.05 in

the ANOVAs.

Level UH UAB UPB BRW POT TSD
PL 15.4a 16883 787.6 30.8 2.0 14
BL 32.4b 1775.0 1019.1 28.6 2.8 1.8
PA 32.4b 1652.4 11742 15.1 3.2 1.6

F 5.07 0.06 2.60 1.96 2.66 0.28
() (0.008) (0.945) (0.079) (0.147) (0.075) (0.759)

Level LG LE SHE CAT HOR LIV Al
PL 0.01 0.02 0.53b 0.8 0.13 14 0.52a
BL 0.01 0.00 0.22ab 14 0.19 1.8 0.55ab
PA 0.00 0.00 0.06a 12 0.22 1.6 0.60b

F 0.66 1.78 4.70 1.61 0.45 0.30 3.51
() (0.518) (0.173) (0.011) (0.206) (0.638) (0.743) (0.034)

UH = understory height (m), UAB = understory alive plant dry biomass (kg ha~!), UPB = palatable UAB (kg ha™1),
BRW = browsing damage seedling (%), POT = potential livestock stocking density based on food availability
(sheep equivalent per hectare, SE ha~1), TSD = total stocking density (SE ha1), LG = Lama guanicoe stocking
density (SE ha™'), LE = Lepus europaeus stocking density (SE ha~!), SHE = sheep stocking density (SE ha™1!),
CAT = cattle stocking density (SE ha~!), HOR = horses stocking density (SE ha™!), LIV = total livestock (cattle,
sheep, horses) stocking density (SE ha~1), AI = animal use index (0-1). Different letters in the same column
indicate significant differences by Tukey’s test (p < 0.05).

0.65 A 0.55 B
0.50 B,
0.60 PA 0.45 ‘PA
< 7 0.40
0.55 BL 0.35
PL
‘PL 0.30 §
0.50 0.25
025 035 045 055  0.65 025 035 045 055 065
FI FI
0.60 PA
0.55 .BL
PL
0.50
0.25 0.35 0.45 0.55
SI

Figure 2. Relationships between indices, FI = forest index in Table 2, SI = soil index in Table 3,
Al = animal use index in Table 4, calculated for Nothofagus antarctica forests in Santa Cruz province
(Argentina): (A) forest structure vs. animal use, (B) forest structure vs. soil, (C) soil vs. animal use.
The bars represent the standard error for both axes.

https://doi.org/10.3390/1and 15010178


https://doi.org/10.3390/land15010178

Land 2026, 15,178

10 of 19

4. Discussion

Although protected areas (PA) benefit from their formal protection status, impacts
from harvesting, animal use, and fire were observed within the sampled areas, which
is consistent with studies describing the occurrence and management challenges of fires
within PA in Chile [45]. Many of these impacts (e.g., harvesting) occurred before the
creation of NP and PR, and changes in the forest structure survive to date. In addition,
most of the fires were intentional, aiming to open areas for pastures to provide grazing
for livestock [46]. Fires linked to agricultural activities are also a significant issue in other
regions, such as Serbia, where they affect PAs, including the Special Nature Reserve Carska
Bara [47]. Added to this is animal browsing, which limits efficient regeneration due to
high animal stocking rates [48]. Fatindez Pinilla et al. [45] report fires that affected PAs
but originated outside their administrative boundaries, highlighting the importance of
considering activities within buffer zones [49,50]. Such vulnerability at the boundaries is
consistent with Sarkar et al. [51], who argue that National Park edges are prone to resource
extraction. Therefore, establishing large PAs becomes crucial to minimizing these edge
effects, as they provide a better surface-to-volume ratio [52]. This strategy facilitates the
preservation of pristine core areas, consistent with observations in broadleaved, coniferous,
and mixed forests in China [53], where optimal wildlife habitats were found exclusively in
the deep interior of PAs. Our results showed that the highest intensity and occurrence of
forest harvesting and livestock use were found in the buffer areas [54]. This may reflect
the effectiveness of PAs in limiting these activities within their boundaries [55], though
not completely, highlighting the need for increased efforts to exclude such impacts inside
PAs [56]. Likewise, attention to buffer areas is important, as the effects of these activities
can be displaced toward PAs, such as through fires or livestock movements [57]. Similarly,
Sarkar et al. [51] documented various illicit activities (e.g., timber extraction for firewood
or fencing, livestock grazing, wildlife hunting, and the harvesting of plants and wetland
reeds for traditional use) occurring within Kibale National Park in Uganda. Crucially, it
must be acknowledged that many of these productive practices predate the establishment
of PAs and their subsequent implementation, monitoring, and effectiveness evaluation [56].
These activities leave a lasting ecological footprint, necessitating long-term efforts to reverse
their effects and ensure the efficacy of exclusion measures [53]. This indicates that the
presence of domestic livestock has constituted a persistent challenge for PA in Argentina
over recent decades [58,59]. However, this is a global conservation issue also observed in
other reserves, e.g., Giant Panda National Park. As noted by Li et al. [53], the persistence
of livestock is attributed to the significant effort required for exclusion, which involves
both logistical constraints and potential territorial conflicts among stakeholders. Given
that forests characterized by lower harvesting occurrence and intensity are located within
productive private lands, the need to integrate protection measures into land-sharing ap-
proaches becomes evident [60,61]. Furthermore, N. antarctica forests within PA exhibit
the highest forest structure values, despite the impacts described before. This showed
the resilience of these ecosystems and their capacity for structural recovery following
different disturbance types [62,63]. Conversely, this analysis can be influenced by natu-
ral environmental gradients; specifically, higher site quality was found near mountain
ranges, declining towards the provincial interior within the ecotone [64]. For this, NPs
can present higher site quality values; however, some PRs are mainly located in ecotone
areas. In this work, we try to maintain a balance of samples among the different treatments.
Some differences can be influenced by the uses (e.g., volume) but others can be related to
landscape location (e.g., dominant height). Our results indicate that the areas selected for
PAs, while demonstrating resilience in meeting conservation objectives, have primarily
preserved N. antarctica forests, which were characterized by the highest forest structure
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values, such as dominant height, canopy cover, total volume, and basal area [65]. The
highest initial N. antarctica regeneration densities were recorded on private lands. This
trend may be attributed to lower stand density (lower canopy cover) due to past impacts,
which enhances light availability and minimizes competition for soil resources [66,67].
Consequently, the lower regeneration values observed in PAs, where canopy cover is
higher, are consistent with these ecological dynamics [68]. This finding further highlights
the resilience of N. antarctica forests, including those located in sites of lower quality and
those subjected to disturbance. Conversely, significant differences were observed in sapling
heights, likely attributable to greater animal use intensity, as evidenced by higher browsing
events [69,70]. Regarding soil parameters, forests conserved within PAs, along with those
in buffer zones, were associated with the highest soil index values, characterizing soils
with lower bulk density, higher water content, and mean SOC and C levels [42]. This trend
may be attributed to the greater exposure of unprotected lands to disturbances, as well
as the land-use history in areas where forests were cleared for livestock grazing [34,71].
The observed SOC levels partially align with the distribution described by Martinez Pastur
et al. [72], who reported an increasing carbon content gradient from the east to west across
Patagonia. Consistent with their analysis, the peak SOC values found in the buffer zone
may be explained by topographic or climatic drivers, wherein lower temperatures, higher
precipitation, and higher elevations favor SOC accumulation. Water content is higher in
PAs, a pattern likely attributed to canopy cover, as observed by Koelemeijer et al. [73], who
noted that cover levels characteristic of primary forests exhibit the highest percentages
of soil moisture and water storage [74]. This suggests that forest structures within PAs
are better preserved. Similarly, while sites located in the mountain range receive higher
precipitation [75], this input is also intercepted by the tree canopy [76]. In Nothofagus
forests of Santa Cruz, ecosystem services and biodiversity are positively correlated with
forest cover [18]. Consequently, the observed increase in cover from private lands to PAs
suggests that conservation lands are situated in locations where the forest possesses the
greatest potential to harbor biodiversity and provide ecosystem services [77]. Further-
more, according to Rosas et al. [18], N. antarctica forests exhibit a significant prevalence
of potential trade-off areas, indicating that this species is crucial for both provisioning
ecosystem services and biodiversity conservation. This duality raises significant challenges
for forest protection [78,79], as impacts from harvesting and livestock use persist even
within PAs. In addition, as ecotonal N. antarctica forests are situated closer to the steppe
than to the cordillera, the study emphasizes their importance for livestock production,
specifically through the combined provision of forage and shelter [80]. Consequently, these
environments warrant special attention as potential sites for future conservation initiatives
or the establishment of new formal reserves [81]. Upon comparing the indices, specifically
the animal index (Al) and the forest index (FI) (Figure 2A), it is observed that forests within
buffer zones exhibit greater similarity to private lands than to PAs. Based on the preceding
discussion, it is determined that PAs are effective in mitigating animal use (specifically
through the exclusion of sheep grazing), thereby enhancing ecosystem integrity [53], as
well as in maintaining forest structural integrity [82]. This preservation safeguards forests’
potential to sustain both biodiversity and ecosystem services [25]. Regarding the forest
index (FI) and the soil index (SI), forests within buffer zones cluster closer to PAs than
to private lands. These distinctions are primarily driven by understory height and sheep
stocking density. The former is higher in PAs and BLs, whereas the latter exhibits a decreas-
ing gradient from PLs to PAs. These variables are interrelated, as animal stocking density
is the principal factor negatively affecting understory height [83]. This indicates that soil
conditions in buffer zones are comparable to those in PAs. Furthermore, when analyzing
the relationship between the animal index and the soil index, forests in PAs and BLs are
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observed to exhibit superior soil conditions alongside better conservation status regarding
animal use. Even though soil supports ecosystems, soil conservation via protected areas is
still lacking [84].

This study showed that PAs present different conservation values compared to private
lands, whereas buffer areas present intermediate values. These outputs are significant
when management proposals for PAs (NPs and PRs) are implemented at the landscape
level. Usually, these proposals leave aside the surrounding private lands, but their ranching
activities can influence conservation areas, reducing the efficiency of the PA. For this, it
is important to change the current strategy and modify current legislation to expand the
benefits of the implementation of PAs through the inclusion of stakeholders in management
and conservation initiatives at the landscape level.

5. Conclusions

The effectiveness of PAs in Santa Cruz (Argentina) was quantitatively assessed in
comparison to private lands and buffer areas considering their impact of fires, animal use,
and harvesting. Contrary to our first hypothesis, PAs presented impacts that occurred
before their creation; however, forest structure was recovered as well as the associated
variables. This recovery gradually decreased from buffer areas to unprotected areas. Fur-
thermore, while fire incidence was lower, such events still occurred across the landscape.
Our second and third hypotheses were accepted, where PA presented better conserved
forest structure and recovery (e.g., seedlings and saplings), and where private lands led to
negative impacts on soil. Nevertheless, PA successfully preserved the integrity of forest
structure and vegetation (regarding animal use and changes in soil properties associated
with impacts and ecosystem recovery) when compared to buffer zones (15 km) and private
lands without clear conservation legislation. Finally, PAs experienced lower herbivory
pressure on the understory due to land-use restrictions; however, livestock still had an
impact inside protected areas. Buffer zones acted as an effective transitional area between
unprotected private lands and protected areas in NPs and PRs. In all analyses, PAs were
clearly distinct from private lands. However, sustained action in livestock exclusion, har-
vest regulation, and fire management remains necessary, as these impacts persist within
protected areas to date. Ongoing management measures, particularly monitoring and fire
control, are essential for future sustainable planning at the landscape level.
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Abbreviations

The following abbreviations are used in this manuscript:

A-Int Animal use intensity
A-O Occurrence of animal use
Al Animal use index
ANOVA  Analysis of variance

BL Buffer lands

DBH Diameter at 1.3 m height
DM Dry matter

ES Ecosystem services
F-Int Fire intensity

F-O Occurrence of fires

FI Forest structure index
H-Int Harvesting intensity
H-O Occurrence of harvesting
IMP Impact index

NP National Parks

PA Protected areas

PL Private lands

PR Provincial Reserves

SE Sheep equivalent

SI Soil index

Appendix A

Table Al. Variables employed in the construction of the different indices (FI = forest index, SI = soil

index, Al = animal use index) and their directionality. Positive values (+) indicate that an increase

in the variable will increase similarity to the variable as found in mature unmanaged forests, while

negative (—) values indicate that a decrease in the variable will increase similarity to the variable as

found in mature unmanaged forests.

Abbreviation Meaning Directionality Index
BA Basal area + FI
CAN Regeneration cover + FI
CcC Canopy cover + FI
DH Dominant height + FI
DSE Seedling density + FI
DSP Sapling density + FI
HSE Seedling height + FI
HSP Sapling height + FI
PBA-M Mature basal area + FI
TOBV Total over—bark volume + FI
VIG Vigor + FI
C Total carbon + SI
pH Soil acidity + SI
SD Soil bulk density - SI
SOC Soil organic carbon content + SI
SWC Soil water content + SI
BRW Browsing - Al
CAT Cattle stocking density — Al
HOR Horse stocking density - Al
LE Lepus europaeus stocking density - Al
LG Lama guanicoe stocking density + Al
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Table A1. Cont.
Abbreviation Meaning Directionality Index
LIV Total livestock — Al
POT Potential livestock occupation + Al
SHE Sheep stocking density - Al
TSD Total herbivorous - Al
UAB Understory biomass + Al
UH Understory height + Al
UPB Palatable biomass + Al

0 75 150km
I

I3150

Figure A1. Natural gradients of average annual temperature (°C) in red, annual rainfall (mm yr—!) in
blue, and elevation (m.a.s.l) in green. Data was extracted from WorldClim global database (1970-2000)
and from digital elevation model derived from a radar image from the Shuttle Radar Topography

Mission [85,86].

Table A2. Pearson correlation coefficient (—1 to +1) and significance (p-value) between brackets for
variables of the forest index (Table 2).

cC BA TOBV PBA-M VIG CAN DSE HSE  DSP  HSP
- 0726 0635 079 0008 0525 —0413 —0243 —0.113 —0173 0461

(<0.001) (<0.001) (<0.001) (0.934) (<0.001) (<0.001) (0.013) (0.274)  (0.080) (<0.001)
0873 0842  —0185 0526  —0321 —0183 —0.188 —0.058  0.568

cc (<0.001) (<0.001) (0.062) (<0.001) (0.001) (0.065  (0.068)  (0.561)  (<0.001)
0940  —0.054 0490  —0395 —0159 —0363 —0215 0520

BA (<0.001) (0588) (<0.001) (<0.001) (0.109) (<0.001) (0.029) (<0.001)
0.045 0526  —0380 —0185 —0296 —0215  0.504

TOBYV (0.651) (<0.001) (<0.001) (0.061)  (0.004)  (0.029)  (<0.001)

—0.146 —0200 0081  —0241 —0288 —0.345

FBA=M (0.141)  (0.043) (0418)  (0.019)  (0.003)  (0.003)
—0207 0154 —0.107 —0010  0.414

VIG 0.036) (0.121)  (0300)  (0.919)  (<0.001)
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Table A2. Cont.
CC BA TOBV PBA-M VIG CAN DSE HSE DSP HSP
CAN 0.265 0.395 0.621 —0.208
(0.007)  (<0.001) (<0.001) (0.076)
—0.094 0.061 —0.227
DSE (0367)  (0542)  (0.052)
0.321 —0.001
HSE (0.002) (0.996)
0.005
DSP (0.965)
Table A3. Pearson correlation coefficient (—1 to +1) and significance (p-value) between brackets for
variables of the soil index (Table 3).
SWC C SOC pH
SD —0.655 —0.811 —0.462 —0.046
(<0.001) (<0.001) (<0.001) (0.640)
0.419 —0.027 0.048
SWC (<0.001) (0.795) (0.631)
C 0.783 0.329
(<0.001) (0.001)
0.355
s0C (<0.001)
Table A4. Pearson correlation coefficient (—1 to +1) and significance (p-value) between brackets for
variables of the animal use index (Table 4).
UAB UPB BRW POT TSD LG LE SHE CAT HOR LIV
UH 0.411 0.402 —0.198  0.401 —-0.179  0.165 —0.062 —-0.251 —-0.128 —0.031 —0.180
(<0.001) (<0.001) (0.045) (<0.001) (0.070) (0.097) (0.535) (0.011) (0.197) (0.757) (0.069)
UAB 0.496 —0.084  0.496 -0.179 -0.051 —-0.080 —-0.104 -0.148 -0.109 —-0.178
(<0.001) (0.397) (<0.001) (0.070) (0.608) (0.421) (0.297) (0.136) (0.275)  (0.072)
UPB 0.011 1.000 -0.019 -0.101 -0.123 —-0.047 -0.005 —-0.029 -0.017
(0.910) (<0.001) (0.849) (0.310) (0.215) (0.641) (0.962) (0.769) (0.863)
BRW 0.010 0.169 —0.002  0.036 0.235 0.140 —0.154 0.169
(0.918) (0.088) (0.985) (0.715) (0.017) (0.160) (0.121)  (0.089)
POT —-0.019 -0.103 -0.126 —-0.048 —-0.004 —-0.032 —0.017
(0.851) (0.302) (0.205) (0.631) (0.969) (0.751) (0.866)
TSD —0.038  0.012 0.163 0.976 0.065 1.000
(0.700)  (0.905) (0.100) (<0.001) (0.515) (<0.001)
LG 0.383 —0.036 —0.056 0.115 —0.050
(<0.001) (0.722) (0.577) (0.246) (0.618)
LE —0.083 (<0.001) 0.165 0.001
(0.405) (0.997) (0.096) (0.992)
—0.028 —0.112 0.164
SHE (0.782)  (0.259)  (0.098)
—0.020 0.976
CAT (0.838)  (<0.001)
0.063
HOR (0.530)
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