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affected by anthropogenic fires and posterior land-use
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Abstract Anthropogenic fires and land-use change,
including the conversion from native to exotic species

canopies, are two major types of disturbances that

strongly affect the functioning of forest ecosystems
around the world. These disturbances alter the

resource availability for plants, which may lead to

changes in species richness. Here we examined the
relative effects of canopy cover type, light availability

and soil nutrient (N and P) availability on species

richness, including invasive species, at different post-
fire plant systems. Additionally, we tested the resource

heterogeneity hypothesis (RHH) for plant diversity,

which proposes that diversity is higher in habitats with
spatially heterogeneous resources. We evaluated four

different canopy cover types, including mature and

second-growth Nothofagus pumilio forests, treeless
prairie, Pinus sylvestris afforestations, all of which

were converted from mature N. pumilio forests. Using

generalized mixed-effects model correlations, we
determined (1) the relative influence of canopy cover

type, light and soil nutrient availability on understory

species richness and (2) the relationship between

species richness and resource heterogeneity. We found
that canopy cover type was the factor that best

explained species richness, much more than fine-scale

light and soil nutrient availability. Additionally, we
found that the more homogeneous the light environ-

ment the higher the number of exotic species (mainly

found in the prairie where the highest light intensity
occurred), which is contrary to what the RHH states. In

conclusion, canopy cover type, a stand-scale driver,

and not fine-scale resource (light, N and P) availabil-
ity, was most important for explaining native and

exotic (including invasive) species understory rich-

ness in a landscape affected by anthropogenic fires and
posterior land-use change.
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Introduction

Land-use change involves the alteration of the phys-
ical and biotic properties of a system, the relative

abundances of natural habitats and the introduction of
new land-cover types (Turner et al. 2001). Land-use

change, however, does not affect all ecosystems or

species equally (González-Suárez and Revilla 2013);
some species will be negatively impacted by
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anthropogenic disturbances, showing rapid decline or
elimination, whereas other species may persist, or

become invasive (e.g. Shea and Chesson 2002;Wardle

et al. 2011). For example, when forests are subjected
to land-use change, not only dominant tree species are

removed from the system, but most understory plant

diversity, which in many cases are strongly influenced
by tree cover, are profoundly affected. This is because

canopy alteration modifies the supply of key resources

(e.g. light, soil nutrients and moisture) and other
abiotic factors (e.g. temperature extremes) that are

regulated by the dominant overstory canopy trees

(Bartemucci et al. 2006; Lowman and Schowalter
2012). In general, forest understory vegetation

accounts for the majority of floristic diversity in

temperate forests (Armesto et al. 1995; Gilliam 2007;
Harlpen and Spies 1995) and can serve as a driver of

nutrient cycling and energy flow (Gilliam 2006;

Nilsson and Wardle 2005). Understanding why some
species are more impacted by land-use change than

others, and what factors regulate the entry of new

species is needed to gain insights into how species
interact with their altered environment, and is critical

to improve conservation actions in these habitats.

Numerous hypotheses involving resources and
competition have been developed to explain plant

invasions and species co-existence (Gundale et al.

2014; Moles et al. 2012). For example, according to
the empty niche hypothesis for plant invasion (Elton

1958; Stachowicz and Tilman 2005), invasive species

with different functional traits than native species can
be successful because they are able to occupy unused

niche space (i.e. empty niche) within the resident

community. One prediction of this hypothesis is that
natives and invaders should be able to coexist because

their different niches allow them to avoid competitive

exclusion (MacDougall et al. 2009). Others have
proposed that resource heterogeneity is able to

promote species co-existence by providing different

niches that allow species to avoid competition (Mit-
telbach et al. 2001; Tilman 1994). Highly heteroge-

neous habitats may also increase the likelihood that
empty niches are present, and therefore may provide

non-native species more opportunities to invade

(Davis et al. 2000; Gundale et al. 2008). Further,
ecosystems worldwide have experienced a high degree

of human alteration, which may promote plant inva-

sions by creating new niches that were not previously
present; i.e. the novel niche hypothesis for plant

invasion (Shea and Chesson 2002). In this case, it is
possible that the new abiotic conditions are novel for

both resident and alien species, i.e. the novel commu-

nity concept (Mittelbach 2012), with species perfor-
mances depending on how far or close these new

conditions are to the historical baseline experienced by

each species. Land-use change, such as the alteration
of which tree species are present, can directly impact

both the heterogeneity of resource availability (McIn-

tire and Fajardo 2014), and the novelty of niches,
either of which have the potential to influence whether

invasive species are successful.

The focus of numerous invasion hypotheses on
plant resources highlights the need for an explicit

evaluation of how land-use change impacts both the

supply rates and spatial heterogeneity of plant
resources. Light and soil nutrient availability are

major abiotic resources that limit survival and growth

of most vascular species growing in forested systems.
For example, variation in forest cover type and canopy

structure may influence both the availability and

heterogeneity of light to understory species (Fajardo
and Siefert 2016; Nicotra et al. 1999; Uriarte et al.

2005). Likewise, differences among forest cover types

in the quality or spatial patterns of litter inputs or root
activity may affect supply rate and heterogeneity of

key soil resources to the understory community, such

as nitrogen (N) and phosphorous (P) (Vivanco and
Austin 2008; Wardle et al. 2011). Different canopy

cover species are likely to alter the supply rate and

spatial distribution (heterogeneity) of light and nutri-
ents differently (Bartemucci et al. 2006), meaning that

anthropogenic changes in cover type may have a

profound impact on the presence, abundance, and
richness of invasive understory plant species, although

these relationships remain poorly studied in altered

forest environments.
The southern Andes region of Chile (Patagonia)

constitutes a temperate forest ecosystem that has

relatively recently been subjected to anthropogenic
fires and land cover conversion. In the region, large-

scale fires were started between 1930 and 1950 with
the objective of establishing livestock pastures within

a landscape dominated by mature Nothofagus forest.

This initiative resulted in the deforestation of ca. 3
million hectares of old-growth forests, whereNothofa-

gus pumilio was among the most affected tree species

(Quintanilla Pérez 2008). Whereas a majority of the
burned area transitioned to grassland-herb
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communities consisting of a mix of native and non-
native species (Sánchez-Jardón et al. 2010), in some

other areas—closer to the old-growth forest not

affected by fires—post-fire second-growth N. pumilio
forests established (Fajardo and McIntire 2010). With

time, in other areas deforested by fire, species of the

genus Pinus (including Pinus contorta, P. sylvestris
and P. ponderosa) were preferred by local authorities

for plantation because of their relatively high growth

rate. Thus, with the combination of historical land
clearing fire and land-cover changes, the Patagonian

landscape has been transformed from contiguous old-

growth N. pumilio forests to a mosaic of land-cover
types with remnant native forest adjacent to second-

growth native forest, grasslands, and coniferous

plantations (Fig. 1). Soil properties and processes
differ markedly among these different land-use tra-

jectories, especially between old-growth N. pumilio

and pine plantations (Fajardo and Gundale 2015).

However, we still know little about how these
differences in soil properties and processes and light

availability, along with the spatial heterogeneity of

these resources, control the occurrence of understory
species, especially invasive species. In principle, a

high habitat heterogeneity (Mittelbach et al. 2001;

Ricklefs 1977; Tilman and Pacala 1993) or interme-
diate availability of resources such as light, water and

soil nutrients (i.e. the humped productivity–diversity

relationship, Stevens and Carson 2002) would support
both high native and exotic species richness.

The main objective of this study was to examine the

relative effects of canopy cover type, light availability
and soil nutrient (N and P) availability on species

richness and, particularly, on the abundance of inva-

sive species under different post-fire land cover types.
Specifically, we asked whether species richness and

the abundance of invasive species was affected by

canopy cover type, availability and heterogeneity of

Fig. 1 The canopy cover types included (in clockwise order
from the top-left corner) in this study were, Nothofagus pumilio
mature forest (MF), post-fire Pinus sylvestris afforestation (PS),

post-fire prairie (PR), and post-fire second-growth N. pumilio
forest (SG). All these cover types occurred close to one another
in the Aysén Region, Patagonia, Chile
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light and limiting soil nutrients (N and P), and to what
degree they interact to control these understory

community properties. To accomplish this objective,

we quantified the relative importance of these factors
on understory species abundance across four different

canopy cover types (mature forest of N. pumilio, post-

fire second-growth forest of N. pumilio, post-fire
afforestation of Pinus sylvestris, and post-fire prairie)

in Patagonia, Chile. This region is one of the last

temperate regions on Earth to be transformed by
humans, while at the same time has experienced very

little influence from historic agricultural activities or

key global change factors, such as climate warming or
atmospheric N deposition (Reay et al. 2008; Weathers

and Likens 1997). Thus, this region provides an ideal

system to assess the impacts of land-use activities on
key ecosystem properties, which is substantially more

difficult in the Northern Hemisphere, where human

disturbances, management, and environmental change
historically coincide.

Methods

Site description

Our study utilized four land cover types (Fig. 1),

including mature (MF) and second-growth (SG) N.
pumilio forest, P. sylvestris (PS) afforestation, and

post-fire grassland (PR), with four replicates (site) of

each cover type (i.e. 16 stands in total). Sites were
located within the Coyhaique (45"330 SL, 400–600 m

a.s.l.) and the Cerro Castillo National Reserves (45"590
SL, 700–850 m a.s.l.), in the Coyhaique Province of
the Aysén Region (Patagonia), Chile. The annual

precipitation in these areas is on average 890 mm

(Coyhaique National Reserve weather station, Direc-
ción General de Aguas, 2004–2013, 400 m a.s.l.). In

order to assure that climate was similar at all stands

within a site, and that these were affected by the same
historical fire event, we selected stands that were not

more than *3 km apart, and no more than a 75 m
difference in elevation. We note here that all post-fire

stands were previously covered by a single cover type,

N. pumilio, which was cleared by large-scale fires in
Coyhaique and Cerro Castillo Reserves that occurred

in the mid-1940s and in the mid-1960s, respectively

(Quintanilla Pérez 2008). Each fire resulted in com-
plete mortality of the native N. pumilio forest

vegetation. Within each site, we chose stands that
had not experienced fire or management activities

(other than the afforestations) for at least 30 years. All

selected stands experienced minimal disturbance since
establishment, and experienced a roughly equivalent

time since fire. Site histories were verified by

consulting with the Conaf (Corporación Nacional
Forestal) personnel, the entity in charge of the

protected areas, where the history of the sites are well

documented. We also made visual assessments at each
stand to verify that recent disturbance was minimal.

Soils associated with stands of N. pumilio in the region

are Andisols, derived from the ash of some active
volcanoes in the region, and usually exhibit a loam or

sand-loam texture, and a pH between 4.5 and 5.8

(Schlatter 1994; Stolpe and Hepp 2014).

Sampling

All sampling was done at least 100 m away from the

edge of each forest or prairie patch. For each of the 16

stands a list of 10 sampling point coordinates was
created using a random walk design with a random

start point (Underwood 1997), where bearing direc-

tions (constrained to 180") and distances (constrained
from 10 to 30 m) were randomly generated using a

spread sheet program. We set a 1-m2 squared plot at

the centre of each sampling point and identified all
vascular species contained in the plot. Species were

identified following nomenclatures by Correa (1998),

Rodrı́guez et al. (2008), and Fuentes et al. (2013).
Specimens of unknown species were collected and

compared with specimens belonging to the collection

of the Botany Department Herbarium, Universidad de
Concepción, Concepción, Chile (CONC) for posterior

identification.

To characterize canopy openness (a proxy for light
availability), we took digital hemispherical pho-

tographs of the canopy from a height of *50 cm

above the centre of each sampling plot. We used a
7-mm Nikon f 7.4 fisheye lens (the lens has an

orthographic projection of 180" angle of view),
mounted on a Nikon Coolpix 5000 digital camera

(Nikon Corporation, Tokyo, Japan). Photographs were

taken under cloudy sky conditions or late in the day to
avoid direct exposure to sun. Photographs were also

under-exposed by two stops, to increase contrast

between the sky and foliage (Zhang et al. 2005). From
these digital photographs we computed the gap light
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index (GLI, Canham 1988), which is defined as the
percentage of photosynthetically active radiation

reaching the point where the photograph is taken.

The GLI was computed for each plot using the Gap
Light Analyzer (GLA ver. 2) software (Frazer et al.

2000).

We assessed the relative availability of soil inor-
ganic N and P by measuring NH4

? (ammonium),

NO3
- (nitrate) and PO4 (phosphate) ions adsorbed to

mixed bed ionic resin capsules. In the center of each of
the 1-m2 plots used for the vegetation survey, we

placed a polyester resin capsule containing 1 g dry

weight of mixed bed ionic resins (PST1 capsule,
Unibest, Bozeman, USA) (Gundale et al. 2008). Resin

capsules were inserted at a 45" angle, with a final depth
of 5 cm below the soil surface, which in all stand types
was the upper mineral soil horizon. Capsules were

tethered to a reference plastic stake using nylon fishing

line in order to facilitate retrieval. Resin capsules were
placed in the soil in March 2010 and removed in

March 2011 in all sites. Ions were extracted from

resins using three consecutive rinsing of 10 ml 1 M
KCl (30 ml total) (Gundale et al. 2016). The concen-

trations of NH4
?, NO3

- and PO4 from these extracts

were measured using standard colorimetric techniques
on an auto-analyzer III (Omni Process, Solna, Swe-

den). We calculated soil inorganic N availability as the

sum of NH4
? and NO3

- concentrations in each
sampling plot. We preferred to use resin capsules

instead of bulk soil samples, because resin adsorption

of N and P compounds represent the accumulation of
bioavailable substrates for both plants and microbes,

as the resins take up and hold onto ions for long

periods of time while minimizing their further trans-
formations (Binkley and Matson 1983; Friedel et al.

2000).

Data analysis

Because we were analyzing count data (i.e. species
richness = number of species in a plot) we used

generalized linear mixed effect regressions with a
negative-binomial family for counts; canopy cover

type, plot light, N and P availabilities were the fixed

effects and we considered a random effect on site. To
analyze our data, we used the glmmADMB package

(Skaug et al. 2012) in R version 3.3.0 (R-Develop-

ment-Core-Team 2016). The likelihood model we
tested was:

S" NegBin s; að Þ; logðsÞ ¼ bXþ ak ð1Þ

where S is the number of (native, exotic, or invasive)
species found in the 1-m2 plot, b are the coefficients to
estimate for the X covariates and ak is the random

intercept effect representing the k = 4 sites, ‘‘*’’
indicates ‘‘is distributed as’’, NegBin(,) indicates the

negative binomial distribution with two parameters

where s is the expected value and a is the size
parameter to estimate. The covariates (X) and different
models and combinations we used were: cover, a

categorical factor representing the canopy cover type;
gli, the plot light availability; Nav, the plot N concen-

tration availability; and Pav, the plot P concentration

availability. All continuous variables were centered
(subtract the global mean value of the variable). We

included interaction terms because some fine-scale

factors, such as light and soil nutrient availability, may
be more influential on species richness in some canopy

cover types than in others. We used Akaike’s Infor-

mation Criterion for small samples (AICc) as a model
selection approach (Burnham and Anderson 2002).

The model with the lowest AICc was deemed the one

that fitted the data the best. Model uncertainty appears
when alternative models show AICc values equals or

lower than 2 units from the lowest AIC model, i.e.

similar support. Given that we only found a maximum
of one invasive species per sampling plot, we decided

to use generalized linear mixed effect regressions with

a binomial (instead of negative binomial) family
distribution, and logistic link function, for presence/

absence of invasive species, and a random effect of

site. For this, we used the function glmer implemented
in the lme4 package (Bates et al. 2013) in R.

The influence of canopy cover type on light and soil

nutrient (N and P) availability was analyzed fitting
linear mixed-effects models (LMM) using the nlme

package (Pinheiro et al. 2016) in R. In the model, we
considered canopy cover type as the only fixed factor,

with random effects for sites. For light and soil

nutrient availability, we tested the fixed effects of
canopy cover type using likelihood ratio tests (LRT) in

nested models fitted using maximum likelihood

(Bolker et al. 2009). In cases where canopy cover
type proved to have a significant effect on a variable,

we conducted post hoc multiple comparisons (Tukey’s

procedure) among canopy cover types using the
multcomp package (Hothorn et al. 2008) to find out

which canopy cover types differed.
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To quantify resource heterogeneity, we first calcu-
lated at each stand the among-plot variance (coeffi-

cient of variation, CV) in light and soil nutrient

availability values. Then we first determined the effect
of canopy cover type on light and soil nutrient

variation fitting LMM as described above (also using

LRT to assess the significant effect of canopy cover
type on each variable). Finally, we assessed the

significance of the species richness-resource hetero-

geneity relationship by fitting generalized linear
mixed effect regressions with a negative-binomial

family for counts, and a random effect on site, as

previously described. Support for the resource hetero-
geneity hypothesis (RHH) would be found if variation

of a resource positively affected species richness, i.e.

we should find a significant and positive slope between
the variation of resource values and species richness

per site.

Results

The total number of plant understory species presented

in the study areas ranged from 25 at the post-fire,

second-growth N. pumilio forest to 38 at the post-fire
prairie (with 34 at the post-fire P. sylvestris afforesta-

tion and 37 at the N. pumilio mature forest), with a

total of 80 species across all sites. The dominant
understory species in the mature forest and, in lower

density, in the second-growth forest were Acaena

ovalifolia (Asteraceae), Berberis serratodentata (Ber-
beridaceae), Empetrum rubrum (Ericaceae), Fuchsia

megellanica (Onagraceae), and Ribes magellanicum

(Grossulariaceae), all native species. In the P.
sylvestris afforestation, the understory was mostly

represented by Alopecurus magellanicus (Poaceae),

Berberis microphylla (Berberidaceae), Cerastium
arvense (Caryophyllaceae), Leontodon saxatilis

(Asteraceae), and Veronica serpyllifolia (Plantagi-

naceae). In the prairie we mostly found Acaena
intergerrima, Erigeron leptopelatus (Asteraceae),

Festuca gracillima (Poaceae), Phacelia secunda (Hy-
drophyllaceae), and Senecio patagonicus (Aster-

aceae). Most of the exotic and invasive species were

found in P. sylvestris afforestation and the prairie,
where the invasive species were Holcus lanatus

(Poaceae), Pinus contorta (Pinaceae), Plantago lance-

olata (Plantaginaceae), Rumex acetosella (Polygo-
naceae), Taraxacum officinale (Asteraceae), and

Trifolium repens (Fabaceae) (Table 1). Finally, we
never found more than one invasive species per

sampling point.

Canopy cover types showed significant differences
in mean light and soil phosphate availability but not in

soil nitrate or ammonium availability (Table 2), much

in accordance with what Fajardo and Gundale (2015)
found for similar canopy cover types when using bulk

soil samples. As expected, the P. sylvestris afforesta-

tion and the prairie had significantly more light across
plots than the mature and the second-growth N.

pumilio forests. However, the mature N. pumilio forest

had significantly more soil phosphate concentrations
than the prairie (Table 2).

Comparing models that explain species richness

Model selection based on AICc showed that models

including canopy cover type and light availability
(model 3, cover ? gli) were the ones that best fit the

data of native, exotics and total species richness

(Table 3). None of the models including soil nutrient
(N and P) availability values were among the best fit of

native and exotic species richness. Only model 9—the

one including canopy cover type and P availability as
fixed factors—was deemed the best model (lowest

AICc, Table 3) to explain the presence of invasive

species. For native, exotic and invasive species
richness, there was strong support for model 1, the

model including only canopy cover type as fixed

factor, thus we confidently claim that canopy cover
type is the factor driving species richness in the study

areas; the addition of light or soil nutrient availability

does not improve significantly the fit. For total species
richness, however, light availability and canopy cover

types are the two factors driving species richness

(Table 3). The model containing the interaction
between canopy cover type and light availability

proved to fit well the data for native, exotic and total

species richness (Table 3). This means that light
availability has a different role on species richness

depending on the canopy cover (Fig. 2).

Light and nutrient heterogeneity

Only light heterogeneity showed significant differ-

ences among canopy cover types (Table 4). In more

detail, light availability (gli) coefficient of variation
was highest in the P. sylvestris afforestation and
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Table 1 List of exotic and invasive species found and the
number of plots where they occurred in the different canopy
cover types in Patagonia, Chile: mature Nothofagus pumilio

forest (MF), second-growth, post-fire N. pumilio forest (SG),
post-fire Pinus sylvestris afforestation (PS), and post-fire
prairie (PR)

Species Family Invasive MF SG PS PR

Agrostis castellana Boiss. & Reut. Poaceae 9

Agrostis sp. Poaceae 7

Alopecurus magellanicus Lam. Poaceae 4

Anthoxanthum odoratum L. Poaceae 1 3

Brassica rapa L. Brassicaceae 2

Dactylis glomerata L. Poaceae 14 8

Elymus angulatus J.Presl Poaceae 7

Erodium cicutarium (L.) L’Hér. Geraniaceae 4

Hieracium patagonicum Hook. f. Asteraceae

Holcus lanatus L. Poaceae X 4 2 23 1

Hordeum comosum J. Presl Poaceae 1

Hypochoeris radicata L. Asteraceae 12

Lapsana communis L. Asteraceae 1 14

Pinus contorta Douglas ex Loudon Pinaceae X 3

Plantago lanceolate L. Plantaginaceae X 4

Poa annua L. Poaceae 2

Poa pratensis L. Poaceae 1 2 1

Rumex acetosella L. Polygonaceae X 14 31

Rumex crispus L. Polygonaceae 5 3

Symphyotrichum squamatum (Spreng.) G. L. Nesom Asteraceae 9

Symphyotrichum vahlii (Gaudich.) G.L. Nesom Asteraceae 1

Taraxacum officinale Weber ex Wiggers Asteraceae X 7 18 31

Trifolium pretense L. Fabaceae 2

Trifolium repens L. Fabaceae X 6 14 21

Veronica serpyllifolia L. Plantaginaceae 2

Classification of invasive species is in accordance with Fuentes et al. (2013)

Table 2 Light and soil nutrient availability mean values (±1
SE) of different canopy cover types in Patagonia, Chile,
including: mature Nothofagus pumilio forest (MF), second-
growth, post-fire N. pumilio forest (SG), post-fire Pinus

sylvestris afforestation (PS), and post-fire prairie (PR). Light
availability is expressed as gap light index (GLI, %); soil
nutrients include: nitrate (NO3

-), ammonium (NH4
?), and

phosphate (PO4
-), all expressed as mg per resin capsule

Cover types n gli NO3
- NH4

? PO4
-

MF 40 11.34 (0.57)a 0.687 (0.256)a 1.691 (0.404)a 6.680 (1.883)a

PR 40 93.02 (0.65)b 0.138 (0.017)a 0.795 (0.066)a 0.077 (0.027)b

PS 40 21.74 (1.66)c 0.301 (0.103)a 1.462 (0.347)a 3.682 (1.007)ab

SG 40 9.0 (0.30)a 0.280 (0.182)a 0.962 (0.114)a 4.430 (1.239)a

F 13.84 2.302 6.123 23.282

p 0.001 0.512 0.106 \0.001

Results include F and p value statistics. Different letters indicate significant differences (p\ 0.05) among canopy cover types
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lowest in the prairie (Table 4). In contrast, soil nutrient
heterogeneity did not differ among canopy cover

types; soil nutrient concentrations showed a high

variation independently of the canopy cover type. In
general, resource heterogeneity showed no relation-

ship with the total number of species (Table 5). Only

the total number of exotic species was negatively and
significantly correlated with the gli coefficient of

variation (v2 = 5.391, p = 0.020, b = -0.287,

SE = 0.107); the highest number of exotic species
were found in rather homogeneous light environments

(i.e. prairie), whereas the lowest number of exotic

species was found in heterogeneous light environment
(e.g. P. sylvestris afforestation, Fig. 3a).

Discussion

Canopy cover type and species richness

In this study we show that both native and exotic

(including invasive) species richness were mainly
affected by the same driver, canopy cover type. In

contrast, light and soil nutrient availability did not
emerge as key factors explaining understory species

richness. The effect of a canopy cover (or in the case of

the prairie, an absence of cover) appears to override
any other factor affecting understory species richness.

Canopy tree covers are responsible for major changes

in the abiotic conditions of the understory, including
an increase of diffused light depending on the tree

density and tree height and soil nutrition through the

shedding of leaves (Geiger et al. 2009), but also for the
occurrence of legacies that may help or constrain the

regeneration of some species. In principle, the fact that

canopy cover type better explained species richness
does not necessarily mean that stand-scale mean light

or soil resource availabilities do not affect species

richness, as these factors (particularly light) co-vary
with the stand canopy cover type.

In more detail, highest native species richness was

found under the canopy of mature N. pumilio forest,
intermediate in the prairie, and lowest under afforesta-

tions of P. sylvestris and second-growth N. pumilio

forests. For matureN. pumilio forest, a key factor likely
explaining the highnative understory richness beneath it

Table 3 Akaike information criterion values (AIC) of alternative hypothesized models relating canopy cover type, light (gap light
index, gli), soil nitrogen (Nav), and phosphorus (Pav) availability on species richness at several sites in Patagonia, Chile

Model ID Model specification Natives Exotics Invasive Total

0 *1 700.9 607.7 212.4 796.9

1 cover 593.8 486.6 161.0 684.3

2 gli 702.8 533.7 177.9 762.2

3 cover ? gli 592.0 484.8 163.0 679.0

4 cover * gli 593.7 485.8 164.1 680.8

5 Nav 699.1 607.6 214.1 798.6

6 cover ? Nav 595.7 488.6 161.2 686.2

7 cover * Nav 598.3 492.9 164.5 688.8

8 gli ? Nav 701.1 535.6 177.8 760.2

9 cover ? gli ? Nav 593.9 486.7 163.2 680.8

10 Pav 700.6 602.6 214.4 798.7

11 cover ? Pav 595.7 488.5 160.4 686.2

12 cover * Pav 598.7 490.7 164.7 688.3

13 gli ? Pav 702.5 535.7 177.6 761.9

14 cover ? gli ? Pav 593.8 486.5 162.3 680.5

15 cover ? gli ? Nav ? Pav 595.7 488.4 162.6 682.4

Canopy cover types included: mature Nothofagus pumilio forest (MF), second-growth, post-fire N. pumilio forest (SG), post-fire
Pinus sylvestris afforestation (PS), and post-fire prairie (PR). The model with the highest support is the one with the lowest AIC value
(in bold). Model uncertainty appears when alternatives models show AIC values not higher than 2 units from the lowest AIC model
(in italics)
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is that these forests are the natural habitat of many

specialist native understory species in the Patagonian

region.Althoughwe did not quantify species abundance
in this study,we also observed that several of the species

that occurred only in the mature N. pumilio forest (i.e.

which therefore contributed to its high richness value)
were also very abundant in this forest cover type. This

observation further supports the important role of

adaption to historical conditions in explaining the high

richness of mature Nothofagus forests.

In contrast to the mature N. pumilio forest, the
highest number of exotic (including invasive) species

were found in the prairie and the post-fire P. sylvestris

afforestation. Exotic and invasive species thrive in
these highly altered systems because many of them are

ruderal and shade-intolerant (Fuentes et al. 2013;

Fig. 2 Number of understory species growing under different
canopy cover types in Patagonia, Chile. The canopy cover types
included mature Nothofagus pumilio forest (MF), second-
growth, post-fire N. pumilio forest (SG), post-fire Pinus

sylvestris afforestation (PS), and post-fire prairie (PR). Different
letters stand for significant differences (p\ 0.05) in the number
of species between canopy cover types
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Parendes and Jones 2000), characteristics that do not
allow them to be successful in the cover types with

more closed canopies, i.e. mature and second-growth

N. pumilio forests. Interestingly, however, is that the
most disturbed system, the prairie (i.e. a novel post-fire

treeless grassland system), showed similar values for
total species richness as themature forest ofN. pumilio.

The prairie consists of a mixture of rapid colonizers

(exotics and invasive species like Rumex acetosella,
Taraxacum officinale and Trifolium repens) and slow-

growing, persistent native species (e.g. Acaena pin-

natifida and Anemone multifida). Both cover types,
mature N. pumilio and post-fire prairie, are likely

highly productive environments, with the highest

stand-scale soil nutrient contents and light availability,
respectively (Table 2). The latter may also be a good

example of what Fridley et al. (2007) coined as the

invasion paradox; highly productive environments not
only are able to support a high native diversity but also

a high number of exotic and invasive species, contrary

to what plot-level diversity experiments show (e.g.
Stohlgren et al. 1999; Tilman et al. 2006).

Second-growth forests of N. pumilio showed in
general very low values for both native and exotic

(invasive) species richness. The high density of

these stands ([3000 trees per hectare, Fajardo and
McIntire 2010), along with the absence of gaps that

are found in mature Nothofagus forests, may
preclude plants to establish under these dark post-

fire conditions. Also, the fact that these second-

growth N. pumilio forests are commonly located
between the mature forests of N. pumilio and other

land uses such as pine afforestations and prairies

(Fajardo and Gundale 2015; Fajardo and McIntire
2010) may constitute a natural barrier via low light

availability to the entrance of exotic and invasive

species to this type of forest, as well as to the more
pristine, mature forest of N. pumilio.

Resource heterogeneity and species richness

The application of fire and changes in land cover type

have been shown to impact the heterogeneity of light
and soil resources, which in turn have the potential to

Table 4 Mean coefficient of variation (%) of light (gli) and soil nutrient (nitrogen, phosphorus and types of N) availability in four
different canopy cover types at several sites in Patagonia, Chile

System gli Nav Pav Nitrate Ammonium

MF 27.149ab 94.473a 174.523a 146.638a 62.459a

SG 20.513b 92.703a 125.766a 88.277a 68.251a

PS 39.847a 77.321a 169.556a 142.319a 75.080a

PR 2.693c 48.411a 140.624a 66.049a 50.694a

F 10.732 0.912 0.586 1.447 0.249

p 0.001 0.464 0.635 0.278 0.861

The canopy cover types included mature Nothofagus pumilio forest (MF), second-growth, post-fire N. pumilio forest (SG), post-fire
Pinus sylvestris afforestation (PS), and post-fire prairie (PR). Results include F and p value statistics. Different letters indicate
significant differences (p\ 0.05) among canopy cover types

Table 5 Likelihood ratio tests (v2, with p values in parentheses) for the association between the number of species found across
canopy cover types and the (coefficient of) variation of light (gli) and soil nitrogen (Nav), phosphorus (Pav), nitrate and ammonium

Native Exotic Invasive Total

gli 0.025 (0.875) 5.391 (0.020) 1.694 (0.193) 0.635 (0.426)

Nav 0.060 (0.806) 0.435 (0.510) 0.208 (0.648) 0.294 (0.588)

Pav 0.607 (0.436) 0.012 (0.913) 0.024 (0.876) 0.648 (0.421)

Nitrate 1.361 (0.243) 0.004 (0.950) 0.029 (0.866) 1.573 (0.210)

Ammonium 2.831 (0.092) 0.051 (0.821) 0.106 (0.745) 0.735 (0.391)
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influence the presence, abundance, and richness of

exotic and invasive understory plant species (Gundale
et al. 2008; McIntosh et al. 2012; Turner et al. 2011;

Wang et al. 2015). The RHH for species diversity

(Huston 1979; Ricklefs 1977) is a plausible and
appealing account for explaining why a natural

system—assumed to be highly heterogeneous and

therefore with more niches—may hold a higher
number of species than a more homogeneous system

(Davis et al. 2000; Gundale et al. 2008). In this study,

however, we found no evidence that resource hetero-

geneity explained understory richness patterns, at least
at the spatial scale we considered. The only significant

pattern we found was that exotic species showed a

negative relationship with fine-scale light heterogene-
ity. This is contrary to what the RHH states. The

explanation for this pattern is probably that light

heterogeneity and average light values co-vary, i.e. the
highest mean light values can only be achieved by

having a uniformly absent canopy cover.

Fig. 3 Relationship between number of exotic species per site and the variation of a light (gap light index, gli), b soil phosphate
(PO4

-), c soil nitrate (NO3
-), and d ammonium (NH4

?) variation (coefficient of variation, %) at several sites in Patagonia, Chile
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Further, we found no evidence that soil resource
heterogeneity affected understory richness in our

study systems. While some prominent plant diversity

hypotheses have proposed soil resource heterogeneity
to be a major driver of understory richness (Tilman

1994), our results are more consistent with studies that

have shown no such relationship (Baer et al. 2004;
Bartels and Chen 2010; Gundale et al. 2011). For

example, in a system of islands with varying produc-

tivity levels and resource heterogeneity, Gundale et al.
(2011) found that plant diversity was more closely

related to resource quantity than heterogeneity. Sup-

port for the RHH remains equivocal, with some studies
finding positive relationships (e.g. Gundale et al. 2006;

Lundholm and Larson 2003) and others no relation-

ship (e.g. Baer et al. 2004; Reynolds et al. 2007). One
potential explanation for the absence of heterogeneity

effects found in our study, including light and soil

resource availability, is that other niche factors that
varied among canopy types may have had an over-

riding effect on resource competition (Gundale et al.

2008). For instance, the chemistry of canopy litter and
humus associated with the different cover types may

have differential effects on seedling germination,

which could shape plant communities irrespective of
resource availability and competition following ger-

mination (Gundale et al. 2008).

In contrast to the RHH, many studies have shown
that high levels of resources are as important as a high

variation in resources (Bartels and Chen 2010, with

references). Bartemucci et al. (2006) found that forest
understories with most variation in light availability

(old-growth Thuja occidentalis dominated forest) had

lower species richness than the more homogeneous
mixed (Abies balsamea–Betula papyrifera) forest and

Populus tremuloides stands in northwestern Quebec,

Canada, suggesting the importance of resource quan-
tity. In our study, among all of the post-fire systems,

the prairie is the most novel environment because it is

completely treeless. The prairie has been greatly
colonized not only by exotic but also by native species

(Fig. 2). In this environment, the ‘‘novel niches’’
hypothesis (Shea and Chesson 2002) appears to best

support our findings, that both exotic and invasive

species are better able to exploit new niches created by
the anthropogenic action. In this environment, native

species could also be viewed as ‘‘exotics’’, i.e. the

particular native species that are found in the prairie

are much more abundant than they were before the
disturbance and land cover conversion occurred.

Conclusions

Here we have shown that the same stand-scale

driver—i.e. canopy cover type—explains both the
native and exotic species richness in the highly

anthropogenic-disturbed landscape of Patagonia,

which should be considered when advocating ecosys-
tem restoration and invasive species management

practices. High richness was found in mature N.

pumilio forests, the historical cover type of the region,
primarily due to high richness of native species and a

low richness of exotic species. High richness was also

found in the prairie habitats, a very recent and novel
cover type. Although prairies had a high richness of

exotic and invasive species, they also had a high

richness of native species that were relatively uncom-
mon in the other stand types. In contrast to the

suggestion that more diverse communities constitute a

barrier to invasion (experimentally supported but
without much support from observational studies,

Mittelbach 2012), our data show that the anthro-

pogenic creation of novel ecosystems through fire and
land-use change can favor both exotic and novel native

species, which likely have similar traits that allow

them to perform well in the new environment. These
findings may serve as a foundation for a next stage of

investigations to understand what consequences these

changes in biodiversity have for ecosystem function-
ing, for instance by shifting the focus from species

richness to functional trait composition.
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