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Nurse effect and herbivory exclusion facilitate plant colonization in 
abandoned mine tailings storage facilities in north-central Chile

El efecto nodriza y la exclusión de herbivoría facilitan la colonización de plantas en 
depósitos de relaves mineros abandonados en Chile centro-norte
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ABSTRACT

Positive interactions among plants, such as the nurse effect, can attenuate environmental stress (e.g., drought) or 
reduce the intensity of perturbations (e.g., herbivory), thus enhancing the possibility of regeneration in natural 
systems. This study analyses the potential use of nurse plants for restoring artifi cial environments, such as mine 
hard-rock dumps. We evaluated seedling recruitment and survival in open areas and beneath the canopy of nurse 
shrubs, with and without grazing exclusion, on an abandoned copper tailings storage facility in north-central Chile. 
The nurse species was Baccharis linearis (Asteraceae), and seedling species were B. linearis, Haplopappus parvifolius 
(Asteraceae), Schismus arabicus (Poaceae), and several forb/grass taxa. A fi eld survey showed that seedlings of all 
species were more abundant beneath the Baccharis shrub canopy coverage than in the open spaces between shrubs. 
Only Baccharis seedlings produced a signifi cant difference. We found a decreasing sequence of seedling survival 
under the following conditions: beneath the Baccharis canopy with herbivore exclusion, beneath the canopy without 
exclusion, in the open fi eld with exclusion, and fi nally, in the open fi eld without exclusion. Substrates beneath shrubs 
had higher P and K levels at depths < 10 cm than substrates in open areas. Water content, substrate compaction, and 
plant diversity did not differ between microenvironments. Our results demonstrate the importance of both the nurse 
effect and herbivore exclusion in enhancing seedling establishment on abandoned mine tailings storage facilities 
in semi-arid north-central Chile. Thus shedding light upon the ecological restoration possibilities in such disturbed 
environments. 
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RESUMEN

Las interacciones positivas, tales como el efecto nodriza, pueden atenuar el estrés ambiental (e.g., sequía) o reducir 
la intensidad de una perturbación (e.g., herbivoría), aumentando la probabilidad de regeneración de plantas en 
los ecosistemas naturales. El presente estudio analiza el potencial de uso de plantas nodriza para la restauración 
de ambientes artifi ciales, como los depósitos de relaves mineros abandonados. Evaluamos el reclutamiento y 
sobrevivencia de plántulas bajo y fuera del dosel de arbustos nodrizas, así como con y sin la exclusión de herbívoros, 
sobre un depósito de relaves de cobre abandonado en la zona centro-norte de Chile. Se utilizó como especie nodriza 
a Baccharis linearis (Asteraceae). Las plántulas evaluadas para reclutamiento fueron de B. linearis, Haplopappus 
parvifolius (Asteraceae), Schismus arabicus (Poaceae) y otros taxa de hierbas dicotiledóneas o gramíneas. El muestreo 
en terreno demostró que las plántulas de todas estas especies fueron más abundantes bajo el dosel de Baccharis que en 
las áreas abiertas entre arbustos. Solo para las plántulas de Baccharis estas diferencias fueron signifi cativas. A su vez, 
encontramos una reducción secuencial en la sobrevivencia de plántulas bajo las siguientes condiciones: bajo el dosel 
de Baccharis con exclusión de herbívoros, bajo el dosel sin exclusión, áreas abiertas con exclusión y, fi nalmente, en 
áreas abiertas sin exclusión de herbívoros. El sustrato bajo arbustos mostró mayor nivel de P y K a una profundidad 
< 10 cm en comparación con el sustrato de áreas abiertas. La compactación y el contenido de agua en el sustrato, así 
como la diversidad de plantas, no difi rieron entre ambientes. Nuestros resultados demuestran la importancia del efecto 
nodriza y la exclusión de herbívoros en el establecimiento de plántulas, en los depósitos de relaves mineros en la zona 
semi-árida del centro-norte de Chile. De este modo, arroja luz sobre las posibilidades de restauración ecológica en tales 
ambientes perturbados.

Palabras clave: análisis de supervivencia, Baccharis linearis, desechos de rocas, Haplopappus parvifolius, sucesión 
primaria.
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INTRODUCTION

The metal mining industr y has developed 
along with humankind for thousands of years 
(Jenkins 2004). In addition to the human wealth 
and welfare associated with this activity, it has 
generated intense environmental degradation 
through the production of a broad range of 
hard-rock residues, such as tailing storage 
facilities, heap leach piles, and smelter dust 
and slags (Asami 1988, Dudka & Adriano 
1997). Abandoned tailing storage facilities 
(TSFs), for instance, are a potential source of 
pollution given their high metal concentrations 
(Badilla-Ohlbaum et al. 2001, Frérot et al. 2006, 
Ginocchio et al. 2006). Loose tailings particulate 
matter is easily mobilized by wind, rain, and 
landslides, altering stream and soil quality, 
thus posing risks for crops, animal husbandry, 
wildlife, and human health (Petrisor et al. 2004, 
Mendez & Maier 2008). 

Once TSFs are abandoned, they dry out, 
particularly in arid and semiarid conditions. 
Even though they are extremely degraded, 
human-created environments, they represent 
new potential spaces for organisms that live 
in the surrounding areas to colonize. In fact, 
wild fl ora can very slowly establish itself in 
these degraded environments with no human 
assistance (Ginocchio et al. 2004, Frérot et al. 
2006). In order for plants to colonize tailings 
they must overcome a diversity of abiotic 
challenges given the substrate’s composition, 
such as poor macronutrient levels, lack of 
organic matter and structure, compaction, bad 
drainage, high temperatures, water stress, 
and the presence of toxic or highly acidic 
substances derived from mining activities 
(Choi & Wali 1995). Furthermore, biotic factors 
also restrict the initial colonization, such as 
a sparse or absent vegetation coverage with 
scarce shade and wind-breaks (Ginocchio 
et al. 2004, Mendez & Maier 2008). Positive 
interactions among plants, which facilitate 
species regeneration, have been described 
in natural environments (Callaway 1995, 
Bruno et al. 2003) and may help plants to 
colonize disturbed areas. One of the most 
documented examples of this facilitation is the 
nurse ef fect (Flores & Jurado 2003, Padilla 
& Pugnaire 2006), where a nurse species can 
benefit the germination, establishment and 
the overall performance of benefi ciary plants 

found beneath its canopy. Nurse species can 
increase the soil’s moisture, provide seedlings 
with protection against excessive sunlight, 
buf fer extreme fluctuations in air and soil 
temperatures, and supply a higher amount of 
organic matter and macronutrients (Gutiérrez 
et al. 1993, Ginocchio et al. 2004). Moreover, a 
higher concentration of microbiota can aid in 
the nutrient cycling which occurs beneath these 
nurse shrubs (Aguilera et al. 1999). All of these 
variables contribute to successful recruitment 
at critical life stages in the plant’s life cycle, 
such as the seed and seedling stages.

Herbivory is one of the main negative biotic 
interactions that can hinder plant regeneration 
in any kind of environment (Gutiérrez et al. 
1997, Padilla & Pugnaire 2006). The ef fect 
can be slight, or even benefi cial for plants, as 
occurs in some grazing systems (Hodgson 
1990, Briske 1996). On the contrar y, when 
there are more herbivores than the carrying 
capacity of a par ticular environment, they 
can drastically restrict plant regeneration, 
especially if these animals are exotic to the 
community (Fuentes et al. 1986, Cuevas & Le 
Quesne 2006). Nurse shrubs can mitigate this 
negative interaction. For example, in north-
central Chile goat herbivor y is expressed 
as over-browsing in open sites; however, 
under the protection of spiny shrubs or cacti, 
established seedlings tend to be larger and are 
less attacked by herbivores than those growing 
outside in the open spaces between shrubs 
(Gutiérrez & Squeo 2004). In this case, the 
facilitation operates through the exclusion of 
herbivores by the architecture of nurse plants. 
The nurse ef fect and herbivore pressure, 
long recognized as important phenomena in 
natural environments, have more recently 
been considered essential in degraded land 
restoration. For example, Castro et al. (2002, 
2004) and Badano et al. (2009) showed that tree 
planting beneath shrubs had higher success 
rates than planting in open sites. Moreover, 
the fi rst two studies challenged the prevailing 
paradigm that extant shr ubby vegetation 
competes with planted trees. Although the 
herbivory component evaluated by Castro et al. 
(2004) was not detected as an important factor, 
herbivory has spatial and temporal variations 
(Austrheim et al. 2011) that must be addressed 
in any restoration project.
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In the case of abandoned mine sites, several 
studies have suggested that facilitation could 
be important for plant colonization (Choi & 
Wali 1995, Cooke & Johnson 2002, Ginocchio 
et al. 2004, Frérot et al. 2006). Therefore, the 
original contribution of this paper is specifi cally 
to test the key hypothesis that seedling survival 
and establishment in TSFs is higher beneath 
a shrub canopy protected from herbivor y 
than in open sites with intense herbivore 
pressure. Validating this hypothesis will have 
the practical implication that nurse plants and 
their associated microenvironment should be 
employed in the design of better ecological 
restoration plans for these systems. Our 
objectives were to quantify patterns of natural 
plant recruitment in an abandoned TSF in the 
Chilean semi-arid zone, to determine how the 
nurse effect and herbivory infl uence seedling 
survival and establishment, and to characterize 
the substrate abiotic conditions as probable 
determinants of the observed patterns. 

METHODS

Study site and species

The site selected for this study, Tambillos abandoned 
TSF (30°11’56”S; 71°14’40”W), is one of several TSFs 
of the Sociedad Contractual Minera Lolol located 30 km 
south of La Serena, Coquimbo Region, Chile. Tambillos 
is located in an area with a semi-arid Mediterranean 
climate with mean maximum temperatures > 30 °C in 
January and mean minimum temperatures of 3-4 °C in 
July (Vita et al. 1995). Rainfall is concentrated in the 
winter months, with an annual mean precipitation of 
125 mm, although this varies greatly year to year. The 
dry period has low relative air humidity and lasts 8 to 10 
months (Vita et al. 1995). Tambillos TSF’s total surface 
area is 3.6 ha and is the result of a typical alkaline 
fl otation circuit of copper sulfi de ores. Its metal content 
(in g kg-1) is: Cu 1.35, Zn 0.37, Fe 76.72, and Ca 34.55. 
It was operated until 1986, after which it received no 
further treatment and was left as a completely exposed 
substrate. 

The dominant vegetation type across the study area 
is inland steppe shrubland (Luebert & Pliscoff 2006). 
Common species are the shrubs Baccharis linearis (R. 
et P.) Pers., B. marginalis DC., Pleocarphus revolutus 
D. Don, the suffrutescent (subshrub) Haplopappus 
parvifolius (DC.) A. Gray, and the tree Schinus molle 
L. Both P. revolutus and H. parvifolius are some of 
the species which define this vegetation type. The 
shrublands surrounding the TSF are strongly affected 
by intense animal browsing and harvesting by humans, 
which have led to a landscape of scattered, short shrub 
communities with a dense stratum of annual forbs 
and grasses (coverage > 60 %), due to seasonal rainfall 
(Squeo et al. 2001). On the contrary, in the TSF itself, 
the vegetation structure has been recovering well with 
no assistance since 1986, with shrubs up to 2 m high, but 
with very scant forb/grass coverage.

We studied two of the most abundant species 
spreading within the TSF, Baccharis linearis (romerillo, 
19 % cover) and Haplopappus parvifolius (bailahuén, 1 
% cover). Both species belong to the Asteraceae family. 
Baccharis linearis is a densely ramifi ed Chilean native 
shrub 0.5-3.0 m tall. Haplopappus parvifolius is a Chilean 
endemic suffrutescent (subshrub) < 1 m in height. The 
longitudinal distribution of both species extends from 
the Coastal to the Andean Ranges while the latitudinal 
range of B. linearis stretches from the Atacama (26°41’S) 
to the Los Ríos Regions (39°52’S). Haplopappus 
parvifolius has a narrower distribution, only being found 
within the Atacama (28°34’S) and Coquimbo Regions 
(31°19’S) (Squeo et al. 2001). A clumped distribution 
pattern was found for B. linearis in the studied TSF, with 
1320 individuals ha-1 (> 40 cm height).

Natural recruitment

In August, 2005 (winter), we evaluated the natural 
recruitment of all of the species found in the TSF in 
order to determine the distance from adult shrubs at 
which plant seedlings grew most abundantly. This month 
was chosen because it marked the end of this region’s 
rainy season, and most species germinate in this period. 
We chose B. linearis as the putative nurse species 
because previous studies have documented its role as a 
pioneer species that serves as a recruitment foci for bird-
disseminated seeds and seedlings beneath the canopy 
of adults (Armesto & Pickett 1985, Fuentes et al. 1986, 
Bustamante 1991). 

We randomly selected 19 adult individuals of 
Baccharis (1.5-2 m tall; 0.9-4.4 m in diameter). This 
sample size was chosen as adequate, because a 
numerical simulation showed that the coefficient of 
determination and the associated probability for an 
exponential model of seedling distribution (see below) 
either stabilizes from n = 10 shrubs on (B. linearis 
seedlings) or is maximal for n = 1 to 4 (the other species) 
(data not shown).

From the centre of the shrub, we laid out a transect 
in the direction which allowed for a maximum length 
of 9 m and a width of 1 m (n = 19). We counted and 
identifi ed all seedlings with a height < 5 cm in the area 
within the transect. We also measured the distance 
between seedlings and the edge of the canopy for 
those established outside the canopy’s shade. Due to 
variations in canopy diameter, areas sampled beneath 
the canopy were not exactly equivalent to 1 m2. To allow 
for comparisons with the outside plots, we expressed all 
densities as individual m-2.

Nurse effect and herbivory

There are several plant processes which nurse shrubs 
can affect, one of the main possibilities is their 
affecting seedling survival. Thus, we determined the 
seedling survival probability in each of the defined 
microenvironments, beneath/outside the canopy, and 
with/without herbivory. Galvanized mesh (openings 
25 x 20 mm) was used as herbivory protection because 
the Baccharis canopy is unlikely to act as an herbivore 
exclusion given its architecture, which does not prevent 
animals from entering into its foliage. All sides of the 
experimental plots, including the top, were covered with 
the mesh (110 cm height) and it was buried 50 cm into 
the ground to exclude burrowing herbivores. 

Seedlings were planted in 50 x 50 cm plots, and 
plots were randomly distributed in the TSF beneath the 
Baccharis canopy and in the open fi eld about 4 m from 
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the canopy. The experiments were performed following a 
factorial arrangement; the combination of factors’ levels 
resulted in four treatments: (i) seedlings beneath the 
Baccharis canopy with protection against medium and 
large herbivores (rabbits, hares, asses, goats, degus [a 
native rodent], and horses) (10 replicates); (ii) seedlings 
beneath the Baccharis canopy without protection against 
herbivores (10 replicates); (iii) seedlings in the open 
fi eld with protection against herbivores (10 replicates); 
and (iv) seedlings in the open fi eld without protection 
against herbivores (10 replicates). 

We used B. linearis and H. parvifolius seedlings 
based on results of their natural recruitment, that is, 
because they produced the clearest decreasing trends 
in density at increasing distances from the shrub 
canopy. Seedlings were produced in a greenhouse 
in May, 2006 (autumn) from seeds collected in the 
same TSF. The propagation substrate was a mixture of 
surface tailings from the Tambillos TSF, natural soil, 
and domestic compost in a 3:2:1 volume ratio. Seedlings 
were transplanted to the fi eld when they were around 3 
months old (August, 9th 2006).

Each plot had 10 or 9 seedlings (Baccharis and 
Haplopappus, respectively) replicated by 10, but each 
species was allocated to different plots. Seedlings were 
marked in the field with coloured wire to facilitate 
individual identification. Post-transplant stress was 
alleviated only once through irrigation with tap water 
(1 litre per experimental unit = 4 mm of precipitation) 
immediately after transplanting.

The f irst  monitor ing was eight  days af ter 
transplanting and, after that, every 15-20 days up to 320 
days after transplanting (June, 2007). Plant survival 
was evaluated at each fi eld visit, and live plants were 
considered as those individuals with at least a portion of 
green coloration in their aerial organs. Repeated surveys 
of the same individuals discarded the possibility of 
misclassifying plants as dead.

Substrate characterization 

We measured the substrate water volumetric content 
with a Theta probe (Delta-T Devices, United Kingdom), 
by using the device’s “Mineral soil” option. This sensor 
measures this variable between depths of 0 and 6 cm. We 
selected 10-20 random points in each microenvironment 
(beneath Baccharis canopy/open sites), in two sampling 
periods two months apart.

Substrate compaction was measured with a pocket 
penetrometer, with a sample size of 10 for each 
microenvironment. Specific sites for both kinds 
of measurements corresponded to those where 
experimental plantations were carried out.

In November, 2006 (spring), six random samples 
of superfi cial substrate (0-20 cm) were taken from each 
defi ned microenvironment (beneath/outside canopy) to 
analyse the nutrient content and other possible edaphic 
differences between the microhabitats. Sampling was 
carried out with a 9.7 cm diameter PVC tube. Samples 
were extracted every 5 cm (0-5 cm, 5-10 cm, 10-15 cm, 
and 15-20 cm) because nutrients may be differentially 
distributed according to depth (Havlin et al. 1999). A 
composite sample was produced for each depth and 
environment by mixing material obtained from all 
replicates and stored in airtight sealed plastic bags. We 
also collected all the available litter inside the PVC tubes, 
on the same November date, with the help of a brush. 
Litter was only found beneath the canopy. Substrate 

samples were analysed in accordance with the following 
methods: available N, N-Kjeldahl; P, Olsen; available 
K, atomic absorption spectrophotometer; electrical 
conductivity and pH in water solution (1:2.5) following 
the methods described by Sadzawka et al. (2006); and 
organic matter through calcination (Sadzawka et al. 
2006).

Data analyses

In order to represent the spatial recruitment pattern of 
non-planted seedlings, measured as seedling density 
and diversity as a function of distance to the centre of 
the nurse shrub, distribution frequency graphs with 
class intervals of 1 m were used. This square size (1 
m2 due to the width of the transect) was appropriate for 
the scale of seedling distribution and abundance, and 
transect length. Density trends as a function of distance 
were adjusted to a negative exponential model given the 
shapes of the distribution frequencies. Moreover, the 
exponential curve is a common model for seed dispersal 
and seedling recruitment that has been used in many 
studies (e.g., Willson 1993, Bustamante 1995, Cuevas 
2000). The regressions were computed through the 
Levenberg-Marquardt algorithm (Statistica 2.0 software).

Seedling diversity was calculated using the Shannon-
Wiener-Weaver index. For open spaces between the 
shrubs, we separated density data into adjacent 1 m2 
squares from the canopy boundary to the transect 
end, allowing the index calculation to be a function of 
distance from the canopy. To compare diversity among 
microenvironments, since the area sampled beneath the 
nurse shrubs was much smaller than the area outside the 
canopy, we randomly selected one 1-m2 sampling square 
outside the canopy for each one of the 19 nurse shrubs. 
This allowed us to make Mann-Whitney comparisons of 
similar areas beneath/outside shrubs, and with the same 
sample size (n = 17).

Survival curves were constructed by pooling survival 
data from the 10 replicates of each treatment and species 
and by applying Kaplan-Meier’s method (Basu 1984). 
This procedure estimates the survival function directly 
from the continuous survival times: first statistical 
differences among all the curves were calculated with 
a Chi-square test. Second, if differences were detected, 
pairs of treatments were compared by the two-sample 
log-rank test. In order to test the fi nal results without the 
infl uence of the survival curve shape a non-parametric 
three-way ANOVA was performed using the fi nal survival 
data: the Scheirer-Ray-Hare extension of the Kruskal-
Wallis test (Sokal & Rohlf 1995, p. 446) because data 
could not be normalized to satisfy ANOVA assumptions. 
Factors considered were species, microenvironment, 
herbivory, and their interaction.

The remaining variables were compared between 
microenvironments (beneath the canopy and outside 
the canopy) by means of two tailed t-tests. We used the 
arcsine or log transformation when needed to satisfy 
parametric assumptions. When assumptions were not 
met, Kruskal-Wallis or Mann-Whitney tests were used. 
A posteriori comparisons were carried out through the 
nonparametric Fisher’s Least Significant Difference 
test (LSD, Conover 1980). For each of the 19 Baccharis 
shrubs, we pooled the seedlings found outside the 
canopy, allowing us to calculate a single density for 
every transect, which was compared with the respective 
densities beneath the shrubs. All analyses were carried 
out with Statistica 6.0 software, StatSoft Inc., Oklahoma, 
USA.
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RESULTS

Natural recruitment

We identifi ed 13 plant species recruited within 
the Tambillos TSF. Two of these species 
were non-herbaceous (B. linearis  and H. 
parvifolius) while the other eleven were forbs 
and grasses (Erodium cicutarium (L.) L’Hérit. 
ex Aiton, Pectocarya linearis (R. et P.) DC., 
Pennisetum clandestinum Hochst. ex Chiov, 
Plantago hispidula R. et P., Schismus arabicus 
Nees, Sonchus tenerrimus L.); there were also 
five unidentified species due to negligible 
development. Seedling density outside the 
shade of the canopy (summed for all species 
and all distances from the nurse shrub) was 
ver y low, with a mean density (± standard 
error) of 10.7 ± 4.1 small plants m-2

 (n =19), 
meaning the soil between adult shrubs was 
almost bare. On the contrary, seedling density 
beneath the canopy reached a mean (± standard 

error) of 41.7 ± 13.9 plants m-2 (n = 19) (t-test 
for log-transformed data; t36 = -2.523, P = 0.016). 

All species detected as seedlings decreased 
in density as the distance from the shrub 
canopy increased (Fig. 1). However, the 
pattern was stronger for Baccharis (negative 
exponential model; r2 = 0.983, P < 0.0001, Fig. 
1A). The Haplopappus density pattern was 
similar to that of Baccharis, but the mean 
density of this species varied between 0 and 4.3 
individuals m-2 (r2 = 0.797, P = 0.001, Fig. 1B). 

Schismus arabicus was found to be the most 
abundant herb species in the tailing dump 
(Kruskal-Wallis test; H10 = 91.2, P < 0.001 for all 
possible comparisons between forbs and grasses 
when a posteriori, non-parametric Fisher’s LSD 
test was applied). Although this species did not 
show as strong a pattern as the two previous 
species, its density also decreased from the 
centre of the shrub’s canopy out into the open 
field, from 20 to 0 individuals m-2 (negative 
exponential model; r2 = 0.677, P = 0.002, Fig. 

Fig. 1: Pattern of seedling density (mean ± SE; n = 19 shrubs) at increasing distances from Baccharis linearis ca-
nopy boundary (point 0 is beneath the canopy) at the Tambillos tailing storage facility in the Coquimbo Region, 
Chile. The dashed line represents a negative exponential model.

Patrón de densidad de plántulas (promedio ± EE; n = 19 arbustos) a distancias crecientes desde el borde del dosel de Baccharis 
linearis (el punto 0 está debajo del dosel), en el depósito de relaves Tambillos, Región de Coquimbo, Chile. La línea segmenta-
da representa un modelo exponencial negativo.
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1C). No differences were observed 1 to 7 m 
from the canopy’s edge. The remaining grass/
forb species exhibited very low densities, thus 
all were pooled to establish a density pattern 
which was noisier than the other species since 
some frequency bars produced null values 
(none of the 19 quadrats of the respective 
distance had a single seedling established) (r2 = 
0.524, P = 0.014, Fig. 1D). This makes it diffi cult 
to identify a trend in the data. 

When comparing seedling density between 
microenvironments (beneath canopy/outside 
canopy), the results were the following: 
Baccharis seedling density was significantly 
higher beneath the canopy than outside in open 
sites (Mann-Whitney test; U = 94.5, P = 0.012, 
n = 19), while no differences were found for 
the other species (U > 126, P > 0.112, n = 19). 
Seedling diversity as a function of distance from 
the nurse shrubs showed no clear trend (Fig. 
2) since some inconsistencies were observed 
at certain distances (i.e., at 4 and 7 m from the 
shrubs). Moreover, the values of the Shannon 
diversity indexes were not significantly 
dif ferent for the microenvironments (Mann-
Whitney test; U = 98.5, P = 0.177, n = 17).

 

Nurse ef fect and herbivory

Baccharis seedling survival decreased from 
the beginning of the experiment in all of the 
treatments (Fig. 3A). Sur vival cur ves were 
signifi cantly different among treatments at P 
< 0.001 (Chi-square test, X2

3 = 32.4). Seedlings 
protected from herbivores located beneath 
the canopy showed the highest sur vival 
rate from the 42nd day of the experiment 
until its close (35 %; log-rank test for the full 
period, P < 0.002, compared to the other three 
treatments). Treatments outside the canopy 
with exclusion (19 %) and beneath the canopy 
without exclusion (11 %) demonstrated the 
following highest survival rates. In spite of 
the differences between these two treatments 

Fig. 2: Shannon diversity index as a function of seed-
ling distance to the nurse shrub canopy (point 0). 
Mean ± SE. Statistics correspond to a negative expo-
nential model.

Índice de diversidad de Shannon como una función de la 
distancia de las plántulas al dosel del arbusto nodriza (punto 
0). Promedio ± EE. Las estadísticas corresponden a un mo-
delo exponencial negativo.

Fig. 3: Percentage of seedling survival after trans-
plant at the Tambillos tailing storage facility in the 
Coquimbo Region, Chile. Curves were constructed 
according to Kaplan-Meier’s method.

Porcentaje de sobrevivencia de plántulas, después del tras-
plante, en el depósito de relaves de Tambillos, Región de 
Coquimbo, Chile. Las curvas fueron construidas usando el 
método de Kaplan-Meier. 
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after 146 days, they were no longer signifi cant 
(log-rank test, P = 0.404). However, these 
two treatments did significantly dif fer from 
the other two (log-rank test, P < 0.002). 
Finally, seedlings located in open sites without 
exclusion showed the highest mortality rates 
and all died before the end of the experiment. 
Thus, the survival rates in this treatment were 
signifi cantly different from the other three (log-
rank test, P < 0.001). 

For Haplopappus, sur vival cur ves were 
signifi cantly different among treatments at P < 
0.001 (Chi-square test, X2

3 = 155.6). All paired 
comparisons between sur vival cur ves were 
signifi cantly dif ferent for the full monitoring 
period at P < 0.001 (log-rank test). For the fi rst 
42 days of the experiment, treatments with 
herbivore exclusion showed higher survival 
rates than those that were unprotected (Fig. 
3B). After the 42nd day, treatments in the open 
fi eld (with or without exclusions) exhibited a 
strong decrease in survival, especially towards 
the end of the experiment (after 320 days of 
treatment). Individuals exposed to herbivores 
outside the canopy did not survive more than 
180 days. The highest survival rate occurred 
beneath the canopy with protection against 
herbivores (90 %), followed by the treatment 
beneath the canopy without exclusion (35 %), 
then that in the open fi eld with exclusion (5 

%), and fi nally that in the open fi eld without 
exclusion (0 %). 

The non-parametric three-way analysis 
applied to the final survival data confirmed 
that both the canopy’s microenvironment 
along with herbivor y significantly af fected 
the seedlings’ survival rates (H1 = 35.24 and 
H1 = 17.15, respectively; both P < 0.0001). 
The species factor, as well as the remaining 
interactions, were not signifi cant (H1 < 1.22, P > 
0.269). The only exception was the species x the 
environment interaction (H1 = 6.20, P = 0.013). 
This result was suppor ted by the sur vival 
analysis, which showed that Haplopappus had 
a higher survival rate than Baccharis beneath 
the canopy (log-rank test, P < 0.001), while 
the opposite occurred in open sites protected 
from herbivores (log-rank test, P = 0.027). In 
the remaining treatment, no dif ference was 
detected between the species survival curves 
(log-rank test, P = 0.097). 

Substrate characterization 

The substrate's volumetric water content was 
very low on the fi rst sampling date (September, 
2006), both outside the canopy (mean 1 %) and 
beneath it (2 %) (n =10) (Fig. 4A). However, 
no statistical dif ference between the two 
microenvironments was detected (t - test ; 
t18 = 1.51, P = 0.148, data transformed with 

Fig. 4: Water volumetric content (mean ± SE) in the Tambillos tailing storage facility for two sampling dates and 
two microenvironments. n = sample size.

Contenido volumétrico de agua (promedio ± EE) en el depósito de relaves de Tambillos para dos fechas de muestreo y dos 
condiciones microambientales. n = tamaño de muestra.
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the arcsine function). In order to avoid the 
restrictions of a low sample size, measurements 
were repeated two months later (November, 
2006) with n = 20 (Fig. 4B). As expected 
mean va lues  wer e  s l ight ly  lower  than 
in September (0.7-1.5 %, outside/beneath 
canopy, respectively). Once again, no signifi cant 
differences were detected (Mann-Whitney test; 
U = 165, P = 0.343, n = 20). 

Regarding substrate compaction, mean 
values (± standard error) were very similar 
between microenvironments (0.77 ± 0.15 vs. 
0.92 ± 0.20 kg cm-2; outside canopy/beneath 
canopy) and no dif ference was detected 
between them (t-test; t18 = 0.597, P = 0.558).

Avai lable  potassium (K) achieved a 
maximum concentration of 75 mg kg-1 (Fig. 
5A). Beneath the canopy, deeper layers of 
substrate showed a lower K content than upper 
layers. Available nitrogen (N) content reached 
a maximum of 9 mg kg-1 at a depth of 15-20 cm. 
Phosphorus (Olsen P) reached a maximum 
of 5.3 mg kg-1 in the open sites, and organic 
matter content was very low irrespective of the 
microenvironment (≤ 1 %) (Fig. 5B). Only K 
showed greater values beneath the canopy than 
in open sites (Mann-Whitney test, U = 0.00, P = 
0.021, n = 4). However, by inspecting Fig. 5B, 
we found that P outside the canopy increased 
with depth, while no similar trend was detected 
beneath the canopy. These patterns mean 
there was a higher P concentration beneath 
the canopy than outside it for depths ≤ 10 cm. 
Below 10 cm, the trend is reversed, which 
explains the absence of statistical differences 
between microenvironments.

L i t t e r  w a s  o n l y  f o u n d  b e n e a t h 
Baccharis canopies (mean = 162 g m-2). We 
obser ved that electrical conductivity and 
pH were not significantly dif ferent between 
microenvironments (beneath vs. outside the 
canopy), with a range from 0.9 to 1.4 mS cm-1 
and from 7.6 to 7.9, respectively (t-test; t6 < 
0.254, P > 0.808).

DISCUSSION

Natural recruitment

Thirteen species were found to be naturally 
recruiting within the Tambillos TSF, only two 
of which were non-herbaceous (B. linearis 
and H. parvifolius). Both showed exponential 

trends of decreasing density at an increasing 
distance from the centre of the nurse shrub 
(B. linearis), but the pattern was strongest 
for B. linearis. The remaining taxa, mostly 
exotic and annual forb/grasses (Squeo et al. 
2001), also demonstrated the same signifi cant 
pattern, but the smaller explained variation 
and the frequency distribution shapes suggest 
that these herb species have a more generalist 
pattern of density. In fact, B. linearis was the 
only species that had a significantly higher 
density beneath the canopy than in open 
spaces. The other species probably behave as 
opportunistic invasive species (Noble 1989, 
Rejmánek & Richardson 1996), but they do 
also profi t from the shading ef fect provided 
by the nurse shrubs. Gómez-Aparicio (2009), 
based on a meta-analysis of several hundreds 

Fig. 5: Nutrient levels beneath Baccharis linearis 
shrubs (black symbols) and in open areas (white 
symbols) at the Tambillos tailing storage facility in 
the Coquimbo Region, Chile. 

Niveles de nutrientes bajo arbustos de Baccharis linearis 
(símbolos negros) y en áreas abiertas (símbolos blancos) en 
el depósito de relaves de Tambillos, Región de Coquimbo, 
Chile.
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of experimental cases, also concluded that the 
ecological interactions were neutral or even 
negative (competition) when herbs are the 
species which receive protection from nurse 
trees and shrubs. 

The seedling diversity patter n,  as a 
function of distance from the canopy, also 
suggests that shrubs provide the conditions 
necessary for the existence of a more diverse 
assemblage beneath the canopy than in the 
open sites. However, since the transects were 
not established in one consistent direction (i.e., 
northwards vs. southwards), seedlings may 
have received signifi cantly different amounts of 
shade protection. This would imply an absence 
of statistical dif ferences in diversity when 
comparing the two microenvironments studied.

The spatial  patter n exhibited by the 
seedlings can be explained, at least in part, 
by differential seed rain and seedling survival 
patterns. In spite of the fact that we did 
not evaluate seed rain, fl oral and vegetative 
remnants were concentrated beneath the 
Baccharis canopy (162 g m-2) versus 0 in open 
sites. 

Seedling survival

For Haplopappus, at the star t of the study, 
the herbivor y ef fect was more impor tant 
than the microenvironment ef fect provided 
by the canopy.  This suggests that  the 
microclimatic conditions were similar in the 
two microenvironments (beneath and outside 
the canopy) before the end of September, and, 
therefore, did not cause dif ferential seedling 
mortality. The pattern was reversed on the 
42nd day of the experiment, until its end. In 
the case of B. linearis, the slight difference in 
this species’ survival among treatments for the 
fi rst 42 days of the experiment suggests that 
the initial mortality was a post-transplant effect 
rather than a treatment effect. 

Higher seedling sur vival beneath the 
canopy may be partially due to more favourable 
nutritional conditions in this microhabitat 
than in open areas. Although nutrient levels in 
TSFs are low or very low compared to normal 
soils (Salisbury & Ross 1992), we found that K 
and P levels were higher beneath the canopy 
than in open areas at the upper substrate 
horizons. This dif ference may be due to a 
higher litter accumulation supplied by standing 

vegetation on soils. Moreover, the decreasing 
(or inexistent) trends in depth detected for K, 
organic matter and N were the same as those 
expected for normal soils (Havlin et al. 1999). 
For P, the increase in concentration in relation 
to depth is rather atypical, but we must keep in 
mind that mineral patterns may also depend on 
the temporal fl uctuations in the quality of the 
material processed by the mining facilities.

The substrate’s physical properties, such as 
water content and compaction, did not differ 
between microenvironments. It is likely that 
the great variance beneath the canopy, along 
the low absolute differences in mean values of 
both variables, made the detection of signifi cant 
effects diffi cult. Continuous measurements of 
substrate variables with datalogger systems 
would be a good way to more precisely assess 
possible dif ferences beneath/outside the 
canopy.

S i t e s  t h a t  w e r e  f u l l y  e x p o s e d  t o 
environmental conditions were par ticularly 
prone to seedling death. For example, the 
movement of tailing particles by wind results 
in seedlings being buried under ver y hot 
particles, particularly in the spring and summer 
months (personal observations). During the 
experiment, this problem was especially 
relevant for Haplopappus  seedlings since 
they were shor ter (12.1 to 17.6 mm) than 
Baccharis seedlings (16.1 to 44.6 mm) (data not 
shown; P < 0.050 for most of the study period, 
Mann-Whitney test). As previously stated, 
the herbal coverage both within and outside 
the experimental survival plots was very low, 
decreasing the possibility of competition with 
the planted seedlings as a causal factor for the 
patterns shown.

Our study also showed that herbivory by 
ver tebrates negatively af fects the seedling 
survival of both species. Animals responsible 
for killing seedlings were probably rabbits 
(which were sighted, as well as their feces and 
burrows), and horses (trampling). However, 
other herbivores may have also contributed 
to mortality, such as insects entering through 
the exclusions, thus causing par tial or full 
defoliation (personal obser vations). A final 
obser vation suppor ting our findings was 
carried out in May, 2011, four years after 
the last evaluation of seedling sur vival: 
both Baccharis and Haplopappus seedlings 
had surpassed the wire protections in both 
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microenvironments (> 60 cm high) and were 
absent in non-excluded sites found outside 
the canopy. We were unable to carry out a 
more detailed assessment because most of the 
protections were damaged since several years 
had passed since the start of the experiment.

Comparison with related studies

The results for the spatial pattern of Baccharis 
are consistent with Ginocchio et al. (2004) 
and Larrea-Alcázar et al. (2005) who reported 
higher seedling densities beneath shrubs than 
in open spaces in other semi-arid regions. 
Regarding seed dispersal, the concentration of 
fl oral and vegetative remnants near a mother 
plant is a typical result for abiotically dispersed 
species (Willson 1993, Bustamante 1995, 
Cuevas 2000). Moreover, species which have 
plumose achenes, such as those belonging to 
the Asteraceae family, are easily dispersed by 
the wind towards vegetation patches (Flores 
& Jurado 2003) where wind speed is lower 
(Ginocchio et al. 2004). Choi & Wali (1995) 
have already suggested the role of nurse 
species as traps for seeds dispersed by the 
wind in iron-mine tailings in the United States. 
The interaction caused by insect herbivory in 
sclerophyllous shrublands in central Chile has 
also been previously described (Fuentes et al. 
1981, Fuentes et al. 1987).

In summar y, our results are consistent 
with Gómez-Aparicio et al. (2004) and Gómez-
Aparicio (2009) who found that shrubs are 
promising candidates for restoration ef forts, 
both as nurse and target plants.

Concluding remarks

The greater seedling sur vival beneath the 
canopy was a likely determinant for the 
seedling spatial pattern of the two main species 
found in the tailing dump studied, along with 
seed rain, which is expected to be concentrated 
beneath the canopy. The nurse effect provided 
by Baccharis ensured the regeneration of its 
own seedlings as well as those of Haplopappus. 
Higher nutrient accumulation beneath the 
canopy was a probable mechanism of the 
nurse ef fect. A strong herbivory component 
was also present, which partially determined 
the decrease in plant survival. These fi ndings 
support our hypothesis.
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