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Abstract
Forest biomass with energy purpose is gaining importance. Although there is a lot of information about afforestation for 
energy purpose, native resource management for biofuel production is a less studied topic. Consequently, generating infor-
mation about management of local forest types that have potential for providing biomass for energy, such as resprouting 
shrublands, becomes a priority objective. We evaluated the effects of harvesting intensity on coppice growth in three resprout-
ing shrublands with contrasting site conditions in northern Patagonia (Argentina). At each site, three harvesting treatments 
in strips of increasing width were randomly assigned to six permanent plots of 31.5 × 45 m during 2013–2014. Four years 
after, we measured resprouts (number and size of stems) of the five native dominant species. We found that almost all species 
responded to harvesting intensity by enhancing the coppice growth rates. Nonetheless, species showed different strategies for 
resource obtention. When analyzing at the community level, the response to harvesting intensity was consistent among the 
hillside sites, but conservative in the valley bottom site with the worst environmental conditions. Due to the high response 
of these species to harvesting intensity, we conclude that intense shrubland management for biomass commercialization 
could be a viable option depending on site conditions.
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Introduction

Sustainable use of renewable energy sources is essential to 
face current global change challenges. While energy use of 
forest biomass reduces the dependency on non-renewable 
energy sources, and thus on greenhouse gas emissions, 
it also generates pressure on forest resources; therefore, 

sustainable management plans are necessary. Shrublands 
have suitable properties for energy production, and bio-
mass derived from these ecosystems is gaining importance 
(González-González et al. 2017). Indeed, this forest type has 
the potential to complement biomass derived from clear-
ing, thinning or pruning, with that obtained from planta-
tions of fast-growing species (Karp and Shield 2014). In 
fact, the competition between land area for short rotation 
coppice plantations and food products has discouraged this 
first option (Glithero et al. 2013), leaving natural forests 
with coppicing species as a more desirable solution (Spinelli 
et al. 2017). However, shrubland management is one of the 
least studied topics in forest sciences, and therefore, local 
information becomes relevant to achieving sustainable solid 
biofuel production from these natural woody communities 
(Avohou et al. 2010).

Firewood has been the main fuel resource for humanity 
since its beginning, and at the present, it is the main source 
of energy in rural and low-income communities, especially 
in developing countries. It is used for heating and cooking 
and represents the main fuel resource for one-third of the 
world’s population (FAO 2008). Although using wood for 
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energy is not new, solid biofuel is being the focus of novel 
research as renewable fuel resource (Abbasi and Abbasi 
2010). In this sense, the energy derived from solid biomass 
is beneficial for the environment since it is considered neu-
tral in terms of the emission of greenhouse gases (mainly 
CO2) according to the European Union (European Commis-
sion 2003). In addition, when obtained under sustainable 
forest management, it may have also maintained or even 
increased the provision of certain ecosystem services (e.g., 
fire control) (Regos et al. 2016).

In northwest Patagonia, Nothofagus antarctica ((G. 
Forst.) Oerst.) forms typical Mediterranean-type climate 
shrublands. They are the most diverse ecosystems in the 
region (Speziale et al. 2010), and while these forest types 
have been historically burned for cattle production (Dez-
zotti and Sancholuz 1991), at present they must be managed 
sustainably ensuring the provision of ecosystem services 
(sensu National Law 26.331). Most of the woody species 
that compose north Patagonia shrublands are heliophiles and 
resprouters (Rusch et al. 2017), which gives them an adap-
tation to fire, the most recurrent disturbance in the region 
(Kitzberger and Veblen 1999). These species exhibit fast 
initial growth after such disturbance (Landesmann et al. 
2016) and their woods are used for energy (firewood) by 
local people. Considering the productive, social and envi-
ronmental value of native shrublands of north Patagonia, 
the management of forests with energy purposes should be 
based on partial cuttings, leaving permanent forest cover 
to ensure the provision of ecosystem services and system 
sustainability (sensu National Law 26.331). In this way, 
harvesting in strips is an innovative management approach 
in north Patagonia that could be both environmentally and 
economically sustainable (Goldenberg et al. 2018).

A key aspect of management is the growth response to 
silvicultural interventions. Currently, knowledge of how the 
coppice growth responds to management in native tree spe-
cies of north Patagonia is limited (Reque et al. 2007; Gyenge 
et al. 2009; Goldenberg et al. 2018). Main studies focusing 
on growth of N. antarctica shrublands in north Patagonia 
have concentrated on unmanaged forests (Gyenge et al. 
2008; Landesmann et al. 2016) analyzing post-fire vegeta-
tion dynamics (Tiribelli et al. 2018).

Quantifying the response on shrubland growth to man-
agement in different sites (species composition and site 
conditions) would allow obtaining a greater understanding 
of ecosystem resilience and designing silvicultural systems 
with energy purpose. In addition, biomass management 
schemes must consider the socioeconomic characteristics 
of forest owners. For instance, shrubland management based 
on the use of light equipment for harvesting (e.g., chain-
saw) could be a viable option for small and medium forest 
enterprises and an alternative or complement to livestock 
production.

Our objective was to analyze the response of coppice 
growth to a harvesting intensity gradient under different site 
conditions in northern Patagonian shrublands. We focus on 
the effects of harvesting intensity and site on: (i) biomass 
components affecting volume per plant (number of stems 
and their diameter and height) and (ii) mean annual biomass 
production. We used an experimental approach replicated 
on three contrasting sites applying a continuous cover sil-
vicultural system based on systematic strip harvesting for 
biomass production.

Materials and methods

Study area and experimental sites

The northern Patagonian region of Argentina has a Mediter-
ranean-type climate (Keeley et al. 2011), with an annual pre-
cipitation that ranges from 920 to 1300 mm in the N. antarc-
tica distribution. Average annual temperatures range from 
8 to 9 °C, with an annual average maximum temperature 
of 15 °C and minimum temperature of 1.5 °C. The annual 
relative humidity is 65%, and the annual dew temperature is 
2 °C. Frosts occur about 120 days a year, but frost presence 
is longer in valley bottoms (Chauchard et al. 2015).

Three sites with contrasting environmental conditions 
in the province of Rio Negro, Argentina, were chosen to 
conduct the study (Fig. 1). The choice was based on site 
exposure, one of the main environmental factors driving 
shrubland physiognomy in this region. In southern exposure 
hillsides, soils are deeper and have greater development and 
higher moisture retention than northern hillsides, where soils 
are drier because they are exposed to the dominant north-
western winds and intense summer droughts (Chauchard 
et al. 2015). Consequently, productivity is determined by the 
position of sites in the landscape: Southern exposure sites 
are more productive than northern ones, but both are more 
productive than some valley bottom sites where environmen-
tal condition can be limiting. Hence, one site was located on 
a southern slope (high productivity), another on a northern 
slope (medium productivity) and the remaining on a valley 
bottom (low productivity). Vegetation was dominated by 
mixed N. antarctica shrublands in the high- and medium-
productivity sites; where Schinus patagonicus ((Phil.) I.M. 
Johnst.), Lomatia hirsuta ((Lam.) Diels ex Macbr.), Diostea 
juncea ((Gillies & Hook.) Miers) and Embothrium coc-
cineum (J.R. Forst. & G. Forst) codominate the stand and 
by pure N. antarctica shrublands in the low-productivity site 
(Table 1); the only woody species present in all three sites 
was N. antarctica. In the high- and medium-productivity 
sites, soils were dominated by the group of Hapludands 
(USDA 2014), with dark color, sandy texture, lose structure 
and abundant presence of roots. The medium-productivity 
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site had shallower soils and presence of rocks. The groups 
of Udivitrands (USDA 2014) were dominant in the low-
productivity site with ocher color, poor abundance of roots 
and less soil depth. Elevation across sites ranges from 790 m 
to 840 m. Table 1 summarizes the environmental and stand 
features of the three sites. 

Harvesting treatments

At each site six 31.5 m × 45 m long-term experimental plots 
were established on each site (total plots = 18) and protected 
from cattle. Between 2013 and 2014, all plots were harvested 

in six strips of increasing width (1.5; 2.5 and 3.5 m, along the 
plot) resulting in approximately 30%, 50% and 70% of shrub 
cover removal, respectively. All biomass of the strip was har-
vested, and stems with diameter greater than 4 cm were clas-
sified as firewood, leaving smaller branches and leaves in the 
intervention strips (Table S1-1). The very few Austrocedrus 
chilensis ((D. Don) Pic. Serm. & Bizzarri) individuals present 
were not harvested to preserve the long-term conifer compo-
nent. All firewood cubic volume was measured (Table 1). 
Mean annual volume increment estimations (including all 
treatments) of firewood were significantly different between 

Fig. 1   Black triangles indicate 
the three experimental sites 
along Rio Negro province 
(Argentina). The shrubland 
distribution is dark gray, and the 
tall forest is light gray
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sites reflecting the different site conditions for biomass produc-
tion of the selected sites (Table 1).

Field and laboratory measures

We defined five species of interest these being those that at 
the time of harvesting had a stem base diameter greater than 
4 cm (Table 1). During the summer of 2018, in the harvest 
lines, four plants of each of the five species of interest were 
randomly chosen in each plot (in total 20 plants per plot in 
the high- and medium-productivity sites and 4 plants per plot 
in the low-productivity site with only N. antarctica), and the 
number of resprouting stems per stool was counted in each 
one. Of these stems, five were randomly selected and stem 
base diameter (SBD, 3 cm from the insertion point to the stool) 
and total height (SH) were measured to estimate stem volume 
(SV). Volume was used as a measure of biomass because it is 
the most used measure of forest growth and commercialization 
in the region (Goldenberg et al. 2018).

Also, between 10 and 17 resprouting stems per species, 
covering the existing diameter classes, were randomly har-
vested. The SBD and H of the harvested stems were recorded 
(SBDs and Hs, respectively), and the leafless volume of the 
harvested stems was estimated (SV) in the laboratory using 
five sections according to Huber’s method (Cruz de León and 
Uranga-Valencia 2013):

(1)SV =
�

4
0.2 × L

(

d
2
0.1

+ d
2
0.3

+ d
2
0.5

+ d
2
0.7

+ d
2
0.9

)

where L indicates the length of stem and d is the diameter at 
the half length of each of the five sections. To estimate the 
volume of the non-harvested stems measured in the interven-
tions strips (SV), regression models between SV and SDB 
and H from harvested stems were fit (see “Volume equa-
tions” section).

SBD, SH and SV (estimated through volume models) were 
divided by the number of growing periods (October–May) 
elapsed since coppicing for calculating their mean annual 
increment (MAI). These resulted in 3.3, 3 and 4 periods of 
growth for the site of high, medium and low productivity, 
respectively. For each species, plant biomass production (PV-
MAI; cm3 plant−1 year−1) was obtained by multiplying stem 
volume (SV-MAI; cm3 stem−1 year−1) by number of stems per 
stool resprouting (n; stems plant−1; Table 2). Then, biomass 
production at the plot level (BV-MAI; m3 ha−1 year−1) was 
obtained as:

i: plot (n = 18); t: species (N. antarctica, S. patagonicus, D. 
juncea, L. hirsuta, E. coccineum); and Pl: number of plants 
per ha.

(2)(BV-MAI)
i
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ti
× Pl

ti

)

Table 1   Study site 
characteristics

Mean values ± standard errors
*Mean volume for all harvesting intensities (30, 50, 70%) extrapolated to hectare ± standard error
**Estimated mean annual increment considering the solid volume of firewood of all plots (6 plots per site) 
and stand age. Different letters indicate significant statistical differences using Tukey test after ANOVA (p 
value < 0.001)

Site and stand variables Site productivity

High Medium Low

Slope orientation South North –
Topographic position Low hillside Low hillside Valley bottom
Soil group Hapludands Hapludands Udivitrands
Soil depth (cm) 125 55 90
Stand age (years) ~ 50 ~ 50 ~ 30
Stem density (stems ha−1) 9847 ± 696 8554 ± 1591 37,129 ± 354
N. antarctica dominant height (m) 6.1 ± 0.7 3.4 ± 0.4 2.5 ± 0.1
Firewood volume (m3 ha−1)* 149.5 ± 22.9 77.7 ± 20.2 9.3 ± 1.8
MAI (m3 ha−1 year−1)** 3.6 ± 0.3a 1.8 ± 0.3b 0.4 ± 0.1c

Species composition (%) N. antarctica (35) N. antarctica (33) N. antarctica (100)
L. hirsuta (5) L. hirsuta (16)
S. patagonicus (35) S. patagonicus (28)
D. juncea (8) D. juncea (13)
E. coccineum (18) E. coccineum (11)
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Data analysis

Volume equations

The volume equations for each species were fitted using 
multiple linear regressions with the gls() function from the 
nlme package (Pinheiro et al. 2020). The models consid-
ered the following quantitative predictors: SBDs, squared 
SBDs, Hs and squared Hs. The best fitting models were 
selected based on Akaike information criterion (AIC) using 
the dredge() function from the package MuMin (Bartoń 
2019). The assumptions of homoscedasticity and normal-
ity were verified by visual evaluation of the residual scatter 
plots (residual vs. predicted values) and Shapiro–Wilk and 
Kolmogorov–Smirnov tests (shapiro.test and ks.test). When 
necessary, variances were modeled using variance functions 
(VarPower() as a function of predicted stem volume).

Biomass production

For analyzing the effect of harvesting intensity and site pro-
ductivity on each biomass component (Table 2), general 
and generalized linear mixed-effects models were fitted. For 
continuous responses (SH-MAI, SBD-MAI, SV-MAI (esti-
mated from fitted volume models), PV-MAI, BV-MAI; see 
Table 2), normal errors were assumed and variances were 
modeled when necessary. In the case of count data (num-
ber of stems per stool), a binomial negative error structure 
was used because data were over-dispersed. Species were 
analyzed separately; that is, one model per species was fit-
ted in each response variable. In all the cases, the models 
were fitted with harvesting intensity (quantitative), includ-
ing linear and squared terms to account for possible nonlin-
ear responses, site (categorical) and interactions, as fixed 
effects. Plot was considered as a random effect to represent 
the dependency among observations induced by the spatial 
nesting. Model selection was performed under a multi-model 
inference framework (Burnham and Anderson 2002, Gari-
baldi et al. 2017). AIC was used as a parsimony measure to 
decide which terms of the global models were important 

(Burnham et  al. 2011), and relative importance values, 
which sum the ‘Akaike weights’ over all models including 
the explanatory variable, were calculated. Finally, correla-
tion matrix were obtained for SV-MAI, n and PV-MAI for 
understanding the main drivers in plant responses.

All data analysis was carried out in R 3.6.3 (R Core Team 
2020). Models were fitted with the lme() function of the 
nlme package (Pinheiro et al. 2020) and the glmmadmb() 
function included in the glmmADMB package (Skaug et al. 
2016). Model selection was carried out using the dredge() 
and the importance() function, both from the package 
MuMin (Bartoń 2019). Model assumptions were checked by 
visual evaluation of residual scatter plots (residual vs. pre-
dicted values) and Shapiro–Wilk and Kolmogorov–Smirnov 
tests (shapiro.test and ks.test).

Results

Volume equations

For all the species, as expected, SBD and H were included 
in the selected models. All the selected models showed 
good statistical fitness (Fig. 2). The SBD ranged from 1.6 
to 30.5 mm for N. antarctica, 2.8 to 22.5 mm for S. pata-
gonicus, 1.9 to 20.2 mm for E. coccineum, 4.9 to 35 mm D. 
juncea and 4.3 to 33.5 mm for L. hirsuta.

Biomass production

Plant volume growth and biomass components

Harvesting intensity had a positive effect on the mean 
annual increment of plant biomass volume for all species 
except for E. coccineum (Fig. 3). D. juncea and L. hirsuta 
exhibited the highest mean growth rates and the highest 
response to harvesting intensity. In both cases, variability 
in plant volume growth was higher in the medium-produc-
tivity site (Table S1-2). The response of S. patagonicus 
varied with site productivity being less responsive in the 

Table 2   Biomass growth 
components

Each of these dependent variables was analyzed as a function of harvesting intensity, site productivity and 
interactions for each species except analyses at the plot level (BV-MAI) that consider all species in the plot 
(Eq. 2). MAI = Mean annual increment

Biomass components Description Unit Level

SH-MAI Stem height-MAI cm stem−1 year−1

SBD-MAI Stem base diameter-MAI mm stem−1 year−1 Stem
SV-MAI Stem volume-MAI cm3 stem−1 year−1

n Number of stems per stool stems plant−1 Plant (stool)
PV-MAI Plant volume-MAI cm3 plant−1 year−1

BV-MAI Biomass volume-MAI m3 ha−1 year−1 Plot
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medium-productivity site. N. antarctica showed an inter-
mediate response to harvesting intensity that interacted 
with site productivity denoting a lower response on the low-
productivity site. E. coccineum, on the contrary, showed no 
response to harvesting intensity neither to site productivity.

Plant volume increment was the result of stem volume 
and number of stems per plant (Supplementary material, 
Table S1-3, Table S1-4). The species analyzed responded in 
diverse, and often nonlinear, ways to harvesting intensity for 
the different analyzed variables, denoting several strategies 

for obtaining resources. For example, N. antarctica showed big-
ger stems, but no changes in stems per stool when harvesting 
intensity increased. Therefore, the plant response to harvesting 
intensity in this species was mainly due to the bigger size of 
the resprouts. S. patagonicus response was complex because 
harvesting intensity produced bigger stems, but the number of 
stems per plant responded in a nonlinear way and interacted 
with site, with higher positive effect of harvesting intensity in 
the medium-productivity site. Indeed, the plant volume of this 
species exhibited a stronger correlation with the stem volume 

Fig. 2   Observed stem volume 
vs. predicted stem volume 
showing the goodness of fit of 
the volume models developed 
for resprouts of five north 
Patagonian native species. 
The selected model for each 
species is given in each plot. 
Volume of steams (SV in cm3) 
was predicted as a function of 
linear and quadratic terms of 
steam basal diameter (SBD in 
mm) and height (H in m). (*) 
VarPower function was used to 
model unequal variances
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and their response to harvesting intensity (Supplementary 
material, Table S1-5). L. hirsuta responded positively in both 
number of stems and size, with the plant volume production 
highly correlated with number of stems. D. juncea also showed 
more biomass per plant mainly due to bigger resprouts. In E. 
coccineum, harvesting intensity had a positive effect on stem 
volume and the number of stems per plant response interacted 
with site being more positive in the medium-productivity site. 

Nonetheless, neither site, neither harvesting intensity, where 
selected as predictors of plant volume increment by AIC cri-
teria in this species. In fact, both predictors show low levels of 
importance for predicting biomass production in this species 
(Supplementary material, Table S1-4).

Independently of the harvesting level, biomass production 
was higher for D. juncea and L. hirsuta than the rest of the spe-
cies due to bigger stems (Supplementary material, Fig. S1-1). 
N. antarctica had more stems per stool in the low-productivity 
site, but these were smaller.

Mean annual biomass production

Harvesting intensity modified coppice biomass annual produc-
tion in all the sites. The high- and medium-productivity sites 
showed similar responses, with harvesting intensity enhanc-
ing biomass production significantly (Fig. 4; Supplementary 
material, Table S1-6 for fitted model). In the low-productivity 
site, the biomass production and the response to harvesting 
intensity were much less accentuated.

Discussion

Plant volume growth and biomass components

In the present study, we analyzed how biomass produc-
tion of the most important coppicing species of northern 

Fig. 3   Mean annual increment of plant volume coppice biomass 
under a harvesting intensity gradient for five native species of north-
ern Patagonia shrublands. a High-productivity site, b medium-pro-
ductivity site, c low-productivity site
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tare under a harvesting intensity gradient for three contrasting shrub-
lands in northern Patagonia. A: high-productivity site, B: medium-
productivity site, C: low-productivity site
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Patagonia shrublands was affected by harvesting intensity 
and site condition between 3 and 4 years after interven-
tion. Harvesting intensity had a significant effect on stem 
dimensions, number of stems per stool and therefore bio-
mass production per resprouting plant or stool. Often, the 
biomass component showed a nonlinear response to har-
vesting intensity.

Our work denotes that site was important in defin-
ing stem dimensions, while harvesting intensity largely 
affected the number of stems per stool and biomass pro-
duction per resprouting plant except for N. antarctica and 
E. coccineum where harvesting intensity had an equal or 
higher importance as site in stem dimensions (Supplemen-
tary material, Table S1-4). These results agree with previ-
ous studies in other Mediterranean species that denoted 
that light availability regulates lateral growth by reducing 
sprout recruitment, and soil nutrient content (a measure 
of site quality) limits plant’s vertical growth (Vila and 
Terradas 1995; Gracia and Retana 2004). In general, the 
plant volume growth of N. antarctica, D. juncea and S. 
patagonicus exhibited a stronger correlation with varia-
tions in stem dimensions, while L. hirsuta, and E. coc-
cineum were more correlated with changes in the number 
of stems per stool (Supplementary material, Table S1-5). 
Previous works showed that stem dimensions in Quercus 
ilex not to be largely determined by coppice light avail-
ability (Gracia and Retana 2004), but Kobayashi et al. 
(1999) found a strong effect of canopy opening on juve-
nile resprouts diameter in Tectona grandis. In this sense, 
our results emphasize that coppicing species have differ-
ent strategies for resource exploitation, mainly increasing 
light interception produced by canopy opening (Neke et al. 
2006; Forrester et al. 2013). As other early successional 
species used for bioenergy purpose, northern Patagonia 
shrubland species exhibit fast juvenile growth rates with 
morphological adjustments that depend on the degree of 
resources liberation (Willebrand and Ledin 1993; Bond 
and Midgley 2001).

Independently of the harvesting intensity, species 
showed different sprouting strategies. While L. hirsuta 
and D. juncea had the largest resprouts mean growth, N. 
antarctica, the most studied species of those analyzed 
in this paper, increased the number of resprouts com-
pensating relatively low-dimensional growth in the low-
productivity site (Supplementary material, Fig. S1-1). 
The higher fire frequency at the low-quality site (due to 
topographic position (Veblen and Lorenz 1987)) could 
explain the higher number of stems per stool also present 
in the remnant structure of the vegetation (Supplementary 
material, Table S1-1) (Bellingham and Sparrow 2013). 
The lower plant density in this site could also affect the 
number of stems per stool (Ashby et al. 1993; Benetka 
et al. 2007). Probably, future thinning of resprotus would 

be more important in low-productivity sites when a mini-
mum diameter is needed for biomass commercialization 
(e.g., firewood) (Shackleton 2001; Neke et al. 2006). Nev-
ertheless, the low growth rate observed in that site sug-
gests that intensive management would not be sustainable 
under these environmental conditions. Probably, the root-
to-shoot ratio of N. antarctica and other allometric parti-
tioning relationships in this site are regulated by the site 
quality, where allocation to roots became more important 
under this condition for ensuring the species persistence 
(Bond and Midgley 2001; Gargaglione et al. 2010).

The previous work carried out in old shrublands 
(80 years) in our study area (Gyenge et al. 2008) found that 
N. antarctica and L. hirsuta had higher growth rates (2.9 mm 
radial growth) than S. patagonicus and D. juncea (less than 
1 mm). According to our study, L. hirsuta and D. juncea 
are the most productive species, probably due to the stages 
of development that were considered. Higher growth rates 
are expected in earlier stages of development (Willebrand 
and Ledin 1993) with respect to later ones, where growth 
rate decreases as a result of the asymptotical growing pat-
tern of resprouting species (Botequim et al. 2014; Serapiglia 
et al. 2014; Tiribelli et al. 2018); thus, these species could 
be exhibiting signs of senescence at an 80-year-old stand. 
Probably, different species could have different growing pat-
terns, so productivity ranking between them could change 
with stand age.

While volume equations for these species have been 
developed, in this study we focused on smaller stem dimen-
sions. In this sense, our work complements previous studies 
(Reque et al. 2007; Gyenge et al. 2009) by adding equations 
to lower diameter classes. This is important because tree bio-
mass allocation patterns differ with age (Gargaglione et al. 
2010), and thus, allometric equations are not valid beyond 
the fit range (Huber et al. 2016). Overall, our models are the 
first attempt to estimate total volume of young resprouts of 
these species in northern Patagonia, resulting in an impor-
tant contribution to forest management in the region, in par-
ticular, for coppice shrublands.

Mean annual biomass production

As harvesting intensity increased, there were two main 
effects. First, the number of plants resprouting increased. 
Second, the plant volume growth (PV-MAI) had a posi-
tive nonlinear response to increasing harvesting intensity, 
especially in both hillside sites. Together, they determined 
a strong positive effect of harvesting intensity on coppice 
biomass production at the plot level (community level) in 
these sites.

Our results agree with previous findings, such as those by 
Forrester et al. (2003). Working in Eucalyptus sieberi stands, 
these authors found a strong relationship between thinning 
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intensity and coppice growth during the first years after treat-
ment, concluding this resulted from increasing water and 
light availability. Nonetheless, when comparing site quality; 
coppice basal area was much lower in stands with higher 
site quality due to a lower fire frequency and the prevailing 
regeneration mechanism, seeds rather than resprouts.

Biomass production was relatively low compared with 
exotic species under short rotation coppice in Mediterra-
nean regions, such as poplar (Kauter et al. 2003; Oliveira 
et al. 2018), but similar to other native woodlands (Mroz 
et al. 1985). Very few studies have focused on northern 
Patagonia shrubland productivity. Previous studies estimated 
2413 kg ha−1 year−1 of dry stem biomass in shrublands of 
around 80 years old (Gyenge et al. 2008). Our model pre-
dicts an annual mean increment around 3043 kg ha−1 year−1 
of dry stem biomass in the high- and medium-productiv-
ity sites, if the total of the biomass was harvested (i.e., 
extracting 100% of basal area). By using a wood density of 
630 kg m−3 as these authors, the productivity of these sites 
would be in the range estimated by Gyenge et al. (2008). 
The differences between both estimations could be due to 
previously mentioned asymptotically growing patterns of 
these species and differences in species compositions. We 
did not perform 100% harvesting treatments so, although 
useful for comparison, the result of this extrapolation must 
be used cautiously.

Although the medium- and high-productivity sites were 
similar in shrubland age (estimated as time since fire) 
and composition (Table 1), we found strong differences 
in firewood production (even more than expected accord-
ing to differences in resprouting growth rates). This could 
be explained by differences in height growth, which are 
expressed when plant competition starts. For instance, Gra-
cia and Retana (2004) found that height growth in Quercus 
ilex varied with site quality and that differences increased 
over time. In our case, this is supported by the fact that 
sites differ in dominant height, which is an expression of 
site conditions (Gracia and Retana 2004; Skovsgaard and 
Vanclay 2008; Bahamonde et al. 2018). In fact, we found 
that in N. antarctica, the only species present in all sites, the 
stems height growth was higher in the high-productivity site.

Strip harvesting in north Patagonia shrublands represents 
a novel approach. Biomass productivity was only estimated 
by resprouting plants. The remnant stand was not incorpo-
rated in the biomass production model because it helps to 
maintain continuous forest cover which is key for ecosystem 
service provision as local legislation demands (National Law 
26.331) (Coulin et al. 2019). This is especially important 
since forest management for energy purposes requires rela-
tively short rotation periods, implying high ecological risks 
(Cavallero et al. 2015). However, it should consider that 
when designing harvesting cycles, subsequent interventions 
will be carried out on the remnant stand, and eventually, the 

entire stand will be represented by areas (strips) in differ-
ent growth stages. For this, the established experiment, in 
the long term, will allow us to generate key information for 
the development of temperate shrubland management as has 
been proved by long-term experiments in European silvicul-
ture (Pretzsch et al. 2019). Local legislation does not permit 
clear-cuts of native forest; nonetheless, higher harvesting 
intensities favor biomass production, and therefore eco-
nomic income from commercialization, exhibiting a trade-
off between conservation policy and productive objectives.

Our results go beyond biomass production. For example, 
harvesting biomass could also be an important management 
strategy for diminishing fuel continuity and wildfire hazard, 
the main disturbance in this type of Mediterranean ecosys-
tems (Kitzberger and Veblen 1999), as has been largely stud-
ied for the Mediterranean basin (Madrigal et al. 2016). Our 
results agree that biomass harvesting in these ecosystems 
only reduces fire hazard in the short term because shrubland 
species recover quickly (Marino et al. 2011, 2014; Fernán-
dez and Vega 2014; Fernandes 2015; Madrigal et al. 2016) 
and mainly by a large bulk of fine fuels. In fact, our results 
show that increasing harvesting intensity of biomass (and 
potentially diminishing fuel continuity) produces a major 
production of fine fuel in the short term (potentiality increas-
ing flammability); thus, this trade-off shows that the manage-
ment of these communities for fire hazard reduction needs 
more complex solutions as previous works have discussed 
(Madrigal et al. 2016).

Conclusions

This is the first study quantifying the biomass production of 
northern Patagonia shrublands under a harvesting intensity 
gradient in contrasting site conditions. The coppice growth 
of shrublands showed a strong positive response to harvest-
ing intensity in both north- and south-facing locations, sug-
gesting that under these conditions canopy opening and, 
consequently, light availability become key for determining 
resprouting vigor. On the contrary, biomass production was 
low and unresponsive in the valley bottom where probably 
other resources modulate plant resprouting vigor, suggesting 
that intensive coppicing systems for biomass production are 
not viable in such environmental conditions. On the other 
hand, growth and harvesting intensity effect varied among 
species. In both hillside sites, L. hirsuta and D. juncea exhib-
ited the highest growth rates under high harvesting intensity. 
Thus, intense management for biomass production should 
promote the cover of these species (e.g., through plant-
ings or removing the competition from other species). Our 
approach can be also relevant to the management of other 
native shrublands worldwide, especially where scientific 
evidence is scarce.
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