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Abstract 

Despite Chilean temperate forests being one of the 34 biodiversity hotspots, almost 

70% or their surface has been lost due to anthropogenic disturbances. I show how 

anthropogenic disturbances, namely, fire, logging, livestock, and their combined 

presence, are related to stand-structural complexity in Andean temperate forests in 

southern Chile. I measured forest structural attributes as well as the presence of 

anthropogenic disturbances in 505 plots, from 2,011 to 2,013, within the Villarica 

watershed in the Andean zone of La Araucanía Region, Chile. In each plot, understory 

density, coarse woody debris volume, snags density, stand basal area, and litter depth 

were measured to build an index of stand-structural complexity while signs of fire, 

logging, and livestock were measured to assess the presence of anthropogenic 

disturbances. Each plot was allocated to one of eight treatments representing 

anthropogenic disturbance as follows: no disturbance or control (Treatment one, T1), 

fire (T2), logging (T3), livestock (T4), combined presence of fire and logging (T5), 

combined presence of fire and livestock (T6), combined presence of logging and 

livestock (T7), combined presence of fire, logging, and livestock (T8). Ninety-five 

percent of the plots showed signs of anthropogenic disturbance (N = 475), with the 

combined presence of fire, logging, and livestock being the most common disturbance 

(N = 222; 44% of plots). The presence of livestock - alone or in combination with 

logging or logging and fire - showed the most significant differences in the mean values 

of the stand-structural complexity index in comparison to the control plots, suggesting 

that livestock is the disturbance that is most affecting the stand’s structural complexity 

in the southern temperate forests. The highest mean values of the stand-structural 

complexity index were measured in plots that did not show any signs of anthropogenic 

disturbance, conversely, the lowest mean values of the stand-structural complexity 

index were measured in plots showing the combined presence of fire, logging, and 

livestock. My results suggest that forests should be managed to retain structural 

attributes such as understory density, coarse woody debris volume, snags density, 

stand basal area, and litter depth and reduce the presence of anthropogenic 

disturbances in order to prevent the loss of biodiversity in the southern temperate 

forests. 
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aquel barro, de aquel silencio, he salido yo a andar, a cantar por el mundo (Neruda, 
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“Anyone who has not been in the Chilean forest does not know this planet. I have come 

out of that landscape, that mud, that silence, to roam, to go singing through the world 

(Neruda, 1974)”. 
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1. Introduction 

1.1. Chilean temperate forests: a Biodiversity Hotspot in southern South America 

On a per unit area basis, temperate forests are the world’s densest and tallest forests 

including some of the longest-lived tree species (Pan et al., 2013). These long-lived 

species, like the Patagonian cypress (Fitzroya cupressoides) which has been estimated 

to achieve an average life of more than 3,000 years, are an invaluable record of 

climatic variation during the last millennia (Lara and Villalba, 1993; Armesto et al., 

2001). In addition, temperate forests are widely acknowledged for their high species 

diversity and rates of endemism (Olson and Dinerstein, 1998). Moreover, these 

ecosystems play an essential role as carbon sinks, hosting some of the carbon-densest 

forests on the planet (Keith et al., 2009; Friedlingstein et al., 2010; Whitman and 

Hagan, 2007). Different studies have highlighted the biological importance and high 

biodiversity conservation value of temperate rainforests, and thus have been identified 

as global conservation priorities (Myers et al., 2000; Brooks et al., 2006; Mittermeier et 

al., 2003; Olson and Dinerstein, 1998). Nonetheless, the extent of anthropogenic 

disturbances has reduced the world’s temperate forests’ biomass by more than 70% of 

its original surface (Pan et al., 2013).  

The temperate forests of South America in Chile and Argentina are the southernmost 

temperate forests in the world (Armesto et al., 1998). With a total of 13.4 million ha 

and stretching for over 2,000 km, Chile hosts the largest remaining area of southern 

temperate forests, representing one-quarter of all temperate ecosystems worldwide 

(Wilcox, 1996; Conaf et al., 1999; Rozzi et al., 2000). The Chilean temperate forests, 

found between 35° - 55° south latitude, are considered one of the 34 biodiversity 

hotspots because of their high rates of endemism and species diversity (Myers et al., 

2000; Neira et al., 2002). Even though these forests are considered to be floristically 

impoverished in comparison with tropical ecosystems, when focusing on evergreen 

temperate forests, these forests display the highest floristic richness globally (Arroyo 

et al., 1996). In addition, their high number of endemics especially for plant genera 

(e.g. Aextoxicon, Lapageria, Philesia, and Pitavia), from which about 80% are 
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monospecific, and the relict family Aextoxicaceae accredits these forests high 

conservation value (Arroyo et al., 1996).  

These forests, which include evergreen and deciduous forests types of diverse life 

forms with mixed angiosperm and gymnosperm species, are distributed across an 

elevational gradient from the sea-level to the tree line at 2,400 meters above sea level 

(masl) (Veblen et al., 1980). In contrast to other temperate ecosystems, since the mid-

tertiary, southern temperate forests have developed in isolation - bounded to the 

north by the Atacama Desert, to the west by the Pacific Ocean, to the south by the 

Antarctica, and the Andes Mountains to the east - from other forested landscapes 

(Villagrán and Hinojosa, 1997). This biogeographic island characteristic determines 

several challenges for biodiversity conservation. On the one hand, the southern 

temperate forests present high rates of endemism for both flora and fauna, with levels 

estimated to be 90% for seed plant species (Villagrán and Hinojosa, 1997) and 45% for 

all vertebrates species (Armesto et al., 1996) that need to be conserved. On the other 

hand, plant recolonization and vegetation succession after the occurrence of natural or 

anthropogenic disturbances are considered to be extremely complex and problematic 

due to the lack of recolonization sources (Armesto et al., 1998). Unfortunately, the 

conservation of these ecosystems is threatened as southern temperate forests are 

being subject to extensive and intensive anthropogenic disturbances that are 

significantly reducing their total surface (Echeverría et al., 2006). 

  

1.2. Stand-scale anthropogenic disturbances on forest ecosystems: fire, logging, and 

livestock  

The reduction of native forests is recognized as a major threat to biodiversity 

worldwide (Ceballos et al., 2009; Thompson et al., 2009; Laurance et al., 2000). Several 

studies conducted in different forest biomes have reported the negative impacts of 

anthropogenic disturbances on forest stands (Dupouey et al., 2002; Ojima et al., 1994; 

Foley et al., 2005; Sala et al., 2000; Laliberté and Tylianakis, 2012). Anthropogenic 

disturbances affect forest biodiversity across spatial scales (Echeverría et al., 2007; 

Mishra et al., 2004; Liira et al., 2007; Ramírez-Marcial et al., 2001). For example, large-

scale land use change is the most severe driver of worldwide biodiversity loss (Sala et 
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al., 2000). For its part, small-scale disturbances, particularly logging, fire, and livestock 

farming, degrade stand-scale distribution and density of structural attributes in forest 

ecosystems (Mishra et al., 2004; Liira et al., 2007; Ramírez-Marcial et al., 2001). These 

disturbances are affecting species diversity and composition, leading to floristic 

homogenization as well as reducing forest structural complexity, hence having 

detrimental effects on ecosystem functioning (Rüger et al., 2007; Echeverría et al., 

2007; Irwin et al., 2010; Lambert et al., 2005; Zamorano-Elgueta et al., 2012; 

McElhinny et al., 2006a). Ramírez-Marcial et al. (2001) showed that tree species 

diversity and absolute density as well as stand basal area decreased with increasing 

disturbance intensity when studying the influence of forest extraction, livestock 

grassing, and fires in forest structure in Mexico. Moreover, Mishra et al. (2004) 

indicated that less disturbed forest stands had higher canopy cover values, tree 

density, and light interception in comparison to disturbed stands in India. These results 

agree with the ones described by Liira et al. (2007), who showed that anthropogenic 

disturbances were directly decreasing understory density and stand basal area along a 

disturbance gradient in hemi-boreal forest stands in Estonia.   

Despite their ecological importance, temperate forests of southern South America 

have experienced a long history of anthropogenic disturbances (fragmentation and 

degradation) (Echeverría et al., 2006; Neira et al., 2002). Almost 70% of Chilean 

temperate forests have been lost due to large-scale and small-scale disturbances (Lara, 

1996). Early records of anthropogenic disturbances in Chile date back to the 16th 

century when the Spanish colonizers burned large areas of native forests to prevent 

the Mapuches from taking refuge there (Neira et al., 2002). Later in the early 19th 

century, with the settlement of European colonists in the south, vast expanses of 

temperate forests were cleared and converted to cropland and pasture for commercial 

exploitation (Rozzi et al., 2000). The extent of this deforestation process is described as 

one of the most rapid deforestation events ever measured in Latin America (Veblen, 

1983). The vast areas of mid-successional stands (< 80 years old) within southern 

temperate forests originated in the 1,940s, after one of the most recent human-

induced catastrophic fires, cataloged as a ‘large stand-destroying event’ (González et 

al., 2005:1194; Veblen and Ashton, 1978; Veblen et al., 1992). Nowadays, different 
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authors agree that landscape scale practices such as land use change for intensive 

agriculture and forest conversion to exotic plantations are the main threats affecting 

Chilean temperate forests (Echeverría et al., 2007; Armesto et al., 2009; Wilson et al., 

2005; Armesto et al., 1998; Neira et al., 2002). These threats have been extensively 

reported for the southern temperate forests at a landscape scale (Echeverría et al., 

2007; Echeverría et al., 2006; Wilson et al., 2005). However, stand-scale studies 

showing the effects of small-scale anthropogenic disturbances (i.e. logging, livestock 

farming, and human-set fires) on forest structural complexity are still scarce; thus, at a 

stand-scale native forest exploitation continues unchanged (Simonetti and Armesto, 

1991).  

Logging is the most prevalent disturbance in southern temperate forests (Neira et al., 

2002). Even though this disturbance is not causing an important reduction in forest 

surface, logging accounts for the degradation of 75% of current forest area (Neira et 

al., 2002). This disturbance is directly related to stand-structural complexity, affecting 

the availability of standing dead trees (hereafter snags) and coarse woody debris 

(CWD), and reducing the litter depth, stand basal area, and understory density (Neira 

et al., 2002). For its part, human-set forest fires account for the degradation of 25% of  

temperate forests’ total surface (Neira et al., 2002). Different studies have shown how 

human-set forest fires have reduced CWD volume, snags density, and litter depth in 

northern and southern temperate forests (Carmona et al., 2002; Harmon et al., 1986). 

For example, Carmona et al. (2002) showed that CWD biomass was substantially 

reduced in sites that had been subject to anthropogenic fires in comparison with 

undisturbed sites. In addition, other studies have shown the impact of livestock 

farming in forest composition and structure by altering plant regeneration capacity 

and reducing understory density (Zamorano-Elgueta et al., 2014; Zamorano-Elgueta et 

al., 2012). Zamorano-Elgueta et al. (2012) showed that for the endangered monkey 

puzzle tree (Araucaria araucana) regeneration rates dropped to zero when being 

subject to low livestock intensity. Maintaining structural complexity throughout forests 

stands has been proposed as a key principle to stop forest degradation at a stand-scale 

and as an effective way to conserve and enhance biodiversity in temperate forest 

ecosystems (Franklin, 1988; Lindenmayer et al., 2000). 
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1.3. An index of stand-structural complexity for the Andean temperate forest 

Stand-structural complexity is defined by McElhinny et al. (2005:5) as ‘the measure of 

a number of different structural attributes present at a stand and the relative 

abundance of each of these attributes’. Moreover, the combination of different key 

stand-structural attributes in an index of structural complexity has been recently 

proposed as a practical biodiversity surrogate that would provide useful information 

for forest management (McElhinny et al., 2005; Sabatini et al., 2015; Beckschäfer, 

2013; Tews et al., 2004). Studies have shown that stands with higher structural 

complexity generally harbor higher species diversity while promoting ecosystem 

functioning and greater ecological stability in comparison to the less complex ones 

(Beckschäfer, 2013; Hansen et al., 1991; Ibarra and Martin, 2015). New sustainable 

forest management paradigms emphasize creating and maintaining structural 

complexity at a stand-scale (Lindenmayer et al., 2000); therefore, an index of structural 

complexity would provide an effective way of classifying stands according to the 

effects they may have on biodiversity (McElhinny et al., 2005). The rationale behind 

using an approach based on structural attributes is that forest stands with a complex 

array of structural attributes would provide greater niches for a broad array of 

organisms while ameliorating negative relationships between them such as 

depredation and competition (McElhinny et al., 2006b; Braunisch et al., 2014; Newton, 

2008; Franklin and Van Pelt, 2004). Studies on the vegetation regeneration of 

temperate forests after disturbances have detailed the importance of maintaining 

original forest remnants for the short-term recovery of the structural characteristics 

and the maintenance of the biological process in disturbed forest ecosystems (Franklin 

and Armesto, 1996; Gibbons et al., 2002).  

To better conserve the South American temperate forests, efforts should focus on 

rescuing remaining forests for conservation in high biodiversity areas and those 

regions which are intensely managed (Armesto et al., 1998). As stated by Franklin 

(1988:173), ‘the objectives of maintaining biodiversity must be incorporated into 

intensively managed temperate forests’. Anthropogenic disturbances affecting the 

availability and composition of stand-structural attributes such as understory density, 

CWD volume, litter depth, snags density, and stand basal area are affecting mammals, 
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birds, reptiles, amphibians, and invertebrates that depend on these key structural 

attributes for survival  (Díaz et al., 2005; Ibarra et al., 2010; Ibarra et al., 2012; Ibarra 

and Martin, 2015). Even though different studies have highlighted the importance of 

structural complexity for biodiversity (Tomasevic and Estades, 2006; Owens et al., 

2008; Uetz, 1979; Yahner, 1986), there is still a cultural tendency to simplify complex 

forest structure to single cohort stands (Armesto et al., 1998). Therefore, management 

practices that enhance structural complexity should be a priority in Chilean native 

forests where a large proportion of their biodiversity is on private land outside 

protected areas (Armesto et al., 1992). For example, it has been suggested that the 

retention of various large, old, and dead trees is successful in the conservation of 

biodiversity features that are dependent upon them as well as in the increase of the 

structural complexity of logged forests (Franklin and Armesto, 1996). 

For instance, a dense understory of herbs, bamboo, shrubs, and tree samplings in 

combination with a rich leaf-litter soil would provide different niches for habitat, 

refuge, and food availability for different organisms. Reid et al. (2004) suggested that 

retaining a dense bamboo understory was critical for the conservation of four endemic 

Rhinocryptidae understory birds in the southern temperate forests. Moreover, Meier 

and Merino (2007) found that the presence of the southern pudu (Pudu puda) was 

significantly associated with a dense bamboo understory. Other studies have proposed 

that sites with deep leaf litter sustain higher diversity and density of herpetofauna as 

well as invertebrate species (Fauth et al., 1989; Uetz, 1979). The importance of CWD 

for birds, amphibians, reptiles, and invertebrates has been demonstrated in several 

locations (Bowman et al., 2000; Lohr et al., 2002; Owens et al., 2008; Siitonen, 2001). 

In the southern temperate forest, the presence of CWD provides refuge for small 

mammals, such as the endemic marsupial Austral opossum (Dromiciops gliroides) (Kelt 

et al., 1994; Kelt and Martínez, 1989; Celis-Diez et al., 2012). Many invertebrates, 

cavity nesting birds, and mammals depend largely on the availability of snags for their 

survival (Altamirano et al., 2015; Gibbons et al., 2002; Siitonen, 2001; Ibarra et al., 

2012). 
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1.4. Thesis objectives  

As previously detailed, there is some available information about the negative effects 

that anthropogenic disturbances are having upon stand-structural attributes, and that 

the importance of those structural attributes is essential to a broad array of organisms 

inhabiting temperate forests. However, no structural complexity index that could guide 

management conservation actions has ever been created for the southern temperate 

forests. My aim is to create a stand-structural complexity index and identify how 

anthropogenic disturbances (associated with livestock, fire, and logging) and their 

potential additive effects may influence stand-structural complexity in temperate 

forests. Additionally, I will develop and discuss the potential role of a stand-structural 

complexity index for forest conservation and management strategies. I will specifically 

address the following questions in relation to Andean temperate forest stands: (1) Is it 

feasible to generate a simple but integrative stand-structural complexity index based 

on the importance of structural attributes for biodiversity that could be incorporated 

into forest management?, (2) Is there any relationship between a stand-structural 

complexity index and stand-scale anthropogenic disturbances?, (3) Which of the three 

anthropogenic disturbances or the potential additive effects between them are most 

related to stand-structural complexity? These questions will provide valuable 

information to enhance the knowledge about southern temperate forests and will 

contribute with practical information to policy decisions regarding forest conservation 

and management. 

2. Methods  

2.1. Study site 

The study was conducted between 2,011 and 2,013 within the Araucarias Biosphere 

Reserve (UNESCO, 2010). Specifically, vegetation surveys were conducted in an area of 

2,585 km² within the Villarica watershed in the Andean zone of La Araucanía Region, 

southern Chile (39° 15’S 71°W) (Fig. 1). The area has a temperate climate with a short 

dry season (< 4 months) in the summer and mean precipitations of 1,945 mm/year (Di 

Castri and Hajek, 1976). The mean annual temperature is 1.9 °C for the coldest month 

(July) and 15.1 °C for the warmest month (January) (Di Castri and Hajek, 1976). The 
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vegetation comprises three vegetation types distributed along an elevational gradient 

from 200 masl up to the tree line at 1,500 masl. At lower elevations (200 - 500 masl), 

forests are dominated by deciduous species like Lophozonia obliqua and Nothofagus 

dombeyi, mainly associated with Laurelia sempervirens, Eucryphia cordifolia, Persea 

lingue, and Aextoxicon punctatum. Mid-elevation forests (500 - 900 masl) are mixed 

forests dominated by the evergreen species Saxegothaea conspicua, Laureliopsis 

philippiana, and N. dombeyi. At higher elevations (> 900 masl), forests are dominated 

by Araucaria araucana and N. pumilio (Gajardo, 1993). The majority of public 

protected areas and larger tracks of forests are at high elevations (> 700 masl) with a 

topography characterized by mountains and volcanoes. Valley floors are mostly used 

for agriculture in combination with human settlements in small to medium-sized 

villages and towns. This has caused lowland forest remnants (< 700 masl) to 

experience intense anthropogenic disturbances, mainly logging, livestock farming, and 

fires (Veblen et al., 1992). The largest human settlements within the study area are 

Pucón (227 masl) with a population of 13,925 inhabitants, Caburgüa (700 masl) with a 

population of 1,731 inhabitants, and Villa San Pedro (380 masl) with a population of 

187 inhabitants (Ilustre Municipalidad de Pucón, 2005).  



 

9 
 

 

Fig. 1. Spatial distribution of the 101 sites used to build an index of stand-structural 

complexity in Andean temperate forests at the Villarrica watershed, La Araucanía 

Region, Chile. The lower right part of the map shows the position and surface occupied 

by the Villarrica watershed (colored) within the La Araucanía Region. 

2.2. Selection of structural attributes to be included in the index 

The stand-structural complexity index was constructed adapting the methodology 

proposed by McElhinny et al. (2006b). Constructing an index of structural complexity 

requires a four-step approach that involves: (1) establishing a comprehensive suite of 

stand-structural attributes, (2) identifying the core set of attributes to be included in 

the index based on the specific purpose of the index, (3) surveying these attributes in a 

set of different stands, including different vegetation communities and successional 

stages, and (4) combining the core set of attributes into an additive index. To address 

point 1, I selected those attributes that were considered a structurally important 

attribute for the habitat of birds, amphibians, invertebrates, mammals, and reptiles in 

international and Chilean forest ecosystems (Table 1). The core set of attributes should 
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(i) have a low kurtosis (< 2), (ii) work as a surrogate for other structural attributes and, 

(iii) be easily measured in the field (McElhinny et al., 2006b). Each of the five selected 

attributes, stand basal area, CWD volume, litter depth, snags density, and understory 

density, were selected as they have demonstrated a high sensitivity to anthropogenic 

disturbances and because they can be readily surveyed in areas under forest 

management practices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 
 

Table 1. List of the five core structural attributes selected to be included in the stand-structural complexity index and their ecological 
importance for different forest ecosystems’ faunal groups. 

Structural 
complexity 
attribute 

Description References for forest 
ecosystems from 
elsewhere 

References for the 
southern temperate 
forests 

Understory 
density 

A dense understory provides microclimatic conditions and food supply 
essential to understory birds. Some mammals require a dense 
understory for cover while stalking prey and breeding. The shade 
provided by a dense understory provides critical microhabitat resources 
for reptiles, as well as regulating the moisture and temperature which 
are essential for different amphibian species. For invertebrates and 
understory birds, a dense understory provides an important source of 
refuge to hide from different predators.     

Thiollay, 1993; Aleixo, 
2012; Malcolm and 
Ray, 2000; Dupuis et 
al., 1995; Whitfield et 
al., 2007; Fowler et al., 
1993 

Meserve et al., 1991; 
Reid et al., 2004; 
Acosta-Jamett and 
Simonetti, 2004; 
Meier and Merino, 
2007; Ibarra et al., 
2014a 

Coarse woody 
debris volume 

Coarse woody debris provides a favorable breeding habitat for several 
bird species. Small mammals can use CWD for travelling, foraging, and 
nesting. Moreover, many invertebrate species, especially saproxylic 
insects, depend on CWD for feeding. The presence of CWD plays an 
essential role as refuge for different amphibian and reptile species. 

Lohr et al., 2002; 
Bowman et al., 2000; 
Siitonen, 2001; Owens 
et al., 2008; Davis et al., 
2010 

Celis-Diez et al., 2012; 
Ibarra et al., 2012; 
Kelt and Martínez, 
1989; Kelt et al., 1994; 
Soto-Azat et al., 2013 

Stand basal 
area 

A greater stand basal area provides higher food resources availability to 
frugivorous and folivorous mammals and birds. In addition, a stand with 
a large basal area will provide a wide range of suitable microhabitats 
(e.g. tree cavities) for a series of invertebrate, amphibian, reptile and 
birds species. 

Grove, 2002; Ross et 
al., 2000; Johns, 1988 

Ojeda and Chazarreta, 
2014; Dunstone et al., 
2002; Carneiro et al., 
2013; Ibarra et al., 
2014a 
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Structural 
complexity 
attribute 

Description References for forest 
ecosystems from 
elsewhere 

References for the 
southern temperate 
forests 

Litter depth Litter provides refuge for litter-dwelling invertebrates that are foraged 
by different leaf-litter birds and mammals. This ground level attribute 
provides moist conditions that are essential for some forests’ small 
mammals. In addition, a deep and dense leaf litter provides diverse 
habitat niches required by reptile and amphibian species.    

Laurance, 2004; 
Yahner, 1986; Fauth et 
al., 1989; Uetz, 1979 

Crump, 2002; Willson 
et al., 1996; Kuschel, 
1960; Reid et al., 
2002; Barbosa and 
Marquet, 2002 

Standing dead 
trees density 
(i.e. snags 
density) 

Standing dead trees provide different habitat resources for a range of 
forest-dwelling animal species. For instance, birds and mammals use 
snags as shelter and breeding sites. In addition, snags provide shade and 
litter inputs for amphibians as well as basking areas for reptiles. 
Moreover, standing dead trees provide high quality habitat and food 
resources for dead-wood dependent invertebrates. 

Smith et al., 1989; 
Nappi et al., 2010; 
Bennet et al., 1994; 
Raphael et al., 1984; 
MacNeil et al., 2013 

Ibarra et al., 2012; 
Díaz et al., 2005; 
Tomasevic and 
Estades, 2006; Ojeda 
and Chazarreta, 2014; 
Carneiro et al., 2013; 
Díaz and Kitzberger, 
2013 
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2.3. Study design and forest sampling 

The study design and data used for this dissertation constitute secondary data 

collected by myself and other researchers as part of the PhD thesis of Dr. José Tomás 

Ibarra from the University of British Columbia (see Ibarra, 2014b). The selection and 

calculation of the structural attributes to be included in the index (section 2.2.), their 

transformations and analysis as well as identifying how anthropogenic disturbances 

may affect stand-structural complexity in Andean temperate forests (section 2.4.) were 

all part of my own individual work.  

One hundred and one sites were established along an elevational gradient from 221 

masl to 1,361 masl (Fig. 1) across a disturbance gradient which included openfields, 

shrublands, exotic plantations, secondary forests, and old-growth forests. The sites 

were selected using ArcGIS 10.1 by identifying all the headwaters of smaller basins 

representing a variety of habitat conditions that could be accessed either by rural 

roads or hiking trails. Thirteen out of the total 19 basins were randomly selected, 

placing the first site near the headwater of each basin. The remaining sites were 

systematically located every 1.5 km descending from the headwaters (Ibarra et al., 

2014c). At each of the 101 sites, five vegetation plots (22.4 m diameter; 0.04 ha; N = 

505 plots) were set using an L-shaped transect (Fig. 2a). Each plot was separated by a 

distance of 125 m between them and at least 50 m away from the nearest road or 

hiking trail (Affleck et al., 2005).  

In each vegetation plot a set of structural attributes was measured, including: (1) 

understory density, (2) CWD volume, (3) litter depth, (4) tree diameter at breast height 

(DBH), and (5) number of standing dead trees. Two 11.2 m linear transects were 

established north to south from the center of the plot. Along this transect, understory 

density and litter depth were measured at five points: the center of the plot and at 5.6 

m and 11.2 m to the north and south from the center of the plot as shown in Fig. 2b. 

Understory density was measured by the number of contacts by the vegetation from 

the ground level to 3 m height at each of the five points as well as litter depth (Díaz et 

al., 2006; Yahner, 1986). For each CWD with a diameter ≥ 7.5 cm, the length and 

diameter were measured (Ibarra et al., 2014a). Tree DBH was measured using a 
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diameter tape for all trees with DBH ≥ 12.5 cm (Ibarra et al., 2014a). All dead standing 

trees with DBH ≥ 12.5 cm and height ≥ 1.3 m were counted (Ibarra et al., 2014a). 

Structural attributes were averaged within each plot in order to emphasize the stand’s 

unique structural conditions that differentiate it from adjacent areas (Lindenmayer and 

Franklin, 2002). In addition, the presence or absence of anthropogenic disturbances 

(fire, logging, and livestock) was measured in each plot. Anthropogenic disturbances 

were defined as the disturbances that occurred within the last 80 years. According to 

different authors, a series of high-severity human-set fires, that destroyed a large 

amount of stands in the southern temperate forests, occurred in the early 20th century 

- with the last stand-destroying event occurring between 1,944 and 1,945 (Veblen and 

Ashton, 1978; Veblen et al., 1992; González et al., 2005). Hence, and based on the 

impossibility of identifying signs of logging or livestock that were older than 80 years, 

fire was considered as the oldest disturbance. Fire was measured every time there 

were signs of fire-scars in a plot. Logging was measured when a plot showed stumps 

without resprouts of tree species or rests of logged wood, while the presence of 

livestock was measured when any signs of manure, pats or browsed vegetation were 

present at each plot. Eight different habitat categories were used to visually define 

each plot and the surrounding area in a 50 m radius as: (1) Old-growth forest (> 200 

years old), (2) Mid-successional forest (< 80 years old with bamboo understory), (3) 

Mid-successional forest (< 80 years old with understory different than bamboo), (4) 

Mid-successional forest (< 80 years old without understory), (5) Early successional 

forest (< 20 years old), (6) Mixed shrubland, (7) Openfield, and (8) Exotic plantation.  



 

15 
 

 

Fig. 2. (a) Scheme of the L-shaped transect with five vegetation plots (red dots) 

surveyed at each of the 101 sites. Plot 1 was located at the vertex of the L-shaped 

transect, the remaining plots were separated with a distance of 125 m between them 

along two 250 m transects starting from plot 1. (b) Scheme of a vegetation plot. Green 

dots represent each of the five points, distributed north to south along a 22.4 m 

transect, at which understory density and litter depth were measured.  

2.4. Data analysis 

2.4.1. Developing an index of stand-structural complexity 

In order to improve the distribution of the attributes showing a high kurtosis (< 2), the 

raw data was subject to logarithm (x+1) transformations. A regression analysis through 

quartiles was performed to rescale each of the five selected stand-structural attributes 

to a score ranging from 0 to 10. A score of 2.5, 5, 7.5 and 10 was set to the quartile 

midpoints corresponding to the 12.5, 37.5, 62.5 and 87.5 percentiles of the raw data 

distribution (McElhinny et al., 2006b; Sabatini et al., 2015). A maximum score of 10 

was attributed to the 87.5 percentile while the equation was constrained so that the 

minimum score was 0. The structural complexity index was obtained by adding all the 
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rescaled values, with 0 being the minimum and 50 being the maximum additive value. 

Thus, the total value of a stand with high structural complexity would be closer to 50, 

while the total value of a less structurally complex stand would be closer to 0. Finally, 

the index was expressed as a percentage (McElhinny et al., 2006b; Sabatini et al., 

2015). 

2.4.2 Relationship between disturbances and stand-structural complexity 

Exotic plantations covered only < 2% of the study area; therefore, plots categorized as 

exotic plantations (N = 6) were considered marginal and excluded from all analyses. 

Each of the remaining plots (N = 499) were allocated to one of eight treatments 

representing anthropogenic disturbance. The eight treatments included plots that 

were subject to: no disturbance or control (Treatment one, T1), fire (T2), logging (T3), 

livestock (T4), combined presence of fire and logging (T5), combined presence of fire 

and livestock (T6), combined presence of logging and livestock (T7), combined 

presence of fire, logging, and livestock (T8). Given the lack of normality for the whole 

dataset, I performed a non-parametric Kruskal-Wallis test to test if there were 

significant differences in the mean values of the stand-structural complexity index 

between the eight different disturbance treatments and a multiple comparison post 

hoc test to test the different relationships between the eight treatments and the 

structural complexity index for the 499 vegetation plots. In addition, I performed a 

non-parametric Kruskal-Wallis test to test for significant differences in the mean values 

of the stand-structural complexity index between the seven habitat categories and a 

Holm-Sidak post hoc test to test the different relationships between the seven habitat 

categories and the structural complexity index. All statistical analyses were performed 

using the statistical software R (R Core Team, 2014). 

3. Results 

3.1. Stand-structural attributes as determinants of stand-structural complexity 

The mean values of the five selected stand-structural attributes - understory density, 

CWD volume, litter depth, stand basal area, and snags density - varied according to the 

habitat category (Table 2). The highest mean values of understory density, CWD 
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volume, litter depth, and stand basal area were measured in old-growth forest plots 

while the highest mean value of snags density was measured in mid-successional 

forest with bamboo understory plots. Conversely, the habitat category openfield 

showed the lowest mean values of each of the five structural attributes. The values of 

understory density ranged from 0.0 contacts per plot measured in old-growth, mid-

successional forest without understory, mixed shrubland, and openfield plots to 20.2 

contacts in an old-growth forest plot (Appendix 1). The minimum value of CWD volume 

(0.0 m³/ha) was measured in all the habitat categories while the maximum value 

(188.5 m³/ha) was measured in a mixed shrubland plot. Litter depth values ranged 

from 0.0 cm in mid-successional forest without understory, early successional forest, 

mixed shrubland, and openfield plots to 22.0 cm in a mid-successional forest with 

bamboo understory plot. Stand basal area values ranged from 0.0 m²/ha in early 

successional forest, mixed shrubland, and openfield plots to 310.50 m²/ha in a mid-

successional forest with bamboo understory plot. Finally, snags density values ranged 

from 0.0 (stems/ha) in all the habitat categories to 482.4 (stems/ha) in a mid-

successional forest with bamboo understory plot.  

Table 2. Results showing the mean values (SD) of the five structural attributes included 

in the stand-structural complexity index and the structural complexity index expressed 

in percentage in relation to the seven different habitat categories.  

 Understory 
density (n° 
contacts) 

Coarse 
woody 
debris 
(m³/ha) 

Stand 
basal area 
(m²/ha) 

Litter 
depth (cm) 

Snags 
density 
(stems/ha) 

Structural 
complexity 
index (%) 

Old-growth forest 7.55 ± 
(3.87) 

13.74 ± 
(23.79) 

75.28 ± 
(35.62) 

6.57 ± 
(3.7) 

46.02 ± 
(33.20) 

80.03 ± 
(9.10) 

Mid-successional 
forest (bamboo 
understory)  

5.49 ± 
(2.13) 

11.34 ± 
(16.88) 

41.67 ± 
(33.07) 

6.31 ± 
(3.36) 

55.01 ± 
(75.62) 

73.18 ± 
(11.82) 

Mid-successional 
forest (other 
understory) 

4.72 ± 
(2.61) 

4.41 ± 
(8.68) 

34.76 ± 
(19.24) 

5.23 ± 
(2.63) 

44.11 ± 
(68.58) 

65.18 ± 
(10.32) 

Mid-successional 
forest (no 
understory) 

1.70 ± 
(1.24) 

5.85 ± 
(15.01) 

35.22 ± 
(17.95) 

2.98 ± 
(2.43) 

35.20 ± 
(53.15) 

55.66 ± 
(13.75) 
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 Understory 
density (n° 
contacts) 

Coarse 
woody 
debris 
(m³/ha) 

Stand 
basal area 
(m²/ha) 

Litter 
depth (cm) 

Snags 
density 
(stems/ha) 

Structural 
complexity 
index (%) 

Early successional 
forest (< 20 years 
old) 

3.58 ± 
(2.87) 

2.30 ± 
(6.74) 

16.71 ± 
(13.11) 

4.30 ± 
(2.33) 

17.26 ± 
(32.10) 

54.21 ± 
(11.04) 

Mixed shrubland 2.39 ± 
(2.13) 

3.11 ± 
(20.32) 

8.71 ± 
(13.91) 

1.65 ± 
(1.83) 

12.55 ± 
(38.11) 

43.91 ± 
(11.24) 

Openfield 0.42 ± 
(0.41) 

1.18 ± 
(1.23) 

2.21 ± 
(2.27) 

0.41 ± 
(0.41) 

0 ± (0) 34.38 ± 
(3.27) 

 

The mean values of the stand-structural complexity index varied with the habitat 

category (Fig. 3). The least structurally complex plots were measured in mixed 

shrubland and openfield habitats with a stand-structural complexity index value of 

31.82%. On the other side, the most structurally complex plot was measured in a mid-

successional forest with bamboo understory with a stand-structural complexity index 

value of 100.00% (Appendix 1). A Kruskal-Wallis test showed significant differences in 

the mean values of the stand-structural complexity index between the seven habitat 

categories (X² = 302.0071, df = 6, p-value = 2.2e-16). In addition, a Holm-Sidak post hoc 

test revealed significant differences (p < 0.005) between each of the seven habitat 

categories. 
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Fig. 3. Relationship between the mean values of the stand-structural complexity index 

and the seven habitat categories. Bars with different letters were significantly different 

according to a Holm-Sidak post hoc test. Small bars are ± standard deviation. 

3.2. Presence of stand-scale anthropogenic disturbances (fire, logging, and livestock) 

in an Andean temperate forest 

The habitat category mid-successional forest with bamboo understory accounted for 

the highest number of plots (N = 102), while the lowest number of plots was measured 

for openfield (N = 28). Ninety-five percent of the plots showed signs of anthropogenic 

disturbances (N = 475), with the combined presence of fire, logging, and livestock 

being the most common disturbance (N = 222; 44% of plots), and the combined 

presence of fire and livestock being the least common disturbance (N = 20). Only 24 

plots did not show any signs of anthropogenic disturbances from which 92% of these 

plots (N = 22) corresponded to old-growth forests (Table 3).  
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Table 3. Results showing the distribution of the number of plots (N = 499) from each of 

the eight different disturbance treatments along the seven habitat categories.  

  No 
disturbance 

Fire Logging Livestock Fire + 
Logging 

Fire + 
Livestock 

Logging + 
Livestock 

Fire + 
Logging + 
Livestock 

Old-growth forest 22 2 1 5 22 1 2 9 

Mid-successional forest 

(bamboo understory)  

0 8 2 1 39 9 6 37 

Mid-successional forest 

(other understory) 

1 10 14 2 33 6 7 26 

Mid-successional forest 

(no understory) 

0 0 6 2 9 1 10 16 

Early successional forest 

(< 20 years old) 

1 3 11 11 17 3 10 19 

Mixed shrubland 0 0 0 0 0 0 0 87 

Openfield 0 0 0 0 0 0 0 28 

N (total number of plots 

per treatment) 

24 23 34 21 120 20 35 222 

The percentage of plots showing signs of anthropogenic disturbance varied according 

to the habitat category (Table 4). Fifty three percent of old-growth forest plots showed 

signs of fire or logging, 27% of them showed signs of livestock and 34% of them did not 

show any signs of disturbance. The proportion of plots showing signs of fire, logging or 

livestock increased to 100% for the habitat categories mixed shrubland and openfield. 

No plots without disturbance were measured in mid-successional forest with bamboo 

understory, mid-successional forest without understory, mixed shrubland, and 

openfield habitats. 
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Table 4. Table showing the presence of stand-scale anthropogenic disturbances, 

expressed by percentage (SD), in 499 plots where signs of fire, logging, and livestock 

were measured along the seven habitat categories. N is the number of plots per 

habitat category.  

 

Habitat category Fire  Logging Livestock 
No 
disturbance 

N 

Old-growth forest 53 ± (50) 53 ± (50) 27 ± (45) 34 ± (48) 64 

Mid-successional forest 
(bamboo understory)  

91 ± (29) 82 ± (38) 52 ± (50) 0 ± (0) 102 

Mid-successional forest 
(other understory) 

76 ± (43) 81 ± (40) 41 ± (50) 1.01 ± (10.5) 99 

Mid-successional forest 
(no understory) 

60 ± (50) 93 ± (25) 67 ± (48) 0 ± (0) 44 

Early successional forest 
(< 20 years old) 

56 ± (50) 76 ± (43) 57 ± (50) 1.33 ± (11.55) 75 

Mixed shrubland 100 ± (0) 100 ± (0) 100 ± (0) 0 ± (0) 87 

Openfield 100 ± (0) 100 ± (0) 100 ± (0) 0 ± (0) 28 

 

3.3. Relationship between stand-structural complexity and stand-scale 

anthropogenic disturbances 

The resulting mean values of the stand-structural attributes that were selected to be 

included in the stand-structural complexity index varied according to the disturbance 

treatment (Table 5). The highest mean value of the stand-structural complexity index 

was measured in plots that did not show any signs of anthropogenic disturbances 

(control plots) while the lowest mean value of the stand-structural complexity index 

was measured in plots that were subject to the combined presence of fire, livestock, 

and logging. The highest mean values of understory density, CWD volume, and stand 

basal area were measured in plots that did not show any signs of disturbance. For its 

part, the highest mean values of litter depth and snags density were measured in plots 

that were subject to fire and the combined presence of fire and livestock respectively. 
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Conversely, plots that were subject to the combined presence of logging and livestock 

showed the lowest mean values of understory density and CWD volume. Plots that 

were subject to the combined presence of fire, logging, and livestock showed the 

lowest mean values for litter depth and stand basal area while the lowest mean value 

for snags density was measured in plots that were subject to livestock alone (Table 5). 

The minimum and maximum individual values of the five stand-structural attributes as 

well as the stand-structural complexity index varied differently according to the 

disturbance treatment (Appendix 2). 

Table 5. Results showing the mean (SD) values of both the stand-structural attributes 

and the stand-structural complexity index for the eight disturbance treatments. 

 Understory 
density (n° 
contacts) 

Coarse 
woody 
debris 
(m³/ha) 

Stand basal 
area 
(m²/ha) 

Litter depth 
(cm) 

Snags 
density 
(stems/ha) 

Structural 
complexity 
index (%) 

No 
disturbance 
(control) 

6.18 ± 
(2.87) 

15.75 ± 
(30.35) 

68.15 ± 
(28.34) 

6.27 ± 
(3.49) 

40.20 ± 
(35.84) 

77.67 ± 
(11.15) 

Fire 5.89 ± 
(2.84) 

2.96 ± 
(4.40) 

45.33 ± 
(31.78) 

7.04 ± 
(3.10) 

48.57 ± 
(42.56) 

72.51 ± 
(13.44) 

Logging 5.11 ± 
(3.53) 

2.87 ± 
(8.72) 

27.88 ± 
(18.60) 

5.50 ± 
(2.85) 

41.82 ± 
(67.28) 

62.70 ± 
(13.72) 

Livestock 4.01 ± 
(4.03) 

3.38 ± 
(9.84) 

32.36 ± 
(49.08) 

3.57 ± 
(1.97) 

18.13 ± 
(33.24) 

54.74 ± 
(18.79) 

Fire + 
Logging 

5.60 ± 
(2.95) 

7.84 ± 
(12.66) 

44.31 ± 
(34.99) 

6.31 ± 
(3.26) 

50.78 ± 
(73.52) 

71.63 ± 
(11.82) 

Fire + 
Livestock 

4.98 ± 
(2.39) 

5.23 ± 
(7.32) 

48.05 ± 
(19.81) 

4.53 ± 
(1.69) 

60.93 ± 
(61.88) 

70.42 ± 
(12.16) 

Logging + 
Livestock 

2.72 ± 
(2.58) 

1.23 ± 
(2.24) 

30.18 ± 
(20.79) 

3.58 ± 
(3.70) 

23.94 ± 
(52.95) 

53.48 ± 
(12.94) 

Fire + 
Logging + 
Livestock 

2.99 ± 
(2.81) 

6.77 ± 
(19.04) 

20.23 ± 
(24.46) 

2.89 ± 
(2.76) 

21.73 ± 
(44.32) 

52.47 ± 
(16.28) 

 



 

23 
 

A Kruskal-Wallis test shows that the mean values of the stand-structural complexity 

index were significantly different between the eight disturbance treatments (X² = 

148.8512, df = 7, p-value = 2.2e-16) (Fig. 4). A multiple comparison post hoc test does 

not show significant differences in the mean values of the stand-structural complexity 

index between the control plots and the plots that were subject to the singular 

presence of fire (p = 0.73). However, the mean values of the stand-structural 

complexity index are significantly lower in all the other six disturbance treatments 

compared to the control plots. For its case, the presence of logging alone shows a 

significant difference with the control plots (p < 0.05). However, the most significant 

differences (p < 0.0000) are found in plots showing signs of livestock alone, plots 

showing the combined presence of logging and livestock and plots showing the 

combined presence of fire, logging, and livestock.  
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Fig. 4. Relationship between the mean values of the stand-structural complexity index 

along a disturbance gradient. Bars with different letters were significantly different 

according to a multiple comparison post hoc test (p < 0.05). Small bars are ± standard 

deviation. 
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4. Discussion 

This work provides the first stand-structural complexity index for the southern 

temperate forests based on the measures of understory density, CWD volume, litter 

depth, stand basal area, and snags density. My results indicate that stand-structural 

complexity is related to the presence of anthropogenic disturbances such as fire, 

logging, livestock, and the combined additive effects between them. The stand-

structural complexity index is more strongly related to the combined presence of fire, 

logging, and livestock whereas fire alone is the anthropogenic disturbance that showed 

lowest relation to stand’s complexity. In addition, I found a positive correlation 

between the five selected stand-structural attributes and stand age. I suggest that 

specific forest management practices regarding the maintenance of structural 

attributes and the reduction of anthropogenic disturbances should be considered to 

enhance stand-structural complexity in order to conserve the southern temperate 

forests’ biodiversity.  

4.1. Stand-structural attributes’ variation among stand age helps to determine stand-

structural complexity 

It has been stated that in order to best conserve the biodiversity of temperate 

ecosystems, the maintenance of all forest successional stages must become a priority 

for forest managers (Franklin, 1988). However, as in most temperate forests early 

successional stages are well represented due to the impact of anthropogenic 

disturbances in the forests’ structure, there is an increasing awareness for conserving 

old-growth stands (Zenner, 2004; Franklin and Spies, 1991; Franklin and Van Pelt, 

2004). For its case, old-growth forests are proposed to present a larger proportion of 

specific structural attributes such as CWD volume, litter depth, understory density, 

snags density, and stand basal area that distinguish them from other successional 

stages (Zenner, 2004; Franklin, 1988; Armesto et al., 2001; Hansen et al., 1991). The 

mean values of the stand-structural attributes considered in this study were positively 

correlated with old-growth stands with the exception of snags density which was 

higher in mid-successional forest stands. However, the maximum values of the stand-

structural complexity index and the individual stand-structural attributes did not show 
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a specific trend regarding stand age. These results are of high importance as they 

support the conclusion reached by McElhinny et al. (2006b) who stated that there is no 

single ideal stand structure, but instead, a combination of different attributes could 

produce a variety of structurally complex stands.  

Studies conducted within different forest ecosystems have widely acknowledged stand 

basal area as a reliable indicator of structural complexity (Peck et al., 2014; Zenner, 

2004; Zenner et al., 2012; Kane et al., 2010). For example, Peck et al. (2014) concluded 

that structural complexity in even-age stands was highly influenced by basal area when 

studying stand-structural complexity in Switzerland. These findings support my results 

as the higher - mean and individual - values of stand basal area were measured in old-

growth plots. Other researchers have also observed a positive correlation between 

stand basal area and stand age. For example, Armesto and Figueroa (1987) showed for 

the southern temperate forests that stand basal area was directly correlated with 

stand age and suggested that higher values of stand basal area were possible in old-

growth forests due to the absence of natural and anthropogenic disturbances. In 

addition, the range of the stand basal area values reported in this study are similar to 

the ones reported by Carmona et al. (2002), Echeverría et al. (2007), and Díaz et al. 

(2005) whose values were considerably higher in old-growth stands in comparison to 

early and mid-successional stands in the southern temperate forests. For the northern 

temperate forests, Spies and Franklin (1991) reached the same conclusion stating that 

basal area was one of the most important structural attributes to discriminate among 

stand age when comparing forest structure in the United States. Moreover, my 

findings also support the conclusions of Zenner et al. (2012) who stated that stand-

scale structural complexity could be increased by retaining an important proportion of 

larger trees in Norway spruce-dominated forests in Finland. 

Various studies around the globe have demonstrated how CWD volume increases 

structural complexity (Pasher and King, 2011; McElhinny et al., 2005), having a positive 

effect on forests’ biodiversity (Christie and Armesto, 2003; Kelt et al., 1994; Soto-Azat 

et al., 2013). My results also show a positive relation between the mean values of CWD 

volume and stand age. This concurs with the results reported in previous researches 

which stated that CWD volume tends to accumulate in relation to stand age (Harmon 
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et al., 1986; Franklin, 1988; Spies and Franklin, 1991; Christie and Armesto, 2003). For 

example, CWD volume was found to be higher in old-growth stands in comparison to 

younger stands when studying CWD characteristics in relation to stand age in the 

northern temperate forest (Franklin, 1988; Spies and Franklin, 1991). Moreover, 

Carmona et al. (2002) indicated that old-growth forest stands had higher CWD volume 

values in comparison to early and mid-successional forests in a coastal temperate 

forest in the lowlands (50 - 100 masl) of Chiloé Island, Chile.  

A similar trend is reported in this study for understory densities whose mean values 

were markedly higher in old-growth plots than in successional stages’ plots. This is in 

line with findings by Díaz et al. (2005) and Hansen et al. (1991) who found that 

structural complexity was maximized by understory density in the southern and 

northern temperate forests respectively. For instance, the high values of understory 

density measured in this study can be explained as the understory of southern 

temperate forests is mainly dominated by the native Chusquea bamboos (Poaceae: 

Bambusoideae) which forms highly dense thickets (Veblen, 1982). The high levels of 

structural complexity shown in this study regarding understory density are of great 

conservation importance for some endemic species of the southern temperate forest 

such as the endangered Rufous-legged Owl (Strix rufipes) and the Des Murs’ Wiretail 

(Sylviorthorhynchus desmursii), which have been positively associated with dense 

understory vegetation (Ibarra et al., 2012; Ibarra et al., 2014a; Díaz et al., 2006). 

Moreover, a high understory density can be correlated with high litter depth. For 

instance, the high mean values of litter depth measured in this study for old-growth 

and mid-successional forest with bamboo understory plots illustrate the importance of 

bamboo plants for the stand-structural complexity of the southern temperate forests. 

This supports conclusions by other researchers who also observed changes in the stand 

structure with higher litter depth produced by the bamboo leaves  (Armesto and 

Fuentes, 1988; Christie and Armesto, 2003; Veblen et al., 1977). For its case, Reid et al. 

(2002) showed that invertebrates’ abundance was higher in plots with higher litter 

biomass when studying the importance of native bamboos for understory birds in 

Chile. On the other side, Spies and Franklin (1991) reported higher values of litter 

depth in old-growth stands in comparison to young or mature stands for the northern 
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temperate forests. However, even though litter depth is an easily measurable 

attribute, few studies have been undertaken in the southern temperate forests. thus 

making it difficult to make a quantifiable comparison between my results and 

previously reported studies. 

As expected, I found that old-growth forest stands accounted for the highest mean 

values of understory density, CWD volume, litter depth, and stand basal area. 

However, the highest mean values of snags density between the seven habitat 

categories were measured in mid-successional forest with bamboo understory plots. 

This result is similar to the ones reported by Franklin (1988), Carmona et al. (2002), 

and Veblen et al. (1996), in two ecologically comparable environments, who stated 

that even though disturbances kill trees, they do not consume the wood structure, 

hence, a large proportion of trees remain standing after disturbance. These structural 

attributes that persist through disturbances have been described as biological legacies, 

being subject to increase stand-structural complexity post disturbance (Franklin et al., 

2002). Still, there is not a defined correlation between snags density and stand age. For 

instance, Díaz et al. (2005) reported that the highest values of snags density in the 

southern temperate forests were measured in early-successional stands. Conversely, in 

the northern temperate forests, Spies and Franklin (1991) stated that snags density 

increased dramatically with stand age while Hansen et al. (1991) concluded that snags 

density was negatively associated with stand age.  

For its part, the lowest mean values of the five structural attributes measured in 

openfield plots are a direct consequence of land clearance for agriculture and livestock 

farming (Veblen and Ashton, 1978; Veblen et al., 1980; Armesto and Figueroa, 1987). 

Openfield stands within the southern and the northern temperate forests have been 

described to be mainly concentrated in lowlands near human settlements. There, a 

recurrent practice is to remove logs and snags for usage as timber-derived products or 

firewood, leaving the land cleared for livestock farming (Franklin, 1988; Carmona et al., 

2002). Overall, the stand-structural complexity index built for the Andean temperate 

forest shows similar results to the ones reported by McElhinny et al. (2006b) and 

Sabatini et al. (2015) who adapted the same methodology used in this study - with 
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similar structural attributes - to build two different structural complexity indexes in 

Australia and Italy respectively.    

4.2. Anthropogenic disturbances in the Andean temperate forest: a long-lasting but 

disruptive relationship 

Stand structure in southern temperate forests has been shaped by a continuous 

history of anthropogenic disturbances (Veblen and Ashton, 1978; Veblen et al., 1980). 

The extent of these disturbances helps to explain the high proportion of plots that 

were subject to anthropogenic disturbances and the consequently high amount of 

plots representing successional forest stages (Veblen et al., 1992). For instance, the 

large presence of mid-successional forest plots are a direct consequence of the fire 

history of the southern temperate forests (Veblen et al., 1992). This can be inferred as 

the age of the mid-successional stands concurs with the elapsed time since the last 

catastrophic fire, that burned large areas of southern temperate forests, occurred 

(Veblen and Ashton, 1978). Different studies have shown how fire, logging, and the 

presence of livestock are generally presented on a successive way with the presence of 

one disturbance typically involving a continuity of disturbances such as logging and 

livestock grazing (Lusk, 1996; Szeicz et al., 1998; Aravena et al., 2002; Hansen et al., 

1991). This sequence of anthropogenic disturbances supports the result showing a high 

number of plots that were subject to the combined presence of the three 

anthropogenic disturbances considered in this study (Lusk, 1996; Veblen et al., 1992).  

Different authors suggest that the intensity of anthropogenic disturbances is higher at 

lower elevations (Armesto and Figueroa, 1987; Veblen et al., 1980). For instance, the 

acquisition of firewood for heating in both rural and urban housing areas continues to 

be the driving factor behind logging within the southern temperate forest, standing 

out as the main degrading activity especially in rural areas near forest remnants 

(Carmona et al., 2002). This is similar to what has happened in other temperate 

ecosystems. For example, the temperate forests of the Pacific Northwest of the United 

States are mostly secondary forests that have developed during the last 100 - 150 

years due to logging and land abandonment for agriculture (Franklin, 1988). On the 

other side, my results show that old-growth forests were the least disturbed habitat. 



 

29 
 

This result may be explained by the distribution of public protected areas within the 

southern temperate forests which are mostly (> 90%) located at elevations above 600 

masl (Armesto et al., 1998). Thus, it can be inferred that non-disturbed, old-growth 

forest stands are more prone to be present at higher elevations away from human 

settlements. Similar results were previously reported for the southern temperate 

forests (Gutiérrez et al., 2004; Veblen et al., 1992) where old-growth also showed none 

or very few signs of anthropogenic disturbances. 

4.3. Stand-scale anthropogenic disturbances are differentially affecting stand-

structural complexity in the southern temperate forests 

Different studies have shown how anthropogenic disturbances are significantly 

reducing forest structure around the globe (Harmon et al., 1986; Hansen et al., 1991; 

Hitimana et al., 2004). Consequently, the loss of forest structure is responsible for 

losses of biodiversity across different ecosystems (Thiollay, 1993; Jaña-Prado et al., 

2007; De Santo et al., 2002). However, as far as I know, this is the only study that has 

assessed the influences of anthropogenic disturbances on stand-structural complexity 

for the southern temperate forests. My results are of high importance for the 

conservation of southern temperate ecosystems where it has been proposed that the 

effects of anthropogenic disturbances such as fire, logging, and livestock on forest 

structure have superimposed the natural regime (Carmona et al., 2002). Willson and 

Armesto (1996), when comparing the writings of Charles Darwin about the Chilean 

temperate forests with the present forests’ condition 150 years after, stated that the 

forests’ structural complexity described by Darwin is greatly absent nowadays because 

of logging, burning, and land clearing for agriculture. 

The lack of significant differences in the mean values of the stand-structural 

complexity index between the control plots and the plots that were subject to the sole 

presence of fire suggest that temperate forests that have been subject to fire are 

highly resilient. Despite the small reduction in structural complexity caused by fire, my 

results show that these plots can still achieve high to moderate levels of structural 

complexity sometime after disturbance. Similar results were found for the structure of 

abandoned pastures in Puerto Rico (Aide et al., 2000), where the density, basal area, 
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aboveground biomass, and species richness of secondary forest achieved similar values 

to those of the old-growth forest 40 years after fire, concluding that restoration in 

tropical forests can be achieved by protecting areas from fire and allowing natural 

regeneration. Different authors have widely acknowledged the resilience capacity of 

temperate forests to moderate levels of anthropogenic disturbances (Franklin, 1988; 

Aravena et al., 2002; Neira et al., 2002). For instance, a greater array of structural 

attributes would provide greater ecosystem resilience (Peck et al., 2014) and recovery 

after anthropogenic disturbances (O’Hara, 2006). This hypothesis is in line with 

previous results reported for the southern temperate forests (Díaz et al., 2005) where 

it was shown that the values of basal area and understory density increased in relation 

to the elapsed time since the disturbance. In addition, the unexpected high mean 

values of understory density post-fire disturbances reported in this study are due to 

the proliferation of a dense bamboo understory. Following fire events, bamboos have 

been described to dominate these forests’ understory, forming extensive thickets 

impeding the regeneration of other vegetative species (Veblen, 1982; Veblen and 

Ashton, 1978). 

However, my results do show that logging alone and the combined action of logging 

and fire are indistinctively reducing stand-structural complexity. The continuous 

cutting of snags and removal of logs for firewood, which are actually reducing the 

structural legacies (Hansen et al., 1991), may be a potential explanation of the 

reduction of the stand-structural complexity index in plots subject to fire and logging. 

For instance, the low values of CWD volume measured in this study for plots that were 

subject to fire may be explained by the removal of logs and snags by landowners to be 

used or sold as firewood - which is a very common practice in southern Chile (Aravena 

et al., 2002; Carmona et al., 2002; Smith-Ramírez et al., 2014). In addition, logging 

practices have resulted in the alteration and elimination of the understory due to the 

opening of roads for timber extraction with animals and machinery (Jaña-Prado et al., 

2007). Studies in northern temperate forests have demonstrated that snags were 

three to five times more dense in undisturbed plots in comparison with logged plots 

(Hansen et al., 1991). Similarly, Aravena et al. (2002) indicated that basal area 

increased significantly in undisturbed plots in comparison to plots that showed the 
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combined presence of fire and logging in the southern temperate forests. This 

supports conclusions from other researchers around the globe who also observed a 

reduction in stand-structural attributes such as snags density, CWD volume, and 

understory density in plots that were subject to logging (Hansen et al., 1991; Harmon 

et al., 1986; Carmona et al., 2002; Thiollay, 1993; Youngblood, 2010; Hitimana et al., 

2004).  

Interestingly, there was not a significant difference in the mean values of the stand-

structural complexity index when subject to the presence of logging alone or in 

combination with fire. This result is in line with previous studies on the southern 

temperate forests (Aravena et al., 2002; Gutiérrez et al., 2004; Carmona et al., 2002; 

Seaman et al., 2015), in which mean values of basal area, CWD volume, and snags 

density showed little differences between plots showing signs of fire in comparison to 

plots showing the combined presence of fire and logging. However, when assessing 

the difference between the mean values of the structural attributes reported in those 

studies with my findings, the results should be viewed with caution because the 

elapsed time since the disturbance may have been different. For instance, the post-fire 

plots measured in this study may have been immediately abandoned after the 

occurrence of the last catastrophic fire (80 years ago), having a longer recovery time 

since the disturbance.  

The introduction of livestock by the European colonists has had a detrimental effect on 

the structure of the southern temperate forests by reducing stand-structural attributes 

such as understory density, basal area, and litter depth (Zamorano-Elgueta et al., 2012; 

Veblen et al., 1992; González et al., 2005; Veblen et al., 1996). My results correspond 

with this statement as they suggest that the presence of livestock - solely or in 

combination with logging or logging and fire - is the most important anthropogenic 

disturbance related to a decrease in the structural complexity of southern temperate 

forests. This is similar to what was reported by Tasker and Bradstock (2006) who 

concluded that livestock - followed by logging and fire - was the disturbance that was 

affecting the complexity of understory vegetation strongest when studying the 

influence of livestock grazing on forest understory structure in New South Wales, 

Australia. Similarly, livestock was shown to have a more negative effect on forest 
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regeneration in comparison to logging when studying the impacts of forests 

fragmentation in the composition and structure of the southern temperate forests 

(Zamorano-Elgueta et al., 2014). 

Grazing activity by livestock not only affects vegetation regeneration but other 

structural attributes. For example, Echeverría et al. (2007) reported lower values of 

stand basal area in patches showing higher presence of livestock in comparison to less 

disturbed forest stands. This is in line with the findings of Veblen et al. (1993) who 

concluded that livestock grazing was decreasing the size and abundance of woody 

plants as well as inhibiting the regeneration of common tree species of the southern 

temperate forests. Similarly, Zamorano-Elgueta et al. (2012) revealed that monkey 

puzzle trees’ regeneration was significantly affected by the presence of livestock. In 

addition, livestock also affects understory structure by grazing and trampling the 

herbaceous layer (Belsky and Blumenthal, 1997). For example, Rummell (1951) showed 

that grazing by livestock reduced understory vegetation by 45 - 61% when studying 

ponderosa pine’s forest dynamics that had been subject to grazing in the Unites States. 

Similar results were found for tree communities in the southern temperate forest of 

Argentina (Veblen et al., 1993) in which understory density - mainly of bamboo - was 

significantly reduced in highly grazed stands in comparison to less disturbed stands.  

There was not information available about the effects that livestock was having upon 

CWD volume or snags density in the southern temperate forests. However, my results 

suggest that the reduction of understory density and basal area by livestock is 

indirectly affecting other structural attributes such as CWD volume, litter depth, and 

snags density. For instance, the lowest mean values of litter depth reported in this 

study were measured in plots that were subject to the presence of livestock; this may 

be because the livestock’s grazing activity of plant biomass located above ground 

minimizes the quantity of biomass for litter conversion (Belsky and Blumenthal, 1997). 

Similarly, Hayes and Holl (2003) reported that litter depth was significantly lower in 

grazed sites in comparison to ungrazed sites when investigating the impact of cattle 

grazing on a coastal prairie plant community in California. On the other side, the low 

mean values of CWD volume and stand basal area in plots that were subject to 

livestock may be due to the tradition of local farmers to remove the bamboo 
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understory as well as other woody residues for aesthetic and productivity reasons 

(Reid et al., 2004). 

4.4. Recommendations for management 

Southern temperate forests are not an exception when studying the effects that 

anthropogenic disturbances are having upon forest ecosystems (Liira et al., 2007; Irwin 

et al., 2010; Ramírez-Marcial et al., 2001). My results suggest that anthropogenic 

disturbances are having significantly negative effects on the stand-structural 

complexity of Andean temperate forests. Different studies have shown how the 

structural attributes measured in this study - CWD volume, snags density, stand basal 

area, litter depth, and understory density - are of significant importance for a great 

array of organisms inhabiting the southern temperate forests (Ibarra et al., 2012; 

Ibarra et al., 2014a; Crump, 2002; Díaz et al., 2005). Thus, a reduction in the availability 

of those structural attributes by means of anthropogenic disturbances may have 

negative implications for biodiversity conservation in southern temperate ecosystems. 

This study contributes to the understanding of the influence that anthropogenic 

disturbances are having upon the structure of southern temperate forests at a stand 

level and provides some guidelines for policymakers and forest managers regarding 

forest conservation.  

Even though my results suggest that high levels of structural complexity and the 

presence of logging and livestock are incompatible, total disturbance eradication is not 

feasible within the study area. Thus, I propose that in order to better conserve the 

temperate forests’ biodiversity, the retention of structural attributes must be 

incorporated into forest management plans. My results also show that there is no 

single ideal stand structure that maximizes structural complexity. However, the lowest 

values of stand-structural complexity were measured in openfield and early-

successional plots whereas the highest values of structural complexity were measured 

in mid-successional and old-growth forest plots. In addition, the lowest - individual and 

mean - values for the five structural attributes and the stand-structural complexity 

index were measured in plots subject to livestock - alone or combined with logging or 

logging and fire. These results indicate that a higher focus should be put on the 
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reduction of livestock-associated disturbances and the retention of stand-structural 

attributes in openfield and early-successional plots to increase their structural 

complexity. The construction of a stand-structural complexity index with structural 

attributes that can be readily recognized and measured by researchers or managers 

provides a great opportunity to rank stands in terms of their structural complexity in 

order to guide conservation efforts.   

 5. Conclusion 

My results demonstrate that it is feasible to generate a simple stand-structural 

complexity index for the southern temperate forests based on structural attributes 

that are important for biodiversity. This study is the first attempt to build an index of 

stand-structural complexity as well as the first study to assess the relationship 

between anthropogenic disturbance and stand-structural complexity in the southern 

temperate forests. The analyses conducted show that the mean values of the stand-

structural complexity index were significantly related to anthropogenic disturbances. 

The presence of livestock - alone or in combination with logging or logging and fire - 

showed the most significant differences in the mean values of the stand-structural 

complexity index in comparison with the control plots, suggesting that livestock is the 

disturbance that is most affecting the stand’s structural complexity in the southern 

temperate forests. Moreover, the highest mean values of the index of stand-structural 

complexity were measured in plots that did not show any signs of anthropogenic 

disturbance, conversely, the lowest mean values of the stand-structural complexity 

index were measured in plots showing the combined presence of fire, logging, and 

livestock. In addition, my results also suggest a positive relationship between the mean 

values of the stand-structural complexity index and stand age. 

The conservation importance of the southern temperate forests demands the 

incorporation of biodiversity conservation as an objective into intensively managed 

ecosystems. Therefore, it is necessary to conserve the structural complexity of forest 

fragments minimizing additional anthropogenic disturbances. If the current rates of 

anthropogenic disturbances are maintained, the ability of the remnant forests to 

maintain their structure will be reduced, having a concomitant negative effect on the 
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southern temperate forests’ biodiversity. My results suggest that forests should be 

managed to retain structural attributes such as understory density, CWD volume, 

snags density, stand basal area, and litter depth and to reduce the presence of 

anthropogenic disturbances in order to prevent the loss of biodiversity in the southern 

temperate forests. The findings reported in this study provide valuable information to 

enhance the knowledge about southern temperate forests and contribute with 

practical information to policy decisions regarding forest conservation and 

management. 
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Appendices 

Appendix 1. Table showing the range and mean values of the five stand-structural attributes and the stand-structural complexity index for the 

Andean temperate forest in relation to the seven habitat categories. Asterisks represent the minimum (*) and maximum (**) values of the 

stand-structural complexity index and of each structural attribute. 

Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range

Old-growth forest 7.55** 0.0* - 20.2** 13.74** 0.0* - 150.88 6.57** 1.32 - 21.86 75.28** 5.54 - 206.11 46.02 0.0* - 126.94 80.03** 39.47 - 96.14

Mid-successional forest (bamboo understory) 5.49 1.2 - 13.4 11.34 0.0* - 98.0 6.31 0.64 - 22.0 41.67 8.26 - 310.49** 55.01** 0.0* - 482.38** 73.18 41.49 - 100**

Mid-successional forest (other understory) 4.72 0.8 - 14.0 4.41 0.0* - 51.38 5.23 1.04 - 15.82 34.76 1.13 - 102.17 44.11 0.0* - 380.83 65.18 40.8 - 88.23

Mid-successional forest (no understory) 1.7 0.0* - 5.4 5.85 0.0* - 91.41 2.98 0.0* - 9.44 35.22 2.96 - 78.07 35.2 0.0* - 228.50 55.66 34.79 - 85.47

Early successional forest (< 20 years old) 3.58 0.2 - 13.0 2.3 0.0* - 44.16 4.3 0.0* - 10.18 16.71 0.0* - 77.89 17.26 0.0* - 177.72 54.21 35.43 - 82.26

Mixed shrubland 2.39 0.0* - 8.6 3.11 0.0* - 188.4** 1.65 0.0* - 7.82 8.71 0.0* - 106.40 12.55 0.0* - 304.7 43.91 31.82* - 85.03

Openfield 0.42* 0.0* - 3.2 1.18* 0.0* - 33.17 0.41* 0.0* - 23.82** 2.21* 0.0* - 3.34 0.0* 0.0* - 0.0 34.38* 31.82* - 44.82

Understory density (n° contacts) Coarse woody debris (m³/ha) Litter depth (cm) Stand basal area (m²/ha) Snags density (stems/ha) Structural complexity index (%)

 

 

Appendix 2. Table showing the range and mean values of the five stand-structural attributes and the stand-structural complexity index for the 

Andean temperate forest in relation to the eight disturbance treatments. Asterisks represent the minimum (*) and maximum (**) values of the 

stand-structural complexity index and of each structural attribute. 

Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range

No disturbance (control) 6.18** 1.60 - 12.20 15.75** 0.00* - 150.88 6.27 1.32 - 13.44 68.15** 7.88 - 123.34 40.2 0.00* - 126.94 77.67** 55.54 - 96.14

Fire 5.89 2.80 - 14.00 2.96 0.00* - 17.20 7.04** 0.00* - 15.14 45.33 0.00* - 113.10 48.57 0.00* - 126.94 72.51 40.48 - 91.85

Logging 5.11 0.40 - 13-00 2.87 0.00* - 40.42 5.5 0.22 - 13.16 27.88 2.96 - 77.89 41.82 0.00* - 304.66 62.7 34.79 - 86.57

Livestock 4.01 0.20 - 14.00 3.38 0.00* - 45.34 3.57 1.00 - 7.66 32.36 0.00* - 206.11 18.13* 0.00* - 126.94 54.74 35.43 - 93.60

Fire + Logging 5.6 0.80 - 13.40 7.84 0.00* - 73.44 6.31 1.56 - 22.00** 44.31 1.13 - 310.49** 50.78 0.00* - 482.38** 71.63 41.49 - 100**

Fire + Livestock 4.98 2.00 - 11.00 5.23 0.00* - 27.98 4.53 1.24 - 7.10 48.05 16.51 - 85.93 60.93** 0.00* - 228.50 70.42 49.76 - 90.66

Logging + Livestock 2.72* 0.00* - 10.20 1.23* 0.00* - 8.90 3.58 0.00* - 21.86 30.18 2.82 - 96.92 23.94 0.00* - 279.27 53.48 35.27 - 80.02

Fire + Logging + Livestock 2.99 0.00* - 20.20** 6.77 0.00* - 188.40** 2.89* 0.00* - 16.46 20.23* 0.00* - 175.58 21.73 0.00* - 380.83 52.47* 31.82* - 94.83

Understory density (n° contacts) Coarse woody debris (m³/ha) Litter depth (cm) Stand basal area (m²/ha) Snags density (stems/ha) Structural complexity index (%)


