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Abstract
Austrocedrus chilensis forests in Argentine Patagonia support overlapping uses of timber production and livestock grazing, generating a
wide range of structural conditions associated with contrasting land-use histories. We used physiognomic framework based on eight forest
physiognomies to evaluate how forest structural context and a dung-based livestock use index (LUI) were associated with tree regeneration
and understory plant communities across 95 sampled stands. All structural variables differed significantly among physiognomies. LUI has
been positively associated with the probability of browsing damage and negatively associated with sapling slenderness, consistent with
morphological effects of browsing. Regeneration density declined significantly with increasing LUI in the open physiognomies (physiognomy
× LUI interaction), indicating that the association between livestock use and regeneration density was physiognomy-dependent. Native
understory richness, diversity, and evenness declined significantly with increasing LUI (p < 0.05), while exotic species diversity was more
strongly associated with forest physiognomy, particularly with more open physiognomies, than with LUI. Physiognomies with intermediate
structural complexity showed comparatively high native diversity. These findings indicate that livestock use was associated with A. chilensis
regeneration and understory composition both independently of forest structural context and, for regeneration density, in a manner that
depends on it. The physiognomic framework provides an operational basis for integrating forest structure into adaptive management of A.
chilensis forests and may be applicable to other temperate forest systems subject to interacting land uses.

1 Introduction
Forest stand dynamics and structural heterogeneity arise from interactions among natural disturbances and land-use history (Mitchell et al.
2023; Jiang 2026). Forest harvesting, in particular, can alter the trajectory of ecosystem dynamics, by simplifying or diversifying forest
structure, depending on management objectives and ecological characteristics of each stand (Kuuluvainen 2002; Kimmins 2003; Wang et al.
2025). In ecosystems under multiple land uses, the overlap of productive activities can simplify forest structure, especially when uses occur
simultaneously without integrated planning (Hobbs and Huenneke 1992; Massó Estaje et al. 2026; Simensen 2026). More recently, this
perspective has converged with approaches emphasizing resilience and the conservation of natural structural variability (Kuuluvainen 2002;
McElhinny et al. 2005; Pickering et al. 2025). Structural heterogeneity across spatial scales is increasingly recognized as an important driver
of forest ecosystem functioning and provision of ecosystem services (Sun et al 2025; Hernández-Moreno et al 2026).

In Austrocedrus chilensis (D.Don) Pic. Serm & Bizzarri forests of northern Patagonia (Argentina), the long history of timber harvesting and
livestock grazing has been associated with high structural heterogeneity at both stand and landscape scales, ranging from dense closed-
canopy forests to open woodlands with only a few remnant trees (Dezzotti and Sancholuz 1991; Carabelli 2006). Timber harvesting has
promoted the spatiotemporal overlap of natural disturbances and other land uses, particularly livestock grazing. Combined with weak
institutional governance and fragmented land-use planning, these interactions have contributed to a mosaic of contemporary forest
structural conditions (Veblen et al 1992; Garcia and Burns 2022; Hernández-Moreno et al. 2023; Bava and Caselli 2025). In this context,
forest physiognomies provide an operational framework for integrating forest structure, regeneration dynamics, understory composition, and
grazing intensity within a common ecological context. Classifying stands into forest physiognomies facilitates the analysis and
interpretation of ecological responses and supports management across heterogeneous forest conditions (McElhinny et al 2005; Caviedes
and Ibarra 2017; Sun et al 2025).

Despite the availability of silvopastoril management guidelines for northern Patagonian forests and silvicultural proposals focused on
regeneration dynamics (Gobbi 2007; Loguercio et al. 2024), questions remain about how forest structure, regeneration, and understory
diversity interact under different grazing intensities in A. chilensis forests. Previous studies have documented the effects of livestock grazing
on individual ecosystem components, such as tree regeneration and understory floristic composition (Relva and Veblen 1998; Arpigiani et al.
2024, 2025), but approaches that explicitly integrate forest structure with contemporary grazing remain scarce, despite these processes
operating simultaneously within the same stands. However, management decisions are ultimately made at the stand scale, where forest
structure provides the ecological context in which regeneration dynamics and understory responses are interpreted in relation to grazing.
This highlights the need for an integrative framework that uses quantitative forest structure as the ecological basis for analysing the
relationships among regeneration, understory vegetation and grazing, while supporting management decisions across contrasting stand
conditions. Moreover, livestock grazing is spatially heterogeneous across these forest landscapes due to limited ranch infrastructure, steep
slopes, rough terrain, and distance to water sources (Quinteros 2018; Trinco et al. 2025).

To address this gap, we adopted a physiognomic framework in which quantitative forest structure provides the ecological context for
interpreting regeneration responses and understory vegetation under heterogeneous grazing conditions. We hypothesized that forest
physiognomy and livestock use are jointly associated with tree regeneration and understory plant communities, but through different
ecological mechanisms. Specifically, we expect that: (i) increasing livestock use would be associated with increased browsing damage on A.
chilensis regeneration and with morphological changes in saplings, whereas regeneration density would be primarily associated with forest
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physiognomy; (ii) native understory richness, diversity, and evenness would decline with increasing livestock use, whereas exotic species
would become more frequent under structurally open physiognomies; and (iii) forest physiognomy would provide the structural context for
interpreting these responses by representing differences in canopy cover, stand occupancy, and developmental stage across the landscape.
Accordingly, the objective of this study was to evaluate how livestock use is associated with forest regeneration and understory plant
communities across contrasting forest physiognomies. Specifically, we aimed to: (i) evaluate associations of forest physiognomy and
livestock use with tree regeneration using indicators of establishment (density), immediate impact (damage index), and cumulative
morphological response (slenderness index); and (ii) assess how forest physiognomy and livestock use influence understory plant species
richness, diversity, and evenness, with separate analyses for native and exotic species.

2 Materials and methods

2.1 Study area
The study was conducted in A. chilensis dominated forests located between the Río Manso valley (41° SL) and 42° SL in Río Negro province,
Argentina (Fig. 1). These forests develop along a pronounced west-to-east climatic gradient characterized by decreasing annual
precipitation and increasing mean temperature (Dezzotti and Sancholuz 1991; Pastorino et al. 2006). A total of 95 sampling locations were
selected across the study area to encompass the range of forest structural conditions. To minimize environmental variation among sampled
stands, we restricted the study to areas between 900 and 1500 mm yr− 1 isohyets (Bianchi et al. 2016) and excluded south-facing slopes
because of their cooler, lower-radiation microclimate conditions.

Sampling locations were selected to represent contrasting forest structural conditions and avoiding stand edges, roads, streams, and other
disruptive landscape features. Field surveys were combined with visual interpretation of high-resolution remote sensing imagery to confirm
that selected stands were embedded within an A. chilensis forest matrix, explicitly excluding naturally open forests associated with edaphic
or geomorphological conditions. Also, we delineated stand boundaries based on changes in canopy texture, encompassing at least 1
hectare of relatively homogeneous forest structure in each case. Sampling was conducted during the austral summer, between December
and February of 2023–2024, and forest vegetation, understory vegetation, tree regeneration, and dung counts were recorded during the
same field visit.

2.2 Forest physiognomic framework and sampling methods
Based on quantitative structural attributes and previous descriptions of stand structure, disturbance history, and forest developmental
conditions reported for A. chilensis forests (Dezzotti and Sancholuz 1991; Veblen et al. 1992; Carabelli et al. 2006; Gobbi 2007; Burns et al.
2013; Trinco et al. 2021; Arpigiani et al. 2025), we defined eight forest physiognomies representing discrete structural conditions along a
gradient from dense closed-canopy forests to highly simplified parkland environments (Fig. 2). These physiognomies were established as
the structural framework for the study as follows.

Closed forests, characterized by continuous canopy cover and small or absent gaps, include four physiognomies: Maximum stand
occupancy (MS) (n = 6), stands where site resources are fully occupied by trees of either very high density or large size, resulting in the
highest basal area of the gradient; Active stem exclusion (AE) (n = 8), even-aged stands of uniform small-diameter trees in full competitive
exclusion, with a very closed canopy and no gap dynamics; Late stem exclusion (LE) (n = 14), stands where density-dependent mortality is at
its highest, showing incipient canopy openings; and Understory reinitiation (UR) (n = 11), mature stands where surviving dominant trees
sustain high basal area at lower densities, and small recurring gaps allow a diverse regeneration layer to develop. Open forests,
characterized by a partially open canopy with large gaps, include two physiognomies: Cohort mixing (CM) (n = 17), structurally complex
stands where trees of different sizes and ages coexist as a result of recurrent natural disturbances or moderate selective harvesting,
generating a heterogeneous light environment that supports regeneration at multiple stages; and Open woodland (OW) (n = 22), stands
where a significant reduction in tree density from harvesting has left scattered large-diameter remnant trees, producing extensive canopy
openings. Parkland environments, characterized by a predominantly herbaceous matrix with isolated or grouped trees, include two
physiognomies: Parkland remnant (PR) (n = 8), open stands where the tree component is sparse and spatially aggregated, and regeneration
is restricted to microsites protected from herbaceous competition; and Pastoral clearing (PC) (n = 9), the most structurally simplified
physiognomy, where tree cover is virtually absent and the regeneration cycle is completely disrupted.

These physiognomies encompass a broad spectrum of land-use histories, ranging from unmanaged closed-canopy stands to structurally
simplified stands resulting from past thinning operations and intensive harvesting (Fig. 3), all embedded within a livestock production
context.
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The stand was considered the primary sampling unit because the study focused on stand-level associations among forest physiognomy,
livestock use, regeneration, and understory vegetation. Although multiple stands could occur within the same broader property or landscape
sector, the minimum separation distance of 200 m between sampled stands was maintained to reduce local spatial dependence.

2.3 Field sampling
At each stand we established a 50-m transect following the dominant slope. Hemispherical photographs were taken at both ends of each
transect at a height of 1.5 m using a fisheye lens and Gap Light Analyzer software (Frazer et al. 1999) to estimate canopy openness (CO, %).
Forest structure was assessed using the Bitterlich angle-count method, recording diameter at breast height (DBH, cm), tree species, and tree
status (live or dead) for trees with DBH > 10 cm. Natural tree regeneration was assessed in two strata: (i) initial regeneration (< 1.6 m height)
using rectangular variable-area plots (2.5–20.0 m²) established at each end of the 50-m transect. Plot size was selected based on a rapid
visual assessment of expected local abundance, when fewer than three individuals were present in the maximum 20 m² plot, all individuals
recorded were retained; and (ii) advanced regeneration (≥ 1.6 m height and DBH < 10 cm) using fixed-area plots of 20 m². For initial
regeneration, we recorded density (RD, plants ha-1), height (H, cm) and basal diameter (BD, cm), browsing damage by counting damaged
branches and apical status (browsed or unbrowsed). Based on these measurements, following Arpigiani et al. (2022), we calculated a
browsing damage index (BDI) for each stand as

On the other hand, the slenderness index (SI) was used as a morphological trait describing the relative relationship between sapling height
and basal stem diameter, and was calculated as

To characterize the understory layer, we conducted a point-intercept sampling along each transect. Plants < 2 m in height were recorded at 1
m intervals, documenting species identity and origin (native or exotic). Each contact point was considered a species occurrence. Species
richness (S) was calculated as the total number of species recorded per stand, both for the entire plant community and separately for native
and exotic species. These data were used to estimate: (i) the Shannon-Wiener diversity index (H') which integrates species richness and
relative abundance, reflecting both species number and dominance patterns (34 Shannon 1948); and (ii) Pielou's evenness index (J') which
standardizes H' by species richness. Both indices were calculated for the complete community and separately for native or exotic subsets.

Livestock use intensity was estimated using a livestock use index (LUI, cattle equivalents·ha⁻¹) based on dung counts following the
methodology proposed by Martínez Pastur et al. (2022). The index assumes that defecation rates are relatively constant within each stand
and throughout the year — cattle producing 14 faeces·day⁻¹ (Aland et al. 2002; Phillips 2002; Hirata et al. 2011), sheep 13 faeces·day⁻¹
(Haynes and Williams 1993), and horses 8.5 faeces·day⁻¹ (Westendorf and Krogmann 2013; Westendorf 2020) — and that dung remains
identifiable in the field for approximately one year under local climatic conditions, allowing dung density to be converted into a stand-level
estimate of recent livestock use intensity. To allow comparisons among species, counts were standardized as cattle equivalents (CE) using
the following conversion factors: 1 CE = 6.25 sheep = 0.625 horses (Haynes and Williams 1993; Westendorf 2020). We acknowledge that this
method captures livestock use over approximately one year prior to sampling and may be subject to spatial aggregation of dung near trails
or water sources; it should therefore be interpreted as a proxy for recent rather than long-term grazing history.

2.4 Statistical analyses
Differences among physiognomies in structural attributes and regeneration variables were evaluated using one-way ANOVA followed by
Tukey's HSD tests or Kruskal–Wallis tests followed by Dunn's post hoc comparisons with Bonferroni correction, depending on data
distribution (Table 1). The physiognomic framework was subsequently used as the structural context for evaluating patterns of tree
regeneration and understory plant communities across the livestock use gradient.

To account for potential spatial dependence among sampled stands within the same landscape sector, sampled stands were grouped into
seven landscape sectors defined a priori according to watershed boundaries and land-use history, independently of forest structural
condition. A sector was therefore included as a random intercept in all stand- and sapling-level generalized linear mixed models (GLMMs).
The association between LUI and browsing damage was evaluated using BDI. Because BDI contained a large number of zeros, browsing
responses were analysed using a two-stage hurdle approach. First, browsing occurrence (damaged vs. undamaged saplings) was analysed
using a binomial GLMM (Model 1). Second, browsing severity was analysed using a Gamma GLMM, fitted only to damaged individuals
(Model 2). We also evaluated the association between BDI and SI. Since SI was continuous and right-skewed, a Gamma GLMM was fitted,

BDI = ( ) + (( × 0.4) + ( × 0.6))
nº of damaged individuals

total nº of individuals
nº of damaged branches

total nº of branches
nº of damaged apical bud

total nº of individuals

SI = ( )
H

BD
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including sector and stand nested within sector as random intercepts (Model 3). A second-order polynomial term for BDI was included to
account for potential non-linear associations between browsing intensity and SI, given that BDI was calculated at the stand level and
assigned to all saplings within each stand.

The combined association of forest physiognomy (P) and LUI with SI was evaluated using a Gamma GLMM with the same nested random-
effect structure (Model 4). Finally, initial A. chilensis regeneration was analysed using a two-stage modelling approach. Regeneration
occurrence was evaluated using a binomial GLMM (Model 5a), excluding physiognomies in which regeneration was completely absent.
Regeneration density was analysed only for stands where regeneration was present using a Gamma GLMM (Model 5b). For all models
including both forest P and LUI (Models 4, 5a, and 5b), an initial model containing the P × LUI interaction was initially fitted. When the
interaction was not statistically supported (p > 0.05), it was removed and the final model was refitted using only additive effects, providing a
more parsimonious description of the observed associations (Table 2).

The association of P and LUI with understory plant diversity was evaluated using species richness (S), the Shannon diversity index (H'), and
Pielou's evenness index (J'), each calculated separately for the total, native, and exotic components of the understory flora, resulting in nine
response variables (Models 6–14). Because sample size varied among these subsets, full richness and H' models were fitted using all
sampled stands (n = 95), whereas J' and exotic-flora models were restricted to stands where the corresponding taxa were present. Model
distributions were selected according to the scale and distributional properties of each response variable, as assessed through exploratory
analyses and residual diagnostics. S was analysed using negative binomial GLMMs; H' was analysed using Gamma GLMMs for the total
community and Gaussian GLMMs for the native and exotic components, the latter fitted on log-transformed values where residual
diagnostics indicated a better fit. J' was analysed using Beta GLMMs because the index is bounded between 0 and 1. All models included
sector as a random intercept, following the same rationale adopted for the regeneration analyses. An initial model containing the P × LUI
interaction was first fitted, interaction terms were retained only when statistically supported (p ≤ 0.05), otherwise the additive model was
reported as final. For two exotic-flora models (H' and J'), one or more physiognomy × LUI interaction terms were dropped due to rank
deficiency, reducing the associated degrees of freedom (Supplementary Material Table S1).

Model fit was assessed using DHARMa simulated residuals for all models. Effect sizes were estimated using marginal pseudo-R² following
Nakagawa and Schielzeth for models 2, 3, 4, 5b, and 6–14; Tjur's R² and classification accuracy for the binomial occurrence for models 1
and 5a. Post-hoc comparisons among physiognomies were conducted using estimated marginal means with Tukey adjustment. All analyses
were conducted in R software (R Core Team 2024).

3 Results
All structural variables differed significantly among the eight physiognomies (Table 1). Live basal area (BA) showed the strongest
differentiation (p < 0.001), spanning the full gradient from PC, where BA was virtually absent (3.7 ± 3.0 m²·ha⁻¹) through PR (16.3 ± 3.5
m²·ha⁻¹) and the open forest physiognomies (OW and CM; 35.5 ± 6.3 and 32.5 ± 5.1 m²·ha⁻¹, respectively), to the closed forest
physiognomies where BA increased progressively and reached its maximum in MS (73.5 ± 6.7 m²·ha⁻¹). Tree density (TD) also differed
markedly among physiognomies (p < 0.001), with the highest values in MS (1863 ± 856 trees·ha⁻¹) and AE (1486 ± 149 trees·ha⁻¹),
representing the densest stand conditions along structural gradient, intermediate in LE (921 ± 225 trees·ha⁻¹), UR (923 ± 214 trees·ha⁻¹) and
CM (718 ± 148 trees·ha⁻¹), and lowest in OW (380 ± 110 trees·ha⁻¹), PR (422 ± 244 trees·ha⁻¹) and PC (47 ± 34 trees·ha⁻¹), where isolated or
scattered remnant trees constitute the only tree structural component. Canopy openness (CO) followed the opposite pattern with respect to
BA and TD (p < 0.001), with PC presenting the highest values (64.3 ± 9.2%) and AE the lowest (7.1 ± 2.3%), PR occupied an intermediate
position (26.3 ± 5.2%), while CM (17.0 ± 5.5%) and OW (14.7 ± 4.2%) showed greater within-group variability than the remaining
physiognomies, consistent with more heterogeneous canopy structures and large canopy gaps. Quadratic mean diameter (QMD) also
differed among physiognomies (p < 0.001), although without a consistent gradient. The highest values occurred in OW (34.6 ± 4.5 cm),
consistent with stands dominated by fewer, larger trees, whereas AE showed the lowest QMD (21.3 ± 2.0 cm), which, together with its high
BA and TD, is consistent with dense, relatively even-aged stands in the active stem exclusion stage. The remaining physiognomies displayed
intermediate QMD values.

Regeneration variables differed significantly among physiognomies, though with greater within-group variability than structural variables.
Initial regeneration density (IR) differed among physiognomies (p < 0.001), being highest in UR and LE (7205 ± 15766 and 6750 ± 8759
trees·ha⁻¹, respectively), consistent with episodic recruitment patterns expected under gap dynamics and mortality-created microsites, and
absent in PC (0 trees·ha⁻¹), consistent with the absence of an active regeneration cycle. Advanced regeneration (AR) also differed
significantly among physiognomies (p < 0.001), with LE showing the highest values (3464 ± 4749 trees·ha⁻¹) and OW and PC the lowest (625 
± 654 and 56 ± 107 trees·ha⁻¹, respectively), suggesting limited progression toward more densely forested conditions in the most open
physiognomies.
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Table 1
Structural characterization of the eight Austrocedrus chilensis forest physiognomies (n = 95 stands). MS = maximum stand

occupancy, AE = active stem exclusion, LE = late stem exclusion, UR = understory reinitiation, OW = open woodland, CM = cohort
mixing, PR = parkland remnant, PC = pastoral clearing. Different lowercase letters within each column indicate significant

differences among physiognomies (post-hoc tests following Kruskal-Wallis or one-way ANOVA; p < 0.05). CO = canopy
openness, BA = live basal area, TD = tree density, QMD = quadratic mean diameter, IR = initial regeneration density, AR = 

advanced regeneration density. Asterisks indicate the test used: = *Kruskal-Wallis, **ANOVA.
Physiognomy CO

(%)**

BA

(m².ha− 1)**

TD

(trees.ha− 1)**

QMD

(cm)**

RI

(trees.ha− 1)*

RA

(trees.ha− 1)*

MS 9.15ab 73.5f 1863.2e 23.4ab 2291.6ab 2208.3ac

AE 7.10a 56.3e 1486.5e 21.3a 3531.2a 1843.7ac

LE 9.30a 40.8d 921.7d 23.2a 6750a 3464.3c

UR 10.4ab 52.0e 923.5d 26.8ab 7204.5a 931.81abc

CM 17.0c 32.5c 718.1cd 23.4a 4573.5a 1411.7ac

OW 14.7bc 35.5c 380.9b 34.6c 3297.7a 625.0ab

PR 26.3d 16.3b 422.9abc 23.6a 1781.2ab 1500.0abc

PC 64.3e 3.7a 47.2a 30.9bc 0.0b 55.5b

Statistic (p) 152.9 (< 0.001) 191.8 (< 0.001) 43.33 (< 0.001) 13.0 (< 0.001) 26.09 (< 0.001) 35.54 (< 0.001)

Estimated LUI values across sampled stands ranged from 0 to 2.95 cattle-equivalents·ha⁻¹, although high stocking rates were recorded in
relatively few stands. The occurrence and severity of browsing damage on initial regeneration varied markedly among stands. Hurdle
models indicated that LUI was significantly associated with the probability of browsing damage occurrence (Model 1: χ²=4.69, p = 0.030),
with higher livestock use increasing the likelihood of browsing, but was not significantly associated with damage severity once browsing had
occurred (Model 2: χ²=2.95, p = 0.086) (Table 2). SI was significantly related to BDI (Model 3) (Table 2), exhibiting a quadratic response in
which the highest slenderness values were observed in undamaged individuals; this quadratic relationship between BDI and SI is consistent
with morphological changes associated with repeated browsing.

When SI was analyzed as a function of forest P and LUI (Model 4), both terms were significantly associated with SI (physiognomy: χ²=14.96,
p = 0.037; LUI: χ²=41.01, p < 0.001), with no significant P×LUI interaction (χ²=8.46, p = 0.294), indicating that the association between LUI and
SI was consistent across physiognomies. Tukey-adjusted post-hoc comparisons across all physiognomy pairs detected only a significant
difference between CM and PC (mean 61.7 ± 3.46 cm and 95.1 ± 12.46 cm, respectively), indicating that the physiognomy effect was driven
mainly by this contrast rather than by broad differentiation across the full structural gradient. LUI was negatively associated with SI (β=–
0.530 ± 0.083), indicating that regeneration became progressively less slender with increasing LUI, irrespective of physiognomy.

Finally, initial A. chilensis regeneration was evaluated using a two-stage approach. LUI was not significantly associated with the probability of
regeneration occurrence (Model 5a: χ²=2.01, p = 0.157), but was significantly and negatively associated with regeneration density in stands
where regeneration was present (Model 5b: χ²=13.04, p < 0.001), and this association differed among physiognomies (P×LUI interaction:
χ²=13.75, p = 0.033). Physiognomy-specific slopes indicated that the negative association between LUI and regeneration density was
strongest in the PR (β=–2.86 ± 0.79, p < 0.001) and UR (β=–6.12 ± 2.45, p = 0.012) physiognomies, while slopes did not differ significantly
from zero in the remaining physiognomies.

Together, these results indicate that LUI was associated with an increased probability of browsing damage and reduced sapling slenderness,
and was negatively associated with regeneration density in a physiognomy-dependent manner, while showing no significant association with
regeneration occurrence or browsing damage severity.
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Table 2
Models used to evaluate the associations of livestock use index (LUI) and forest physiognomy (P) with Austrocedrus chilensis regeneration.
For each model, the response variable, predictor, sample size (n), model type, distribution and link function, test statistic, p-value, effect size,

and estimator (± SE) are presented. Hurdle models (1–2, 5a–5b) show two components: probability of occurrence (binomial, logit) and
magnitude of response (Gamma, log). Models 4, 5a, and 5b tested a P × LUI interaction, retained only when significant (p ≤ 0.05). All models
included sector as a random intercept and were validated with DHARMa simulated residuals. BDI = browsing damage index, DO = damage

occurrence, RD = regeneration density, RO = regeneration occurrence, SI = slenderness index, R²m = marginal R², A = classification accuracy,
R²T = R² Tjur.

Model Response Predictor n Distribution and
link function

χ² df p -
value

Effect
size

Random
effects
(ICC)

Estimator ± SE

(1)

GLMM

DO LUI 87 Binomial (logit) 4.69 1 0.030 R²T = 
0.19

(A = 
0.747)

Sector = 
0.19

β = 1.548 ± 0.715

(2)

GLMM

BDI LUI 44 Gamma (log) 2.95 1 0.086 R²m = 
0.08

Sector = 
0.00

β = 0.455 ± 0.265

(3)

GLMM

SI BDI 695 Gamma (log) 26.01 1 < 
0.001
(*)

R²m = 
0.07

Sector = 
0.002

Stand = 
0.37

poly₁ = -2.271 ± 
0.445

9.92 1 0.002
(*)

poly₂ = -1.053 ± 
0.334

(4)

GLMM

Addittive

SI P 695 Gamma (log) 14.96 7 0.037
(*)

R²m = 
0.23

Sector = 
0.01

Stand = 
0.29

Post-hoc
(physiognomy)

LUI 41.01 1 < 
0.001
(*)

β = -0.530 ± 
0.083

P : LUI 8.46 7 0.294 – – –

(5a)

GLMM

Additive

RO P 86 Binomial (logit) 5.40 7 0.494 R²T = 
0.19

(A = 
0.802)

Sector = 
0.09

–

LUI 2.01 1 0.157 β = − 1.620 ± 
1.143

P : LUI 5.63 7 0.466 – – –

(5b)

GLMM

With
interaction

RD P 68 Gamma (log) 9.20 6 0.163 R²m = 
0.37

Sector = 
0.17

–

LUI 13.04 1 < 
0.001
(*)

β = -7.612 ± 
4.081

P : LUI 13.75 6 0.033
(*)

–

Understory plant diversity was associated with both P and LUI, although the strength and direction of these associations differed for native
and exotic species (Supplementary Material Table S1). No significant P × LUI interaction was detected for any of the nine understory
response variables (all p > 0.10), indicating that the association between LUI and understory diversity was broadly consistent across
physiognomies. S for all species differed significantly among physiognomies (χ²=15.42, p = 0.031) (Fig. 4.A) but was not significantly
associated with LUI (χ²=1.41, p = 0.236). When considering native and exotic species separately, native S differed significantly among P
(χ²=20.58, p = 0.004) (Fig. 4.A) and declined with increasing LUI (β=−0.275 ± 0.129, χ²=4.59, p = 0.032) (Fig. 4.B), while exotic S differed
among P (χ²=25.61, p < 0.001) but showed no significant relationship with LUI (χ²=0.38, p = 0.538).

H' for the total community differed significantly among P (χ²=14.80, p = 0.039) (Fig. 4.C) and was negatively associated with increasing LUI
(β=−0.158 ± 0.060, χ²=7.00, p = 0.008) (Fig. 4.D). This pattern was more pronounced for native species, whose H' also differed significantly
among P (χ²=14.50, p = 0.043) (Fig. 4.C) and showed a stronger negative association with LUI (β=−0.415 ± 0.120, χ²=11.92, p < 0.001)
(Fig. 4.C). In contrast, exotic species H' differed significantly among P (χ²=28.31, p < 0.001) (Fig. 4.C), with higher values in open
physiognomies, but showed no significant association with LUI among stands where exotic species were present (χ²=0.05, p = 0.817).

J' for the total community and for native species did not differ significantly among P (χ²=4.15, p = 0.762 and χ²=3.14, p = 0.872, respectively),
but was negatively associated with increasing LUI (β=−0.442 ± 0.124, p < 0.001 and β=−0.589 ± 0.180, p = 0.001, respectively) (Fig. 4.F),
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indicating a progressive dominance of a smaller subset of species at higher levels of livestock use. In contrast, exotic species evenness
differed significantly among physiognomies (χ²=23.69, p = 0.001) (Fig. 4.E), with lower values in the closed-canopy physiognomies (LE, AE,
MS), but showed no significant association with LUI (χ²=1.71, p = 0.191). Overall, native understory diversity and evenness were negatively
associated with LUI, whereas patterns of exotic species diversity and evenness were more strongly associated with forest physiognomy
than with LUI, and none of these associations depended on physiognomic context.

4 Discussion

4.1 Associations of livestock use and forest structure on regeneration and
understory communities
The observed heterogeneity in LUI reflects differences in grazing intensity associated with topography, accessibility, land-use history, and
traditional livestock management, consistent with previous studies from northern Patagonia (Arias Sepúlveda and Chillo 2017; Joelson et al.
2025). In our study, LUI was associated with A. chilensis regeneration through cumulative morphological changes in saplings, and, in a
physiognomy-dependent manner, reduced regeneration density. The negative relationship between LUI and SI, together with the association
between SI and BDI, is consistent with repeated herbivory being associated with reduced vertical growth and modified sapling architecture,
potentially decreasing the ability of individuals to compete for light during later developmental stages. This morphological response is
consistent with that reported by Arpigiani et al. (2022) for mixed A. chilensis-N. dombeyi forests under livestock use within the study region.
Likewise, global meta-analyses have reported generally negative associations between livestock grazing and tree regeneration, although
with considerable variability depending on livestock type, grazing intensity, and environmental context (Wadud et al. 2024). On the other
hand, the positive association we detected between LUI and the probability of browsing damage occurrence was consistent with the
relationship reported by Relva and Veblen (1998) for A. chilensis regeneration. Regeneration density, in turn, was not associated with LUI as a
main effect, but declined significantly with increasing LUI specifically in PR and UR physiognomies. This pattern departs from our initial
expectation that regeneration density would be primarily structured by forest physiognomy independently of livestock use; instead,
physiognomy appears to condition where LUI has a detectable association with regeneration density, rather than substituting for it. This
does not necessarily imply that recruitment is unrelated to livestock grazing in closed physiognomies, but rather that any association there
may be weaker, more variable, or dependent on additional environmental factors not captured at the spatial and temporal scale evaluated
here. Previous studies indicate that livestock exclusion alone does not guarantee successful tree regeneration (Arpigiani et al. 2024;
Sánchez-Jardón et al. 2026), suggesting that soil conditions, light availability, and vegetation competition may become limiting once
browsing pressure is reduced. Similarly, Trinco et al. (2024) reported that continuous herbaceous cover restricts A. chilensis establishment, a
mechanism that may contribute to the scarce regeneration observed in parkland environments (PR and PC), and that may also help explain
why the association between LUI and regeneration density was detectable precisely in these more open, herbaceous-dominated conditions.

Taken together, our results indicate that LUI was associated with A. chilensis regeneration both through browsing-related morphological
responses that were broadly consistent across physiognomies, and through reductions in regeneration density that were concentrated in
structurally open physiognomies. The observed variation in sapling architecture, together with environmental constraints reported by
previous studies (Carabelli et al. 2006; Gobbi 2007; Trinco et al. 2024; Joelson et al. 2025), may compromise sapling survival and long-term
development. This interpretation is consistent with the population dynamics models of Arpigiani et al. (2025), who predicted gradual
declines in sapling abundance in mixed A. chilensis-N. dombeyi forests under higher silvopastoral use. The context-dependent nature of
grazing impacts highlighted by global syntheses (Öllerer et al. 2019), and illustrated here by the physiognomy-dependent association
between LUI and regeneration density, reinforces the importance of evaluating regeneration responses together with forest structure and
local environmental conditions. Within this context, the physiognomic framework adopted in this study provides a useful basis for
interpreting how variation in land-use history, canopy structure, light availability, and vegetation competition is associated with regeneration
patterns across heterogeneous forest stands.

The understory community exhibited contrasting associations of native and exotic species with LUI and forest physiognomy. Native species
richness and Shannon diversity declined significantly with increasing LUI, and evenness followed the same pattern, indicating that higher
livestock use was associated with progressive dominance by a subset of tolerant species rather than a uniform reduction across the flora.
This pattern is consistent with studies from temperate forest grazing systems reporting lower native plant diversity under higher grazing
pressure and a greater prevalence of grazing-tolerant and disturbance-adapted species (Vázquez 2002; Piazza et al. 2016; Joelson et al.
2025; Rodríguez et al. 2026). In contrast, Arpigiani et al. (2024) found no significant differences in richness or diversity between grazed and
ungrazed mixed A. chilensis–N. dombeyi forests. This discrepancy may reflect the broader livestock use gradient represented in our study,
which may capture patterns that are less evident across the narrower grazing conditions evaluated in that study.
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Unlike native species, exotic S and H' were not significantly associated with LUI but differed consistently among forest physiognomies, with
higher values in open physiognomies and lower or absent in closed forests (Fig. 4A and 4C). This pattern suggests that exotic species were
more frequently associated with structural open forests conditions than with the grazing intensity, consistent with the idea that greater light
availability, reduced canopy cover, and reduced competition from native species in these physiognomies determine whether exotic
propagules can successfully establish (Carabelli et al. 2006; Sánchez-Jardón et al. 2010; Martínez Pastur et al. 2022). The absence of a
significant relationship with LUI, even among sites where exotics species were present, suggests that the range of livestock use
documented in this study was not associated with detectable differences in exotic diversity. Alternatively, any association between LUI and
exotic establishment may operate over longer temporal scales than captured by this cross-sectional study. Although livestock grazing has
often been linked to exotic plant invasion in grazed forest ecosystems (Vázquez 2002; Piazza et al. 2016), our results indicate that, within A.
chilensis forests, exotic species distribution was more closely associated with forest physiognomy than with contemporary LUI.

Native S and H' remained relatively high across most forest physiognomies, including both closed and open forests, but declined markedly in
the most structurally simplified condition (PC) (Fig. 4A and 4C). This pattern is consistent with previous observations in A. chilensis forests
(Carabelli et al. 2006), as well as with broader studies from temperate forests reporting high understory diversity under intermediate levels
of structural complexity and canopy cover (Sánchez-Jardón et al. 2010; Martínez Pastur et al. 2022). The lower native diversity observed in
PC suggests that beyond a certain level of structural simplification, reduced tree cover, dominance of the herbaceous layer, and LUI are
associated with less favourable conditions for diverse native communities. This pattern across the physiognomic gradient highlights the
importance of maintaining structural complexity when interpreting variation in native understory diversity.

The contrasting associations of native and exotic species with livestock use documented here may have ecological implications beyond
changes in species richness and diversity, including potential consequences for nutrient cycling, habitat structure for dependent fauna, and
ecosystem resilience (Díaz et al. 2007; Arias Sepúlveda and Chillo 2017; Joelson et al. 2025). Global multitrophic syntheses have reported
that reductions in plant diversity associated with livestock grazing are accompanied by declines in herbivore and pollinator communities
(Filazzola et al. 2020), suggesting that the patterns observed in A. chilensis forests may also extend to other ecosystem components (Le
Provost et al. 2022). Our results indicate that LUI was more consistently associated with changes in understory plant communities than with
early regeneration establishment, reinforcing the value of evaluating multiple ecological indicators within a structural framework that
accounts for contrasting forest structural conditions.

An important consideration is that forest physiognomy and LUI, although evaluated simultaneously, represent ecological processes
operating at different temporal scales. Forest physiognomies reflect the cumulative outcome of stand development, disturbance history, and
land use over decades, providing a relatively stable structural context (Oliver and Larson 1996; Burns et al. 2013). In contrast, the LUI
estimated here captures livestock use over approximately one year prior to sampling, and may not fully represent the long-term grazing
history of each stand. This temporal mismatch is a recognised limitation of cross-sectional studies in grazed ecosystems (Milchunas and
Lauenroth 1993), where plant community responses often integrate grazing effects accumulated over multiple years or decades (Díaz et al.
2007). Nevertheless, long-standing silvopastoral use in northern Patagonian A. chilensis forests (Trinco et al. 2021) suggests that many
sampled stands have experienced relatively persistent livestock use over time. Moreover, the physiognomic framework integrates the
cumulative influence of stand development, disturbance history, timber harvesting, and long-term livestock use. Rather than representing the
same ecological process, forest physiognomy and LUI were intended to capture complementary dimensions of forest dynamics: the long-
term structural legacy of stand development and land use, and the recent intensity of livestock use. Interpreting both variables together
therefore provides a broader ecological context than either measure alone.

4.2 Management implications of the physiognomy framework
The physiognomic framework proposed here provides a practical basis for integrating forest structure into management decisions in A.
chilensis forests. Our results indicate that patterns of regeneration and understory composition were associated not only with livestock use
intensity, but also with the structural context represented by forest physiognomy and, in the case of regeneration density, with interaction
between the two. Consequently, management strategies may benefit from being adapted to the ecological characteristics and productive
potential of each physiognomy rather than applying uniform grazing or silvicultural prescriptions. From this perspective, ecological
restoration does not necessarily require livestock exclusion, but may instead rely on management practices aimed at maintaining or
recovering desirable structural conditions while supporting ecosystem functioning and productive capacity (Messier and Puettmann 2011;
Hobbs 2016; Hanisch and Pinotti 2024).

In closed forests, where both initial and advanced regeneration were generally present under low canopy openness, and where the
association between LUI and regeneration density was weakest, silvicultural interventions that reduce competition while maintaining
regeneration protection may be appropriate. Livestock grazing may remain compatible with these conditions provided that browsing
impacts — which were associated with LUI across physiognomies — are monitored and shrub control does not compromise tree
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recruitment. Such practices could facilitate sapling release above the browsing zone while maintaining both timber and forage production
(Zerbe et al. 2023; Rodríguez et al. 2026), taking into account local site conditions and habitat suitability for A. chilensis (Oddi et al. 2022).

Open forests may offer favourable conditions for reconciling timber production, livestock use, and biodiversity conservation. Their
intermediate structural complexity, together with the presence of both initial and advanced regeneration and relatively diverse understory
communities, suggests that maintaining moderate canopy openness through low-intensity forestry combined with controlled grazing may
help sustain both ecological and productive values, avoiding excessive canopy closure as suggested for other Patagonian forests
(Rodriguez et al. 2026). Retaining seed trees, protecting regeneration, and promoting future crop trees (Cruz et al. 2018) may therefore
represent appropriate management practices in these physiognomies, particularly for supporting decision-making at the farm scale.

In parkland environments, where tree regeneration is limited and the herbaceous matrix is dominant, management priorities may differ from
those of more densely forested physiognomies. In these conditions, emphasis may be placed on maintaining soil stability, sustaining forage
production, and controlling undesirable species that reduce grazing capacity. Where restoration of tree cover is an objective, active
interventions such as planting, sapling protection, and temporary grazing exclusion may be required, although their feasibility will depend on
previous land use, site conditions, and production objectives (Hobbs and Huenneke 1992; Carabelli et al. 2006; Nacif et al. 2023; Mundahl et
al. 2025).

At the farm scale, the physiognomic framework may provide a spatial basis for planning silvicultural interventions, designing grazing
rotations, and identifying areas for conservation or restoration (Garcia and Burns 2022; Varela et al. 2023; Pacini et al. 2024; Mackay-Smith
et al. 2025). This is consistent with adaptive management, in which monitoring structural change over time informs adjustments to
practices based on observed ecosystem responses (Lindenmayer et al. 2000; Varela et al. 2023). The proposed physiognomies may also
help identify stands with contrasting silvicultural opportunities, guiding interventions such as thinning toward structural conditions that
maintain forest resilience and multifunctionality, consistent with ecosystem-based silviculture approaches documented in other temperate
forests (Messier and Puettmann 2011; Goldenberg et al. 2020; Guignabert et al. 2024; Uhl et al. 2025).

Our results provide partial support for the proposed hypotheses, revealing a more physiognomy-dependent pattern than initially expected.
LUI was associated with probability of browsing damage and reduced sapling slenderness broadly across physiognomies. Regeneration
density, however, was not associated with LUI as a uniform main effect but declined significantly with increasing LUI specifically in PR and
UR physiognomies, indicating that physiognomy conditions where the association between LUI and regeneration density becomes
detectable rather than acting independently of it. Native understory diversity and evenness declined consistently with LUI, whereas exotic
species were more strongly associated with forest physiognomy. These findings indicate that forest physiognomy does not merely provide a
static structural backdrop, but actively shapes where and how strongly livestock use is associated with regeneration and understory
patterns, further supporting the value of the physiognomic framework for interpreting vegetation responses across heterogeneous forest
conditions. Future work quantifying ecosystem services and structural thresholds across physiognomies would strengthen the framework's
application to multifunctional management.

5 Conclusions
Associations between livestock use and ecological responses were not uniform, but depended on forest structural context: browsing
damage probability and sapling morphological change were associated with livestock use broadly across physiognomies, whereas
reductions in regeneration density were concentrated in the more structurally open physiognomies. Native understory richness, diversity, and
evenness declined consistently with increasing livestock use. Exotic species diversity, in contrast, was more strongly associated with forest
physiognomy, than with livestock use. These findings indicate that forest structural context determines not only the magnitude but also the
detectability of associations between pastoral use and forest regeneration and understory communities.

Declarations

Funding
This research was funded by the Universidad Nacional de Río Negro (grant number PI 2021-B-964), and the Agencia Nacional de Promoción
Científica y Tecnológica (Agencia I + D+i) (grant number: PICT 2020–03694).

Author Contribution

Page 10/17



Conceptualization, N.B., M.A. and P.P.; methodology, N.B., M.A. and G.M.P.; software, N.B.; validation, N.B., M.A., P.P., M.B. and G.M.P.; formal
analysis, N.B.; investigation, N.B, O.C.P. and A.P.B.; resources, M.A. and P.P.; data curation, N.B. and A.P.B.; writing—original draft preparation,
N.B.; writing—review and editing, N.B., M.A., P.P., M.B., G.M.P.; visualization, N.B. and O.C.P.; supervision, M.A., P.P. and M.B.; project
administration, N.B. and M.A.; funding acquisition, M.A. and N.B. All authors have read and agreed to the published version of the
manuscript.

Acknowledgement
We thank the participating landowners and the governmental institutions INTA, the Secretariat of Environment and Climate Change, and the
Directorate of Forests of Río Negro for their collabo-ration and support throughout this study. We are also grateful to Rocio Garcia, Daniela
Arpigiani, Melina Paez, Paula Zermoglio, Brisa Guenuleo, Elisa Lobba, Juliana Cecilia, Tomas Gonzalez, Martha Riat, Agustin Quesada,
Gustavo Arias, and Felix Etcheverry for their assistance during fieldwork and other stages of the project.

Data Availability
The datasets generated and analyzed during this study are not publicly available because they form part of an ongoing research project but
are available from the corresponding author upon reasonable request.

References
1. Aland A, Lidfors L, Ekesbo I (2002) Diurnal distribution of dairy cow defecation and urination. Appl Anim Behav Sci 78:43–54.

https://doi.org/10.1016/S0168-1591(02)00080-1

2. Arias Sepúlveda JE, Chillo V (2017) Cambios en la diversidad funcional del sotobosque y la tasa de descomposición frente a diferentes
intensidades de uso silvopastoril en el noroeste de la Patagonia, Argentina. Ecol Austral 27:29–38.
https://doi.org/10.25260/EA.17.27.1.0.297

3. Arpigiani D, Aschero V, Soler R, Amoroso MM (2025) A life-cycle approach to understand consequences of silvopastoral use on two
native tree species of northern Patagonia. Austral Ecol 50:e70058. https://doi.org/10.1111/aec.70058

4. Arpigiani D, Chillo V, Soler R, Amoroso MM (2022) Differential response of natural regeneration to silvopastoral use intensity in mixed
forests of northern Patagonia, Argentina. For Ecol Manage 520:e120408. https://doi.org/10.1016/j.foreco.2022.120408

5. Arpigiani D, Chillo V, Soler R, Amoroso MM (2024) Exclusión al ganado en bosques mixtos de Patagonia norte bajo uso silvopastoril:
Respuestas estructurales y funcionales de la vegetación. Ecol Austral 34:213–227. https://doi.org/10.25260/EA.24.34.2.0.2290

6. Bava JO, Caselli M (2025) Forestry, from theory to practice: Central European ideas in native Patagonian forests in a context of climate
change. Front For Glob Change 8:e1377026. https://doi.org/10.3389/ffgc.2025.1377026

7. Bianchi E, Villalba R, Viale M, Couvreux F, Marticorena R (2016) New precipitation and temperature grids for northern Patagonia:
Advances in relation to global climate grids. J Meteorol Res 30:38–52. https://doi.org/10.1007/s13351-015-5058-y

8. Blackhall M, Raffaele E, Veblen TT (2008) Cattle affect early post-fire regeneration in a Nothofagus dombeyi–Austrocedrus chilensis
mixed forest in northern Patagonia, Argentina. Biol Conserv 141:2251–2261. https://doi.org/10.1016/j.biocon.2008.06.016

9. Burns SL, Goya JF, Arturi MF, Yapura PF, Perez CA (2013) Stand dynamics, spatial pattern and site quality in Austrocedrus chilensis
forests in Patagonia, Argentina. For Syst 22:170–178. https://doi.org/10.5424/fs/2013222-02834

10. Carabelli FA, Orellana IA, Jaramillo MM, Gómez MF (2006) Modification of the flora composition in edges of fragmented Austrocedrus
chilensis forests in Patagonia. For Syst 15:42–49. https://doi.org/10.5424/srf/2006151-00952

11. Caviedes J, Ibarra JT (2017) Influence of anthropogenic disturbances on stand structural complexity in Andean temperate forests:
Implications for managing key habitat for biodiversity. PLOS ONE 12:e0174147. https://doi.org/10.1371/journal.pone.0169450

12. Cruz GE, Rodriguez FA, Tapia PA, Bown HE (2018) Growth responses after a future crop tree thinning and a thinning from below in a
second-growth Nothofagus pumilio forest in Tierra del Fuego, Chile. Cien Inv Agr 45:263–276. https://doi.org/10.7764/rcia.v45i3.1856

13. Dezzotti A, Sancholuz L (1991) Los bosques de Austrocedrus chilensis en Argentina: Ubicación, estructura y crecimiento. Bosque
12:43–52. https://doi.org/10.4206/bosque.1991.v12n2-04

14. Díaz S, Lavorel S, McIntyre S et al (2007) Plant trait responses to grazing – a global synthesis. Glob Change Biol 13:313–341.
https://doi.org/10.1111/j.1365-2486.2006.01288.x

15. Felipe-Lucia MR, Soliveres S, Penone C et al. (2018) Multiple forest attributes underpin the supply of multiple ecosystem services. Nat
Commun 9:e4839. https://doi.org/10.1038/s41467-018-07082-4

Page 11/17



16. Filazzola A, Brown C, Dettlaff MA, Batbaatar A, Grenke J, Bao T, Peetoom Heida I, Cahill JF (2020) The effects of livestock grazing on
biodiversity are multitrophic: A meta-analysis. Ecol Lett 23:1298–1309. https://doi.org/10.1111/ele.13527

17. Frazer GW, Canham CD, Lertzman KP (1999) Gap Light Analyzer (GLA), Version 2.0: Imaging Software to Extract Canopy Structure and
Gap Light Transmission Indices from True-Colour Fisheye Photographs. Simon Fraser University, Burnaby, BC, Canada; Institute of
Ecosystem Studies, Millbrook, NY, USA.

18. Garcia RM, Burns SL (2022) Bureaucratic politics in protected areas: The voided power projection efforts of conservation vis-à-vis forest
bureaucracies in Patagonia, Argentina. For Policy Econ 135:e102630. https://doi.org/10.1016/j.forpol.2021.102630

19. Gobbi ME (2007) Condiciones de micrositio para juveniles de Austrocedrus chilensis y respuesta a intervenciones extractivas. Bosque
28:50–56. https://doi.org/10.4067/S0717-92002007000100008

20. Goldenberg MG, Oddi FJ, Gowda JH, Garibaldi LA (2020) Effects of firewood harvesting intensity on biodiversity and ecosystem services
in shrublands of northern Patagonia. For Ecosyst 7:e47. https://doi.org/10.1186/s40663-020-00255-y

21. Guignabert A, Jonard M, Messier C, André F, de Coligny F, Doyon F, Ponette Q (2024) Adaptive forest management improves stand-level
resilience of temperate forests under multiple stressors. Sci Total Environ 948:e174168.
https://doi.org/10.1016/j.scitotenv.2024.174168

22. Hanisch AL, Pinotti LCA (2024) Co-Creating Strategies to Optimize Traditional Silvopastoral Systems through the Management of Native
Trees in Caívas in Southern Brazil. Conservation 4:65–81. https://doi.org/10.3390/conservation4010005

23. Haynes RJ, Williams PH (1993) Nutrient cycling and soil fertility in the grazed pasture ecosystem. Adv Agron 49:119–199.
https://doi.org/10.1016/S0065-2113(08)60794-4

24. Hernández-Moreno Á, Potapov P, Soto DP, Armenteras D (2026) Mapping multifunctionality in remote Patagonian forest landscapes
reveals high-value ecosystems beyond protected areas. Commun Earth Environ 7:e554. https://doi.org/10.1038/s43247-026-03515-x

25. Hernández-Moreno Á, Soto DP, Miranda A, Holz A, Armenteras-Pascual D (2023) Forest landscape dynamics after intentional large-scale
fires in western Patagonia reveal unusual temperate forest recovery trends. Landsc Ecol 38:2207–2225.
https://doi.org/10.1007/s10980-023-01687-x

26. Hirata M, Higashiyama M, Hasegawa N (2011) Diurnal pattern of excretion in grazing cattle. Livest Sci 142:23–32.
https://doi.org/10.1016/j.livsci.2011.06.015

27. Hobbs RJ (2016) Degraded or just different? Perceptions and value judgements in restoration decisions. Restor Ecol 24:153–158.
https://doi.org/10.1111/rec.12336

28. Hobbs RJ, Huenneke LF (1992) Disturbance, diversity, and invasion: Implications for conservation. Conserv Biol 6:324–337.
https://doi.org/10.1046/j.1523-1739.1992.06030324.x

29. Jiang P, He H, Vanneste T, Mao Z, Xu Z, Fang S, Lin F, Ye J, Wang X (2026) Historical land use has long-lasting effects on the
biodiversity–productivity relationship in temperate forests. J For Res 37:e115. https://doi.org/10.1007/s11676-026-02061-8

30. Joelson NZ, Simon A, von Lampe F, Loguercio GÁ, Zerbe S, Leuschner C, Walentowski H (2025) Floristic patterns in the Andes of
northern Patagonia's forests, Argentina: towards integrating ecological responses with expert-based and unsupervised classification
methods. Veg Classif Surv 6:37–56. https://doi.org/10.3897/VCS.134621

31. Kimmins JP (2003) Old-growth forest: An ancient and stable sylvan equilibrium, or a relatively transitory ecosystem condition that offers
people a visual and emotional feast? Answer—it depends. For Chron 79:429–440. https://doi.org/10.5558/tfc79429-3

32. Kuuluvainen T (2002) Natural variability of forests as a reference for restoring and managing biological diversity in boreal Fennoscandia.
Silva Fenn 36:97–125. https://doi.org/10.14214/sf.552

33. Le Provost G, Schenk NV, Penone C et al (2022) The supply of multiple ecosystem services requires biodiversity across spatial scales.
Nat Ecol Evol 7: 236–249. https://doi.org/10.1038/s41559-022-01918-5

34. Lindenmayer DB, Margules CR, Botkin DB (2000) Indicators of biodiversity for ecologically sustainable forest management. Conserv Biol
14:941–950. https://doi.org/10.1046/j.1523-1739.2000.98533.x

35. Loguercio GA, Simon A, Winter AN, Ivancich H, Reiter EJ, Caselli M, Heinzle FG, Leuschner C, Walentowski H (2024) Carbon density and
sequestration in the temperate forests of northern Patagonia, Argentina. Front. For. Glob. Change 7: e1373187.
https://doi.org/10.3389/ffgc.2024.1373187

36. Mackay-Smith TH, Spiekermann RI, Richards DR, Harcourt N, Burkitt LL (2025) An integrative approach to silvopastoral system design:
perspectives, potentials and principles. N Z J Agric Res 68:218–258. https://doi.org/10.1080/00288233.2023.2298922

37. Martínez Pastur GJ, Cellini JM, Chaves JE, Rodríguez-Souilla J, Benitez J, Rosas YM, Soler RM, Lencinas MV, Peri PL (2022) Changes in
forest structure modify understory and livestock occurrence along the natural cycle and different management strategies in Nothofagus
antarctica forests. Agrofor Syst 96:1039–1052. https://doi.org/10.1007/s10457-022-00760-9

Page 12/17



38. Massó Estaje C, Rothacher J, Vujić A, Miličić M, Chao A, Mitesser O, Müller J, Claßen A, Steffan-Dewenter I (2026) Experimental
enhancement of structural heterogeneity in forest landscapes promotes multidimensional hoverfly diversity. J Appl Ecol 63:e70252.
https://doi.org/10.1111/1365-2664.70252

39. McElhinny C, Gibbons P, Brack C, Bauhus J (2005) Forest and woodland stand structural complexity: Its definition and measurement.
For Ecol Manage 218: 1–24. https://doi.org/10.1016/j.foreco.2005.08.034

40. Messier C, Puettmann KJ (2011) Forests as complex adaptive systems: Implications for forest management and modelling. Ital For
Mont 66:249–258. https://doi.org/10.4129/ifm.2011.3.11

41. Milchunas DG, Lauenroth WK (1993) Quantitative effects of grazing on vegetation and soils over a global range of environments. Ecol
Monogr 63:327–366. https://doi.org/10.2307/2937150

42. Mitchell JC, Kashian DM, Chen X, Cousins S, Flaspohler D, Gruner DS, Johnson JS, Surasinghe TD, Zambrano J, Buma B (2023) Forest
ecosystem properties emerge from interactions of structure and disturbance. Front Ecol Environ 21:14–23.
https://doi.org/10.1002/fee.2589

43. Mundahl ND, Yantes AM, Howard J (2025) Plant Community Restoration Efforts in Degraded Blufftop Parkland in South-eastern
Minnesota, USA. Land 14:e1326. https://doi.org/10.3390/land14071326

44. Nacif ME, Goldenberg MG, Oddi FJ, Pastorino MJ, Aparicio AG, Garibaldi LA (2023) Plantación de especies forestales nativas en
matorrales de Patagonia norte: Respuesta a la apertura inicial de dosel en sitios contrastantes. Bosque 44:219–239.
https://doi.org/10.4067/s0717-92002023000100219

45. Oddi FJ, Casas C, Goldenberg MG, Langlois JP, Landesmann JB, Gowda JH, Kitzberger T, Garibaldi LA (2022) Modeling potential site
productivity for Austrocedrus chilensis trees in northern Patagonia (Argentina). For Ecol Manage 524:e120525.
https://doi.org/10.1016/j.foreco.2022.120525

46. Oliver CD, Larson BC (1996) Forest Stand Dynamics, updated ed. Wiley, New York.

47. Öllerer K, Varga A, Kirby K, Demeter L, Biró M, Bölöni J, Molnár Z (2019) Beyond the obvious impact of domestic livestock grazing on
temperate forest vegetation – A global review. Biol Conserv 237:209–219. https://doi.org/10.1016/j.biocon.2019.07.007

48. Pacini A, Pelleri F, Marini F, Maltoni A, Mariotti B, Mazza G, Manetti MC (2024) Impact of cattle density on the structure and natural
regeneration of a turkey oak stand on an agrosilvopastoral farm in central Italy. J For Res 35:e22. https://doi.org/10.1007/s11676-023-
01680-9

49. Pastorino MJ, Fariña MM, Bran D, Gallo LA (2006) Extremos geográficos de la distribución natural de Austrocedrus chilensis
(Cupressaceae). Bol Soc Argent Bot 41:51–156

50. Phillips CJC (2002) Cattle Behaviour and Welfare, 2nd ed. Blackwell Science, Oxford, UK.

51. Piazza M-V, Garibaldi LA, Kitzberger T, Chaneton EJ (2016) Impact of introduced herbivores on understory vegetation along a regional
moisture gradient in Patagonian beech forests. For Ecol Manage 366:11–22. https://doi.org/10.1016/j.foreco.2016.01.035

52. Pickering M, Elia A, Oton G, Piccardo M, Ceccherini G, Forzieri G, Migliavacca M, Cescatti A, Girardello M (2025) Enhanced structural
diversity increases European forest resilience and potentially compensates for climate-driven declines. Commun Earth Environ 6:e852.
https://doi.org/10.1038/s43247-025-02592-8

53. Quinteros CP (2018) Propiedades ecosistémicas de bosques de Nothofagus pumilio afectadas por diferente intensidad de uso
ganadero en Chubut, Patagonia Argentina. Ecosistemas 27:24–32. https://doi.org/10.7818/ECOS.1483

54. R Core Team (2024) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/

55. Relva MA, Veblen TT (1998) Impacts of introduced large herbivores on Austrocedrus chilensis forests in northern Patagonia, Argentina.
For Ecol Manage 108:27–40. https://doi.org/10.1016/S0378-1127(97)00313-7

56. Rodríguez P, Cruz Alonso V, Romano S, Bustamante G, Soler R (2026) Context-dependent effects of livestock grazing on forest attributes
and ecosystem multifunctionality in Nothofagus forests. Agric Ecosyst Environ 400:e110219.
https://doi.org/10.1016/j.agee.2026.110219

57. Sánchez-Jardón L, Acosta B, Del Pozo A, Casado MA, Ovalle C, Elizalde HF, Hepp C, De Miguel JM (2010) Grassland productivity and
diversity on a tree cover gradient in Nothofagus pumilio in NW Patagonia. Agric Ecosyst Environ 137:213–218.
https://doi.org/10.1016/j.agee.2010.02.006

58. Sánchez-Jardón L, Del Rio-Hortega L, Acosta-Gallo B, Del Pozo A (2026) Long-term effects of livestock exclusion on grassland species
diversity and forest regeneration in northern Chilean Patagonia. Agric Ecosyst Environ 399:e110173.
https://doi.org/10.1016/j.agee.2025.110173

Page 13/17



59. Shannon CE (1948) A mathematical theory of communication. Bell Syst Tech J 27:379–423. https://doi.org/10.1002/j.1538-
7305.1948.tb01338.x

60. Simensen T (2026) Land sparing and land sharing in spatial planning: Bridging historical ideals and contemporary applications. Land
Res 51:376–388. https://doi.org/10.1080/01426397.2025.2534039

61. Sun C, Yao J, Huang J, Willemen L, Wang T, Zang R (2025) Forest structural attributes as indicators and mediators of aboveground
carbon storage and woody plant species richness in natural forests. Ecol Indic 181:e114398.
https://doi.org/10.1016/j.ecolind.2025.114398

62. Trinco FD, Rusch VE, Cardozo A, Garibaldi LA, Tittonell PA (2024) Effect of grasses on native tree seedling establishment along a water
stress gradient: Results of forest and greenhouse experiments. Land Degrad Dev 35:5473–5487. https://doi.org/10.1002/ldr.5303

63. Trinco FD, Rusch VE, Cardozo A, Varela SA, Garibaldi, LA, Tittonell PA (2025) Remote sensing and field data show complementary
functions when predicting forage productivity in heterogeneous native forests. Landsc Ecol 40:e166. https://doi.org/10.1007/s10980-
025-02109-w

64. Trinco FD, Rusch VE, Howison RA, Garibaldi LA, Tittonell PA (2021) Implications of landscape configuration on understory forage
productivity: A remote sensing assessment of native forests openings. Agrofor Syst 95:1675–1688. https://doi.org/10.1007/s10457-
021-00676-w

65. Uhl B, Schall P, Bässler C (2025) Achieving structural heterogeneity and high multi-taxon biodiversity in managed forest ecosystems: a
European review. Biodivers Conserv 34:3327–3358. https://doi.org/10.1007/s10531-024-02878-x

66. Vázquez DP (2002) Multiple effects of introduced mammalian herbivores in a temperate forest. Biol Invasions 4:175–191.
https://doi.org/10.1023/A:1020522923905

67. Veblen TT, Kitzberger T, Lara A (1992) Disturbance and forest dynamics along a transect from Andean rain forest to Patagonian
shrubland. J Veg Sci 3:507–520. https://doi.org/10.2307/3235807

68. Wadud AI, Bugalho MN, Vaz PG (2024) Metaanalysis of livestock effects on tree regeneration in oak agroforestry systems. J Environ
Manage 364:e121498. https://doi.org/10.1016/j.jenvman.2024.121498

69. Wang L, Wei F, Tagesson T, Fang Z, Svenning J-C (2025) Transforming forest management through rewilding: Enhancing biodiversity,
resilience, and biosphere sustainability under global change. One Earth 8:e101195. https://doi.org/10.1016/j.oneear.2025.101195

70. Westendorf M, Krogmann U (2013) Horse Manure Management: Bedding Use. Fact Sheet No. 537. New Jersey Agricultural Experiment
Station, New Brunswick, NJ, USA.

71. Westendorf ML, Williams CA, Murphy S, Kenny L, Hashemi M (2020) Generation and management of manure from horses and other
equids. In: Waldrip HM, Pagliari PH, He Z (eds) Animal Manure: Production, Characteristics, Environmental Concerns, and Management.
Wiley, Hoboken, pp 145–163. https://doi.org/10.2134/asaspecpub67.c8

72. Zerbe S, Storz ST, Leitinger G et al (2023) Regeneration of Nothofagus dombeyi (Mirb.) Ørst. in little to moderately disturbed southern
beech forests in the Andes of Patagonia (Argentina). For Ecosyst 10:e100126. https://doi.org/10.1016/j.fecs.2023.100126

73. Varela S, Diez JP, Gazotti JI et al (2023) Manejo de bosques con ganadería integrada en Patagonia argentina: Ajuste metodológico para
la determinación de la línea de base en ecosistemas complejos y paisajes heterogéneos. Bosque 44: 255–259.
https://doi.org/10.4067/s0717-92002023000100255

Figures

Page 14/17



Figure 1

Sampling stands (red dots, n = 95) in Austrocedrus chilensis forests (green cover) of northern Patagonia (Argentina).
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Figure 2

Conceptual diagram representing the physiognomic framework identified in Austrocedrus chilensis forests and their potential trajectories.
Green boxes represent forests physiognomies, both closed and open forests, whereas yellow boxes represent parklands environments
associated with intensive use and strong canopy opening. MS = maximum stand occupancy, LE = late stem exclusion, AE = active stem
exclusion, UR = understory reinitiation, OW = open woodland, CM = cohort mixing, PR = parkland remnant, PC = pastoral clearing.

Figure 3

Representative field photographs of the eight forest physiognomies identified in Austrocedrus chilensis forests. MS: Maximum stand
occupancy; AE: Active stem exclusion; LE: Late stem exclusion; UR: Understory reinitiation; CM: Cohort mixing; OW: Open woodland; PR:
Parkland remnant; PC: Pastoral clearing. Photographs illustrate the contrasting structural conditions encompassed by the physiognomic
framework, ranging from dense closed-canopy forests to open woodland and parkland environments.
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Figure 4

Effects of forest physiognomy (A, C, E) and livestock use index (B, D, F) on understory plant diversity in Austrocedrus chilensis stands (n =
95). Diversity metrics include species richness (S, A, B), Shannon diversity (H', C, D), and Pielou's evenness (J', E, F), for all species (blue),
native species (green), and exotic species (red). Different letters indicate significant differences among physiognomies (p <0.05). Right
panels show fitted relationships with 95% confidence intervals. Solid lines indicate significant associations with LUI (p < 0.05), whereas
dashed lines indicate non-significant relationships. Physiognomy acronyms: MS = maximum stand occupancy, LE = late stem exclusion, AE
= active stem exclusion, UR = understory reinitiation, OW = open woodland, CM = cohort mixing, PR = parkland remnant, PC = pastoral
clearing.
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