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A B S T R A C T   

Biodiversity plays a pivotal role in forest productivity and, through it, on the provision of ecosystem services. 
Consequently, understanding the mechanisms by which biodiversity drives productivity is a challenge for sus-
tainable forest management. It has been proposed that functional dissimilarity can increase forest productivity, 
particularly in water-limited ecosystems (as Mediterranean forests), where water stress might increase 
complementarity resource use among species (hypothesis of niche complementarity). Alternatively, strongly 
water-limited forests may favor the dominance of woody species with slow-growth and conservative resource-use 
trait values, which in turn, might increase plant community productivity proportionally to their biomass (hy-
pothesis of mass-ratio). The effects of such mechanisms on productivity is yet understudied in water-limited 
forests. We assessed the effect of both previously described mechanisms on productivity in a semi-arid Medi-
terranean-type climate matorral of Chile through a trait-based approach. We hypothesized that: (1) higher 
dissimilarity of functional trait values of crowns, roots and phenology among woody species increases com-
munity productivity. Alternatively, (2) higher dominance of woody species of conservative trait values increases 
forest productivity. We installed twenty-three 25 × 25 m plots in the matorral of the National Reserve of 
“Roblería de Los Cobres de Loncha” located in the Coastal Range. Forest productivity was estimated as above- 
ground biomass changes between 2010 and 2017. The mean species pairwise dissimilarity (MPD) and the 
community-weighted mean trait values (CWM) were calculated for each single trait as surrogates of the hy-
potheses of niche complementarity and mass-ratio, respectively. Environmental variables (e.g. altitude, slope, 
precipitation) were included as potential drivers influencing productivity. We performed a selection procedure of 
multiple linear regression models based on the Akaike Information Criterion. Our findings show that higher 
forest productivity was related with higher trait similarity of plant maximum height and onset of growth among 
species. Besides, productivity increased with CWM values that reflect greater dominance of species exhibiting 
acquisitive traits (i.e. greater maximum plant height, lower wood density and earlier onset of growth) rather than 
conservative traits. Moreover, forest productivity increased with increasing altitude, precipitation and decreasing 
temperatures from 300 to 900 m. Therefore, in contrast with our hypotheses, productivity increased by greater 
trait similarity among dominant highly-competitive species - which might be favored by mesic conditions at 
middle altitudes of the Coastal Range. The sustainable management of semi-arid Mediterranean forests with the 
main focus on productivity should promote higher dominance of highly-competitive species with similar func-
tional trait values in mesic conditions, and conservative species with greater trait functional dissimilarity to 
increase drought resistance in stressful environments.   
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1. Introduction 

Forest productivity, defined as the rate at which woody species 
convert CO2 and water into organic matter, is a key driver of ecological 
processes and ecosystem services, ranging from wood production to 
climate regulation (Chapin et al., 2002). Forest productivity is consid-
ered to be highly dependent on biodiversity components (e.g. woody 
species richness and composition) (Liang et al., 2016; Vilà et al., 2005). 
However, the ecological mechanisms by which forest biodiversity drives 
productivity are still debated, mainly under the hypotheses of niche 
complementarity (Tilman, 1997) and mass-ratio (Grime, 1998). If niche 
complementarity is the mechanism driving productivity, then in order to 
increase productivity, forest management efforts should aim at pro-
moting both species richness and functional diversity, since both in-
crease productivity and stability promoting multiple benefits for society 
(Liang et al., 2016; Paquette and Messier, 2011; Ruiz-Benito et al., 2014; 
Williams et al., 2017). In contrast, if mass-ratio is the key mechanism 
driving forest productivity through functional identity (trait values of 
dominant species), then in order to increase productivity, forest man-
agement should promote high dominance of species with particular trait 
values adapted to environmental conditions (Finegan et al., 2015; 
Prado-Junior et al., 2016; Tobner et al., 2016). Understanding the 
relative effect of these mechanisms on forest productivity is relevant for 
sustainable forest management in general, but also for management in 
the context of climate change (Mori et al., 2017). A trait-based plant 
functional approach might be a key tool to test the effects of niche 
complementarity and mass-ratio on forest productivity (Díaz et al., 
2007). 

The niche complementarity hypothesis predicts that higher species 
richness, particularly if leading to high functional trait dissimilarity 
among species, can increase the rates of ecological processes, by means 
of complementarity in the use of resources among species and, hence, 
spatial and/or temporal niche partitioning (Tilman, 1997). In support of 
this hypothesis, it has been shown that forest productivity may increase 
with increasing morphological dissimilarity of crowns (Williams et al., 
2017), as may increase canopy vertical stratification and light efficiency 
interception in the understory (Ammer, 2019). Moreover, it has been 
suggested (but it is still untested) that forest productivity might also 
increase with increasing morphological dissimilarity of roots and 
phenology among species, since these contribute to more efficient water 
and nutrient use by spatial and temporal niche partitioning (Ammer, 
2019; Ishii and Asano, 2010). In addition, some studies in semi-arid 
Mediterranean forests suggested that these expected positive effects of 
species richness and functional dissimilarity might tend to increase 
forest productivity with increasing water stress (Jucker et al., 2014; 
Paquette et al., 2018; Ratcliffe et al., 2016; Rita and Borghetti, 2019), 
since niche differentiation and facilitation among species may increase 
under dry conditions (Madrigal-González et al., 2016; Subedi et al., 
2019). 

Alternatively, the mass-ratio hypothesis proposes that each species 
contributes to ecosystem properties proportionally to their biomass. 
Thus, trait values of dominant species (species with greater relative 
biomass) in a plant community should be closely related to productivity 
(Grime, 1998). It has been shown that under water-unlimited condi-
tions, forest productivity might increase with the abundance of domi-
nant fast-growing tree species, exhibiting mostly acquisitive resource- 
use trait values - which confer higher competitive ability for resource 
acquisition (Grime et al., 1997), such as greater plant height (Finegan 
et al., 2015; Lohbeck et al., 2015; Shovon et al., 2019), higher specific 
leaf area (SLA), lower wood density, shallower roots (Fotis et al., 2018) 
and longer growth periods (Chuine, 2010). In contrast, under drier 
conditions forest productivity might increase with increases in the 
dominance of slow-growing species exhibiting mostly conservative 
resource-use trait values – which promote retention of resources and 
resistance to environmental stressors (Maracahipes et al., 2018), such as 
lower SLA, higher wood density (Prado-Junior et al., 2016; van der 

Sande et al., 2018) and possibly deeper rooting (Jucker et al., 2014). 
These conservative traits would allow species improved access and 
conservation of soil water and nutrients, protect tissues and organs 
against abiotic and biotic hazards and reduce mitochondrial respiration, 
while enhancing carbon gain and plant survival in the longer term 
(Reich, 2014). 

In Mediterranean-type forests, it has been proposed that niche 
complementarity might be a pivotal mechanism explaining productiv-
ity, as drought-stressing conditions may lead to high functional trait 
dissimilarity among woody species (Forrester and Bauhus, 2016; Jucker 
et al., 2014). In support of these ideas, previous studies show that woody 
species co-occurring in these ecosystems exhibit high functional 
dissimilarity, which suggests the existence of spatial and temporal dif-
ferentiation in light and water use, thus reducing competition by limited 
resources (Jucker et al., 2014). For example, in Mediterranean ecosys-
tems the differences in functional traits of crowns (e.g. plant height), 
roots (e.g. rooting depth) and phenology (e.g. onset of vegetative 
growth) among woody species may lead to greater spatial and temporal 
complementarity in light and soil water use (at the species level) (Can-
adell and Zedler, 1994; de la Riva et al., 2016; Filella and Peñuelas, 
2003; Fuentes et al., 1995). However, there are still few studies explic-
itly testing the effects of niche complementarity on productivity in for-
ests at the plant community level (Paquette et al., 2018; Ratcliffe et al., 
2016; Ruiz-Benito et al., 2014), and even less using functional trait 
dissimilarities of crowns, roots and phenology among species to test such 
hypotheses. 

Alternatively, some studies suggest that productivity in Mediterranean 
forests (e.g. sclerophyllous forests) increases with greater dominance of 
evergreen species, whose leaf functional attributes reflect a conservative 
resource-use strategy, while productivity decreases with greater domi-
nance of deciduous species reflecting an acquisitive resource-use strategy 
(Ayma-Romay and Bown, 2019; Ruiz-Benito et al., 2014). If productivity 
in Mediterranean forests increases with dominant species exhibiting a 
conservative-resource-use strategy across different plant organs then 
productivity might increase in stands exhibiting trait values at the plant 
community level with higher leaf mass ratio (being the reciprocal of SLA), 
higher leaf life span (LLS), lower leaf nitrogen content (de la Riva et al., 
2016), higher leaf 13C- isotopic composition (an indicator of water use 
efficiency) (Prieto et al., 2018; Querejeta et al., 2018), higher wood den-
sity and lower specific root length, smaller plant height (de la Riva et al., 
2016), deeper rooting (Mooney and Dunn, 1970) and delayed onset of 
growth (Ackerly, 2004; Castro-Díez et al., 2003; Montenegro et al., 1979). 
This trait combination would confer to forests dominated by conservative 
species higher growth and biomass production as a result of sustaining 
photosynthesis over longer periods of time, fixing carbon without the 
energy cost of building new leaves every year and prolonging their growth 
periods accessing deeper soil water (Canadell and Zedler, 1994; Mooney 
and Dunn, 1970). In contrast, if productivity in Mediterranean forests 
decreases with greater dominance of species exhibiting an acquisitive 
resource-use strategy, then productivity might be reduced in stands with 
opposite trait values at the plant community level (e.g. greater SLA, lower 
wood density, shallower roots and earlier onset of growth) since those 
attributes would allow sustaining high growth but only during relatively 
short periods of time. However, the effect of trait values of dominant 
species on community level productivity integrating traits of both multiple 
plant organs and the whole-plant (e.g. stems and leaves combined with the 
morphology of crowns, roots and phenology) had been, to the best of our 
knowledge, scarcely addressed. Particularly, the effects of below-ground 
and phenology traits of dominant species on forest productivity and 
other ecological processes are insufficient understood (Ottaviani et al., 
2020; Garnier et al., 2016). 

This study aimed to assess the effects of both niche complementarity 
and plant dominance on the productivity of a semi-arid Chilean matorral 
through a plant functional approach. The effects of functional trait 
dissimilarity and trait values of dominant species on productivity were 
assessed at the plant community level integrating functional traits of 
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crown, stem, leaf, root and phenology. We also considered in the study 
environmental, soil and topographical variables, as covariates of pro-
ductivity confounding the effects of niche complementarity and domi-
nance. We tested two alternative hypotheses driving productivity in 
these Mediterranean forests:  

1) Higher functional trait dissimilarity of crowns, roots and phenology 
among woody species increases forest productivity (hypothesis of 
niche complementarity).  

2) Higher dominance of woody species with conservative resource-use 
traits (associated to the crown, root, stem, leaf and phenology) in-
creases forest productivity proportionally to their biomass (hypoth-
esis of mass-ratio). 

The Chilean matorral is a typical semi-arid Mediterranean-type for-
est, which is considered a global biodiversity hotspot and a conservation 
priority due to its endemism and a high degree of biodiversity loss 
(Cowling et al., 1996), mainly due to land-use change and degradation 
of the native vegetation (Rundel et al., 2016). A better understanding of 
the effects of functional diversity or functional identity (trait values of 
dominant species) on productivity in the matorral can open opportu-
nities for its sustainable management and ecological restoration linked 
with biodiversity conservation (Mori et al., 2017). Some studies in the 
Mediterranean Basin have substantially improved our knowledge about 
relationships between functional diversity and forest productivity, but 
using only some key above-ground plant traits of easy measurement 
such as plant height and SLA (as indicators of the plant resource-use 
strategies) (Paquette et al., 2018; Ratcliffe et al., 2016; Ruiz-Benito 
et al., 2014). This study extends this approach by testing explicitly the 
effects of niche complementarity and mass-ratio mechanisms through 
multiple functional resource-use-related traits of crown, leaf, stem, root 
and phenology on productivity. Moreover, the Chilean matorral 
compared with forests in other Mediterranean regions has longer dry 
periods and greater interannual variability (Rundel et al., 2016), which 
might be appropriate for assessing whether either niche complemen-
tarity or dominance of species with a conservative strategy increases 
productivity in water stressed communities. 

2. Materials and methods 

2.1. Study site 

The study was set in the National Reserve “Roblería de Los Cobres de 
Loncha” (hereafter Loncha) (34◦7′36′′S, 71◦11′18′′OE), which is located 
in Alhué, Chile. Loncha was integrated into the national system of 
protected areas in 1996. Loncha is located in the Coastal mountain range 
of the central part of Chile with a prevailing west slope and elevation 
ranging from 400 to 2000 m. A semi-arid Mediterranean-type climate 
predominates in the study site with a dry and warm season (October to 
April) and a humid and cold season (May to September) (Rundel et al., 
2016). The mean annual precipitation is 474 mm and the average annual 
temperature is 14.7 ◦C. The soils are formed from colluvial materials 
with soil textures ranging from sandy loam to clay loam (Bown et al., 
2014). 

The predominant vegetation of Loncha corresponds to the Chilean 
“matorral” (Rundel et al., 2016). The vegetation ranges from evergreen 
sclerophyllous woodlands (dominated by Cryptocarya alba and Lithraea 
caustica) to deciduous malacophyllous scrubs (dominated by Acacia 
caven and Trevoa quinquenervia). These dominant deciduous species are 
atmospheric nitrogen-fixers (Rundel et al. 2016). Compositional 
changes in the matorral are generally related to spatial variability in soil 
water (Bown et al., 2014) and light due to altitude (Orshan et al. 1984) 
and topographic variability (Armesto et al., 1994) (Table A.1), but also 
to human disturbances, such as fires, logging and livestock raising 
(Rundel et al., 2016), which reduce relative abundances of evergreen 
species and increase abundances of deciduous species (Armesto et al., 

1994). 

2.2. Sampling plots 

We installed 23 plots of 25 × 25 m distributed in a range of evergreen 
woodlands to deciduous scrubs (see appendices, list of woody species in 
Table A.2 and location of plots and species’ relative abundances in 
Table A.3). The identity and the relative abundance of all the trees ≥5 
cm of DBH (diameter at breast height) and shrubs ≥1 m of crown 
diameter were recorded. The plots were distributed from low to middle 
elevations of the Coastal mountain range in an altitudinal range from 
300 to 900 m. The plots have not been disturbed by fire or firewood 
extraction since the creation of the reserve in 1996 (24 years ago). 
However, low-intensity cattle grazing is still occurring between May and 
October each year. The richness of woody species varied from two to 
seven per plot, the abundance of plants varied from 14 to 262 in-
dividuals per plot. The slopes of the plots varied from 6 to 42%. Most of 
the plots had either a predominant northern or southern aspect. Soil 
textures ranged from sandy loams to clay loams (Bown et al. 2014). 

2.3. Measuring productivity, environmental variables, trait dissimilarity 
and trait values 

We estimated forest productivity as above-ground biomass changes 
between 2010 and 2017. We calculated also in total 16 abiotic and biotic 
potential variables explaining forest productivity at the plot level 
(Table 1). The slope aspect was measured as a categorical variable (it not 
was included in Table 1), fourteen plots had a predominant northern 
slope and nine plots a southern slope. The mean species pairwise 
dissimilarity (MPD) and the community-weighted mean trait values 
(CWM) were calculated for key traits as surrogates of niche comple-
mentarity and mass-ratio, respectively (Table 1). 

Table 1 
Descriptive statistics of forest productivity, environmental conditions, trait 
dissimilarity and trait values calculated at the plot level for the Chilean matorral. 
D = dimensionless variable.  

Variable Units # 
plots 

Average Min Max 

Above-ground biomass 
productivity 

kg m− 2 

year− 1 
23 0.116 0.009 0.266  

Environmental variables 
Altitude m 23 529 293 910 
Slope % 23 14 6 42 
Mean air annual 

temperature 

◦C 23 13.4 11.3 15.7 

Annual precipitation mm 23 601 486 804 
Soil nitrogen total % 11 0.19 0.06 0.34 
Soil volumetric water 

content 
m3 m− 3 11 0.20 0.14 0.27  

Mean species pairwise dissimilarity 
MPD of maximum plant 

height 
D 23 3.6 0.6 9.1 

MPD of rooting depth D 23 2.62 1.3 4.3 
MPD of onset of growth D 23 13.6 40 125  

Community-weighted mean trait values 
CWM of maximum plant 

height 
m 23 12.0 6.9 14.9 

CWM of rooting depth m 23 3.12 1.71 5.05 
CWM of specific leaf area cm2 g− 1 23 87.5 56.9 199 
CWM of leaf 13C- isotopic 

composition 
‰ 23 − 27.17 − 28.5 − 26.8 

CWM of wood density g cm− 3 23 0.67 0.64 0.74 
CWM of onset of growth* day 23 94 71 142  

* The onset of growth was expressed in days passed since the initiation of the 
phenological evaluation (1 July 2017). 
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2.3.1. Estimating forest productivity 
Forest productivity was estimated as above-ground biomass changes 

(AGBP) (Table 1). In 11 plots the forest productivity was calculated from 
the above-ground biomass (AGB) changes of all trees recorded alive in 
2010 (to) and the year 2017 (tf), through the following equation (Prado- 
Junior et al., 2016): 

AGBP =
∑n

i=1
(AGBi− f − AGBi− o)/

(
tf − to

)
(1)  

where AGBP is the annual above-ground forest productivity expressed in 
kg m− 2 year− 1, AGBi-f and AGBi-o are the above-ground biomass of the ith 

tree alive at the final time (tf) and at the initial time (to) respectively, 
expressed in kg. The above-ground plant biomass (AGBi) for most woody 
species was estimated with allometric equations (Table A.4). We fitted a 
linear model of AGBP on above-ground standing biomass (AGB) based 
on the 11 measured plots (R2

adj = 0.82; Fig. A.1) and predicted produc-
tivity for the remaining 12 from its AGB (as suggested by Jenkins, 2015). 

2.3.2. Environmental, topographical and soil variables 
We obtained the altitude above the sea level, terrain slope, slope 

aspect and climatic variables (mean annual precipitation and mean air 
annual temperature) for the 23 plots (Table 1). Altitude of each plot was 
obtained with a GPS receiver (Garmin eTrex 10, USA). Topographical 
variables were derived from digital elevation models (SRTM -Shuttle 
Radar Topographic Mission), which were available for the study site 
with a spatial resolution of 30 × 30 m (US Geological Survey, USA, www 
.earthexplorer.usgs.gov). We used geospatial tools of QGIS 3.2.3 (Free 
Software Foundation, USA) to obtain these variables. Slope aspect for 
each plot was obtained in degrees and classified either as a northern or 
southern aspect. The climatic variables (mean annual precipitation and 
mean air annual temperature) were obtained from WorldClim version 
2.1 with a spatial resolution of 1 km2 (Fick and Hijmans, 2017) 
(Table 1). In addition, soil properties, such as volumetric water content 
and nitrogen content were obtained from previous studies for 11 plots 
(Bown et al., 2014). The volumetric water content was taken as the 
average (0–10 cm) in the winter and spring of 2009 and summer and 
autumn of 2010. The total soil nitrogen was obtained for each plot at 
0–30 cm in soil depth in the year 2012 (Table 1). 

2.3.3. Functional traits 
We measured six key functional traits of crown, leaf, stem, root and 

phenology related to productivity (Table 2) for twelve plant woody 
species including dominants, co-dominant and rare species- which 
accounted for 95–100% of the total abundance of woody plants in the 
plots (see mean trait values for 12 species in appendix B, Table B1). 

Maximum plant height (Hmax) was the vertical distance between the 
crown tip and the ground level, expressed in meters. The Hmax for each 
species was obtained averaging the plant height of the five tallest in-
dividuals (Pérez-Harguindeguy et al., 2013) that were present in the 
forestry inventory along 15 representative 25 × 25 m plots. 

Rooting depth (RD) by species was obtained by measuring roots 

extracted in agricultural fields, observing roots in road cuts close to 
Loncha and reviewing previous studies (Giliberto and Estay, 1978; Kraus 
et al., 2003; Specht, 1988 and references therein). The rooting depth was 
obtained for the eight most common dominant species, representing at 
least 80% of the total abundances across the plots. For each species, 
rooting depth was obtained on two to 17 individuals per species (Ap-
pendix B, Table B1). 

Functional traits of stem and leaf were measured in neighboring trees 
to sampling plots according to standardized protocols (Pérez-Harguin-
deguy et al., 2013) (Appendix B, Table B1). Wood density was obtained 
as the oven-dry mass divided by the green volume of a stem section. We 
obtained wood density on 6–21 plants per species. For each plant, one 
stem section, from 5 to 10 cm in diameter by 10 cm in length was 
collected. These sections were collected at 30 cm above the ground in 
shrubs and 1.6 m above ground in trees. The stem sections were stored in 
plastic bags for 48 h approximately and then immersed in water for 48 h. 
Then, the fresh volume of the stem section with bark was obtained by 
water volume displacement. The samples were oven-dried at 70 ◦C for 
72 h and their dry mass recorded (Pérez-Harguindeguy et al., 2013). 

Specific leaf area (SLA) was obtained as the leaf area of a fresh leaf 
(soaked from 12 to 48 h), divided by its oven-dry mass (at 70 ◦C for 72 
h). SLA was obtained from leaves from 6 to 19 mature plants per species. 
For each plant, ten fully expanded leaves (without petiole) exposed at 
the north were collected from three layers of the crown (bottom, middle, 
top). In the case of plants with composed leaves, the raquis was excluded 
from the measurements (Pérez-Harguindeguy et al., 2013). The foliar 
area was obtained through image analyses using ImageJ (version 
IJ1.46r; National Institutes of Health, Bethesda, MD, USA). 

Leaf 13C - isotopic composition (δ 13Cleaf) for each species was ob-
tained averaging the values from ten leaves from six to thirty mature 
plants per species (Appendix B, Table B1). This trait is related positively 
to water use efficiency and higher values (less negative) might reflect a 
conservative water-use strategy of the plant species (Querejeta et al., 
2018). Leaves were collected from dominant woody species in the spring 
of 2014 and spring of 2016. The leaves were oven-dried at 70 ◦C for 72 h, 
stored and then analyzed by mass spectrometry in the Stable Isotope 
Laboratory of the University of Idaho in 2014 and the Laboratory of 
Suelo-Agua-Planta of the Facultad de Agronomía of the Universidad de 
Chile in 2016 through similar procedures (Pérez-Harguindeguy et al., 
2013). Values from both years were averaged for each species. 

Onset of growth for each species was obtained by monitoring the 
elongation of shoots of 78 plants (on two to ten plants per species 
covering in total twelve species) (Appendix B, Table B1). The monitoring 
was carried out during one growing season from July 2017 to June 2018, 
with a frequency between 15 and 30 days, according to methods pro-
posed by Montenegro et al. (1979). We obtained the onset of growth 
averaging trait values among plants for each species. The onset of 
growth was expressed in days passed since the date of initiation of 
phenological evaluation (1 July 2017). 

Table 2 
Morphological, physiological and phenological functional traits related to forest productivity.  

Trait Acronyms Units Plant function References 

Maximum plant height Hmax m Light interception, competitive ability Poorter et al. (2012) 
Rooting depth RD m Water acquisition. Canadell and Zedler (1994); Fotis 

et al. (2018) 
Specific leaf area SLA cm2 

g− 1 
Light capture efficiency, net assimilation rate, relative growth rate, leaf life span, 
photosynthetic capacity. 

Reich (2014) 

Leaf 13C- isotopic 
composition 

δ 13Cleaf ‰ Intrinsic water use efficiency (WUEi) Farquhar et al. (1989); Querejeta et al. 
(2018) 

Wood density WD g cm− 3 Hydraulic conductivity, resistance against cavitation, stem growth rate, light 
demanding. 

Chave et al. (2009) 

Onset of growth OG day Time for intense water and nutrients acquisition Chuine (2010); Montenegro et al. 
(1979)  
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2.3.4. Functional diversity 
The community-weighted mean (CWM) and the mean species pair-

wise dissimilarity (MPD) were calculated as surrogates of the mass-ratio 
and the niche complementarity hypothesis, respectively (Díaz et al., 
2007). 

The CWM is a metric closely linked to the mass-ratio, which was 
calculated through the following equation (Garnier et al., 2004): 

CWM =
∑S

i=1
ri*pi (2)  

Where, S = number of species in the community; ri = value of the 
functional trait of the ith species; pi = relative abundance of the ith 

species, calculated as the relative above-ground biomass of each species 
in the community. 

The MPD measures the expected distance between two randomly 
chosen species without replacement. Their computation consists in 
calculating the average distances among all the species pairs according 
to the values of a single trait (as in this study) or multiple traits, being 
weighted by the relative abundances of the species in a community (de 
Bello et al., 2016): 

MPD =
∑S

ij
dij*pi*pj (3)  

where S is the species richness in a community, dij is the trait dissimi-
larity between each pair of different species i and j; and pi and pj are the 
relative abundances of species i and j, respectively. The relative abun-
dances for each species were calculated as their relative above-ground 
dry biomass. 

The MPD is a key metric to measure ecological mechanisms related 
to plant co-existence (Clarke and Warwick, 1999). For example, niche 
complementarity and facilitation mechanisms can be inferred from 
patterns of functional trait differences between species. In this case, 
MPD is conceptually relevant, as it reflects only the differences between 
species at the community level (de Bello et al., 2016). 

The MPD using multiple traits was not considered in this study 
because the relative weight of each variable was a priori unknown 
(Cadotte et al., 2011). Moreover, differences in single traits might 
explain different niche axes driving productivity (Butterfield and Sud-
ing, 2013; Spasojevic and Suding, 2012), which was relevant in our 
study. 

2.4. Data analysis 

We performed a selection procedure of multiple linear regression 
models based on the Akaike Information Criterion for small samples 
(AICc) (Burnham et al., 2011). The response variable was above-ground 
biomass productivity (AGBP). The AGBP was log-transformed in all 
cases to control for homocedasticity and normality. The variables were 
standardized by their mean and standard deviation, thus obtaining 
standardized regression coefficients (β) in order to evaluate their rela-
tive importance in the models. Preliminary, we carried out correlation 
analyses in order to assess the strength of the linear relationships be-
tween pairs of variables. In this analyses, multiple testing computing to 
adjust the level of significance of p-values was carried-out with Bon-
ferroni’s method (Table A.5, Table A.6, Fig. A.2-A.4). Subsequently, a 
maximum model of multiple linear regression explaining AGBP was 
performed combining environmental variables (altitude, terrain slope, 
slope aspect), trait dissimilarity (MPD of Hmax, MPD of rooting depth 
and MPD of growth onset) and community-weighted mean traits values 
(CWM of Hmax, CWM of δ 13Cleaf, CWM of rooting depth). In this 
maximum model, independent variables that might be well represented 
by other potential predictors were excluded, in order to reduce over- 
parameterization and collinearity (Zuur et al., 2010). Specifically, we 
excluded climatic variables and soil properties of the maximum model as 
they were well represented by altitude (all these variables showed high 
correlation among them, r > 0.7) (Table A.6). Besides, we excluded 

CWM of wood density, CWM of SLA and CWM of growth onset as were 
represented by CWM of Hmax (all these variables had high correlation 
among them, r > 0.85) (Table A.6, Fig. A.4). 

This maximum model was used to generate automatically multiple 
linear regression models with all possible combinations of the nine po-
tential n predictors (in this case 2n = 512 models) (Grueber et al., 2011). 
The strength of evidence for each model explaining AGBP was evaluated 
and ranked from best to worst with the AICc. The best models had the 
smallest values of AICc. To deal with uncertainty for selecting the best 
model explaining AGBP, we obtained a final model following a model 
averaging approach with the best subset of models having a delta AICc 
< 4 with respect to the best model as cut-off criterion (Burnham et al., 
2011). We verified the collinearity of the predictors in the best subset of 
models using as criterion the variance inflation factor (VIF < 10) 
(Dormann et al., 2013). We noted that all VIF values in the models were 
lower than five, suggesting that collinearity among predictor variables 
included in the final models did not strongly affect the result. The nat-
ural method was used for making a model averaging procedure, which 
calculates a weighted average for the parameter estimates in each model 
(Symonds and Moussalli, 2011). The statistical analysis was performed 
in the R Project program version 3.6.3 (R Core Team, 2020). The MPD 
variables were computed in the package “vegan” (Oksanen and 
Guillaume-Blanchet, 2019) using “taxondive” (suggested by de Bello 
et al., 2016) and the CWM variables in the “FD” package (Laliberte and 
Legendre, 2010). The multi-inference analysis based on the AICc was 
performed with the MuMIn package (Bartón, 2020). 

3. Results 

The above-ground biomass productivity (AGBP) in the Chilean 
matorral had an average of 0.116 kg.m− 2.year− 1 (standard deviation ±
0.08) and ranged from 0.09 to 0.266 kg.m− 2 year− 1. Contrary to the 
hypothesis of niche complementarity, the final averaged model showed 
that AGBP decreased with increasing MPD of Hmax (β = − 0.31; P =
0.004) and MPD of growth onset (β = − 0.43; P = 0.003). Moreover, 
AGBP was not influenced by the dissimilarity of roots, as the MPD of 
rooting depth was a poor predictor of AGPB (β = − 0.04; P = 0.67) 
(Fig. 1, Table A.7). Therefore, AGBP decreased with increasing trait 
dissimilarity of crowns and phenology among species at the plant 
community level. Besides, the final averaged model showed that AGBP 
increased with increasing CWM of maximum plant height (β = 0.53; P <
0.001) and with decreasing CWM of rooting depth (β = − 0.36; P =
0.002). The CWM of δ 13Cleaf was included in the averaged final model, 
but it had no significant effect on AGPB (Table A.7). The CWM of SLA, 
CWM of wood density and CWM of growth onset were not included in 
the maximum model and model averaging in order to avoid collinearity 
and over-parameterization in the model selection procedure. However, 
as these CWM variables correlated strongly and negatively with CWM of 
Hmax (Table A.5–6, Fig. A.4) we suggest that AGBP increased also with 
lower CWM of SLA, wood density and growth onset. Therefore, AGBP 
might increase with greater dominance species exhibiting mostly 
acquisitive-trait values, such as greater plant height, shallower roots, 
lower wood density and earlier growth onset, combined with conser-
vative leaves. Such trait values might increase their competitive ability 
for resource use. In contrast, AGBP might decrease with greater domi-
nance of species exhibiting an opposite combination of traits that in-
crease drought resistance. The final averaged model showed also that 
AGBP increased significantly with increasing altitude (β = 0.23; P =
0.005) from 300 to 910 m (Fig. 1). AGBP was not significantly influ-
enced by the differences in slope aspects (north or south) (P = 0.08) or 
the terrain slopes (P = 0.26). This suggests that AGBP increased with 
higher altitude, and with associated climatic conditions, such as greater 
annual precipitation and lower air temperature (see Table A.5-A.6, 
Fig. A.2). The size of the effects of the environmental variables was 
smaller than the effect of CWM and MPD variables (Fig. 1). 

A.I. Ayma-Romay et al.                                                                                                                                                                                                                       



Forest Ecology and Management 486 (2021) 118969

6

4. Discussion 

In contrast with our hypotheses, and with results from studies from 
the Mediterranean Basin (Madrigal-González et al., 2016; Ruiz-Benito 
et al., 2014), above-ground biomass productivity (AGBP) in the Chil-
ean matorral was not controlled by niche complementarity (greater trait 
dissimilarity) or by the dominance of woody species with conservative 
trait values. We found that AGBP increased with greater trait similarity 
and dominance of species exhibiting mostly acquisitive resource-use 
traits that might contribute to a high competitive ability for resource 
use in less stressful conditions (Maracahipes et al., 2018; Grime, 2001). 
Moreover, AGBP increased with increasing altitude, and with mesic 
conditions which are present at middle altitudes of the Coastal Range 
(Rundel, 1982). However, the size of the effects of environmental vari-
ables on AGBP was smaller than those effects of dominance. 

4.1. Trait similarity rather than functional trait dissimilarity increases 
above-ground biomass productivity 

Functional trait similarity of dominant species was the mechanism 
most likely to increase above-ground biomass forest productivity. This 
finding contrasts with studies conducted in the Mediterranean Basin, 
where a positive relationship between above-ground functional trait 
dissimilarity and forest productivity was consistently found (Paquette 
et al., 2018; Ratcliffe et al., 2016; Ruiz-Benito et al., 2014). However, 
our results agree with those from other Neotropical forests, where 
dominant species driving productivity also had high functional simi-
larity (at least for above-ground traits) (Conti and Díaz, 2013; Finegan 
et al., 2015; Prado-Junior et al., 2016). We believe that the negative 
relationship between trait dissimilarity and productivity might be 
explained by the underlying community assembly ecological processes, 
which depend not only on historical processes but also on environmental 
conditions (Li et al., 2018). On the one hand, forests with higher pro-
ductivity might exhibit high trait similarity, as a consequence of high 
biotic filtering occurring in environments with greater water soil 
availability and poor light availability in the understory (Zhang et al., 
2019). For instance, in the matorral high biotic filtering might occur at 
middle altitudes of the Coastal Range, where there is greater soil water 
availability, higher annual precipitation and lower air temperatures in 
summer (Miller, 1981, and references therein). These environmental 
conditions might promote greater dominance of highly-competitive 
species demanding light and soil resources (Holmgren et al., 2000), 
which exclude shade-intolerant species (Armesto et al., 1994), and 
reduce functional trait dissimilarity among species (Zhang et al., 2019). 
On the other hand, forests with lower productivity might be related to 

higher trait dissimilarity, as strong niche partitioning and facilitation 
among species might be occurring in highly stressed environments 
(Spasojevic and Suding, 2012). For instance, in the Chilean matorral, 
greater niche partitioning and facilitation can occur at lower altitudes of 
the Coastal Range, where there are higher air temperatures, lower soil 
water content and lower precipitation (Miller, 1981, and references 
therein). Under these environmental conditions, greater phenology 
niche partitioning might occur under high below-ground competition by 
soil water availability, while facilitation might be occurring among 
species with different plant height or crown morphology under high 
radiative stress (Chesson et al., 2004). 

4.2. Above-ground biomass productivity increases by trait values of 
highly-competitive dominant species 

Alternatively, our analysis showed that above-ground biomass forest 
productivity (AGBP) was driven mainly by mean trait values of domi-
nant species (the mass-ratio mechanism), which means that species 
contributed to forest productivity proportionally to their biomass 
(Grime, 1998). Mass-ratio was the key mechanism increasing AGBP 
since niche complementarity did not increase AGBP (see negative MPD 
-AGBP relationships) and CWM values explained AGBP better than 
environmental variables. This result supports and extends the findings in 
tropical, Mediterranean and temperate forests, where dominant tree 
species controlled productivity through their functional attributes 
(Finegan et al., 2015; Hao et al., 2020; Paquette and Messier, 2011; Ruiz- 
Benito et al., 2014; van der Sande et al., 2018). 

However, unlike what we proposed in our second hypothesis and 
previous studies in the Mediterranean Basin of Spain (Ruiz-Benito et al., 
2014) and semi-arid tropical forests (Prado-Junior et al., 2016), these 
dominant species that increased above-ground biomass productivity 
(AGBP) exhibited mainly acquisitive trait values that would contribute 
to higher competitive ability (Grime, 2001) - which allow plants to take 
advantage in sites or periods of high water availability (Carvajal et al. 
2019; Mooney and Dunn, 1970). For instance, AGBP increased with 
greater CWM of maximum plant height (associated with lower CWM of 
SLA, wood density and growth onset) and lesser CWM of rooting depth. 
This combination of CWM trait values, suggests that forest productivity 
increased by the dominance of species adapted to less stressful condi-
tions (Shovon et al., 2019; Maracahipes et al. 2018) – which in our study 
are present at middle altitudes of the Coastal Range (Mooney and Dunn, 
1970; Rundel, 1982). Such altitudes have mesic conditions with greater 
annual precipitation and lower temperatures in summer as well as 
shorter drought period (Miller, 1981). These conditions might promote 
species with greater above-ground growth and shallower roots to gain 

Fig. 1. Effect of trait dissimilarity (MPD parame-
ters), mass-ratio (CWM parameters) and environ-
mental conditions on above-ground biomass 
productivity in the Chilean matorral. The partial 
coefficients were standardized (β). Levels of signifi-
cance are given as: P < 0.001 (***); P < 0.01 (**), P 
< 0.05 (*). The bars also show the averaged standard 
error. These variables were selected in the final 
model through a model averaging procedure using 
the ten best models of a total of 512 that had a sig-
nificant effect on AGBP (Table A.7).   
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greater ability for light interception (Orshan et al., 1984), as well as to 
reduce the root production costs and make a more early and efficient 
exploitation of water and nutrients, mainly available in the topsoil (Fotis 
et al., 2018; Schulze et al., 1996). Besides, these mesic conditions might 
promote the dominance of species combining lower wood density to 
increase their ability to transport water (Ackerly, 2004), as well as 
sclerophyllous leaves, lower SLA, greater leaf longevity, lower photo-
synthetic rates (Mooney and Dunn, 1970) and earlier onset of growth to 
sustain photosynthesis over longer periods and increase the growth 
period (Montenegro et al., 1979; Rundel, 1982). 

Moreover, we found that above-ground biomass productivity (AGBP) 
decreased with higher dominance of species exhibiting mostly conser-
vative trait values related to resource conservation and stress-tolerance 
(Castro-Díez et al., 2003; Moreno-Gutiérrez et al., 2012; Poorter et al., 
2012). For instance, AGBP decreased with decreasing CWM of maximum 
plant height (associated with higher CWM of wood density, CWM of SLA 
and CWM of growth onset), and greater CWM of rooting depth. Such 
combination of CWM trait values suggests that above-ground biomass 
productivity in the matorral is reduced by dominant species adapted for 
sites severely limited by water and higher air temperatures (Armesto 
et al., 1994) - which in this study are found at low altitudes of the Coastal 
Range (Rundel, 1982). These drier conditions may promote the domi-
nance of species with greater below-ground growth (smaller plant 
height and tap-root systems) (Ottaviani et al. 2020) which may help 
them to better tolerate prolonged droughts in summer and autumn 
(Ehleringer and Mooney, 1983). These dominant species do not always 
access groundwater reserves and increase the cost for root production 
and maintenance and therefore negatively affect the plant above-ground 
biomass production (Canadell and Zedler, 1994). Besides, these drier 
conditions might promote the dominance of species combining decid-
uous leaves to reduce the cost of maintaining leaves for long time pe-
riods (Mooney and Dunn, 1970), greater SLA and photosynthetic rates to 
allow them a fast carbon uptake during shorter favorable growth periods 
(rainy season) (Carvajal et al., 2019) and higher wood density to avoid 
embolism in dry season (Chave et al., 2009). 

These findings show that productivity changes as a function of trait 
values of dominant species, which might be filtered through biotic 
competition and/or environmental stress processes (Grime, 2006) across 
altitudinal and environmental variations (Orshan et al., 1984). On one 
hand, middle altitudes of the Coastal Range, with greater soil resource 
availability and precipitation might favor highly-competitive species, 
and productivity (Holmgren et al., 2000). On the other hand, lower al-
titudes may be under conditions of lower soil water availability and 
higher temperature, which might only allow growing the drought- 
resistant species (Armesto et al., 1994) of low above-ground produc-
tivity, but possibly with high below-growth productivity (Canadell and 
Zedler, 1994). 

5. Conclusions 

Higher productivity in semi-arid Mediterranean forests seems to be 
determined by trait values of highly-competitive dominant species 
(supporting the hypothesis of mass-ratio), also having high trait simi-
larity among these species (contrary to the hypothesis of niche 
complementarity), being this pattern promoted by mesic conditions. 
Matorral productivity increased as a function of mean trait values of 
highly-competitive dominant species, which exhibit mostly an acquisi-
tive resource-use strategy. This trait combination at the plant commu-
nity level contrasts with findings in other Mediterranean forests and 
tropical semi-arid forests of the world where productivity seems to be 
controlled by dominant species with conservative trait values. These 
CWM particular trait combinations extend our knowledge about the 
diversity of plant resource-use strategies related to productivity at the 
community level in semi-arid ecosystems. 

The negative relationships between productivity and trait dissimi-
larity of crowns and phenology suggest that canopy vertical 

stratification and phenology differentiation might occur in stands with 
low productivity. This would be possibly associated with facilitation 
among plants to reduce high radiative stress and temporal niche parti-
tioning as strategy for optimizing the use of scarce soil resources in more 
stressing environments, which results in a greater drought-tolerance and 
survival in some communities of the matorral. 

These highly-competitive dominant species having high functional 
similarity might increase, in mesic conditions, the provision of 
ecosystem services related to productivity, such as firewood, carbon 
sequestration, and climate change mitigation, while dominant conser-
vative species having greater trait functional dissimilarity might in-
crease drought resistance in stressful environments. 
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