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are hypothesized to determine plant responses to climate change. We explored the
elevational and latitudinal ranges, to assess the relationship between niche characteristics and the modelled distributional shifts due to climate change.
Location: South American temperate forests.
Methods: We assessed the niche breadth and position of 118 plant species of
South American temperate forests, using an Outlying Mean Index (OMI). Bioclimatic
information was gathered for each species from WorldClim, and both present and
future distributions were modelled using BIOMOD, considering migration constraints
with MIGCLIM. The relationships between niche properties and shifts in elevational
and latitudinal distributions were explored using linear regressions.
Results: Niche differences among species were related to two bioclimatic dimensions: the first one correlated with the mean diurnal temperature range and precipitation seasonality following the mediterranean—temperate—sub-Antarctic climatic
gradient; the second one correlated with minimum winter temperature along a gradient from oceanic-influenced habitats to cold tree line habitats. The projected elevational shifts were inversely related to niche breadth and the forecast latitudinal
shifts were directly related to niche breadth. The shifts in elevation and latitude for
understorey plants were not consistent with the shifts of dominant trees.
Main conclusions: The plant niches were successfully discerned by OMI analyses
and they were associated with specific morphological or physiological traits. South
American temperate forest plants showed an inverse relationship between niche
breadth and elevational shifts, but a positive relationship regarding expected latitudinal shifts. This may be related to the fact that niche drivers followed a latitudinal
orientation and the species showed the Rapoport’s effect. Thus, the niche breadth
and latitudinal position of the species should be considered in climatic change
studies.
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niche differences (Chase & Leibold, 2003; Colwell & Rangel, 2009).
For instance, traits such as individual size, vascular system, shade tol-

Climatic change experienced during the last five decades has

erance, etc. may determine niche differences between ferns and

affected plant species distribution as well as their phenology, biotic

angiosperms, particularly in relation to climatic drivers such as water

interactions, and abundance (Bellard, Bertelsmeier, Leadley, Thuiller,

availability or temperature (Brodribb, Holbrook, Zwieniecki, & Palma,

& Courchamp, 2012; Garcia, Cabeza, Rahbek, & Araujo, 2014; Kelly

2005; Kluge & Kessler, 2011; Zotz, Hietz, & Schmidt, 2001), and

& Goulden, 2008; Parmesan, 2006; Parmesan & Hanley, 2015).

n &
concomitantly affect their responses to climate change (Alarco

Future plant distributional shifts due to climate change are expected

Cavieres, 2015).

to either shrink distributional ranges, because future conditions may

It has been suggested that species with broader niches, and

become inadequate in some parts of the current range, or expand

hence wider distributions, will experience smaller climate change

them if the species can migrate to newly available suitable habitat,

effects on their distribution along elevational or latitudinal gradients

or both (Breshears, Huxman, Adams, Zou, & Davison, 2008; Engler

(Botts, Erasmus, Alexander, & Lawlor, 2013; Broennimann et al.,

et al., 2009; Garcia et al., 2014). Current research provides numer-

2006; Thuiller, Lavorel, & Araujo, 2005). However, this suggestion

ous examples of observed and expected distributional shifts

does not take into account the Rapoport’s effect (Stevens, 1989)

towards higher elevations and latitudes (Engler et al., 2011; Jump,

where, for some species, niche breadth increase with latitude due to

Matyas, & Penuelas, 2009; Lenoir, Gegout, Marquet, de Ruffray, &

the greater environmental fluctuation observed at higher latitudes

Brisse, 2008; Parmesan, 2006), although reverse or different direc-

(Vazquez & Stevens, 2004). Thus, community or assemblage level

tions have been also reported (Lenoir et al., 2010; VanDerWal

responses to climate change are unlikely to be homogeneous or inte-

et al., 2012).

grated as species niches differ in different aspects (Engler et al.,

Differences in species niche properties, such as relative position

2011; Gornish & Tylianakis, 2013).

along environmental gradients and breadth, are widely accepted to

The South American temperate forests (SATF) are located in the

be important in explaining the broad range of possible outcomes

central-south of Chile and in the south-west of Argentina (Figure 1).

observed in future distributional shifts (Broennimann, 2008; Broenni-

They are dominated by trees of the genus Nothofagus and they

mann et al., 2006). For instance, species with contrasting niche posi-

include various woody species that form a diverse vertical structure

tions along environmental gradients may show dissimilar responses

with a species-rich understorey (Armesto, Rozzi, & Caspersen, 2001;

to changes in local or regional climes (Broennimann et al., 2006;

Donoso, 1993) where epiphytic and ground ferns are important

Kelly & Goulden, 2008; Morin & Chuine, 2006). Morphological and

 n & Cavieres, 2015; Rodrıguez, 1995). These forcomponents (Alarco

physiological trait characteristics are known to underlie ecological

ests comprise a north-south transition from mediterranean to

n and Cavieres
F I G U R E 1 Geographical distribution of southern South American rain forests with (a) Nothofagus habitat according to Alarco
(2015), compared to (b) elevational gradient along with latitudinal gradient and (c) bioclimatic transition from mediterranean to temperate
bioclimates according to Luebert and Pliscoff (2006) [Colour figure can be viewed at wileyonlinelibrary.com]
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2.2 | Bioclimatic information

turbance leading to their designation as a global biodiversity hotspot

The bioclimatic information for the occurrences of each species

(Armesto et al., 2001; Myers, Mittermeier, Mittermeier, da Fonseca,

within its distributional range was obtained from the WorldClim

& Kent, 2000). These forests are found along wide elevational gradi-

database (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) using the

ents from the sea level up to the alpine tree line in the Andes, and

R packages: raster (Hijmans, 2015) and rgdal (Bivand, Keitt, & Rowl-

along a large latitudinal gradient from 33° to 55° S (Figure 1).

ingson, 2015). We selected the eight bioclimatic variables with the

While the northern half of SATF has shown a progressive

smallest Pearson correlation coefficient among them (mean value:

decrease in annual precipitation during the last century (DMC, 2015)

0.38, most of the values were smaller than 0.7 and only two were

that is projected to continue in the future, the southern half expects

c. 0.9), and that are informative for the study of species distribu-

increases in precipitation (IPCC, 2013). Temperature is predicted to

tional ranges (Hijmans et al., 2005): (a) mean diurnal temperature

increase in the whole range of SATF according to future climatic

range, (b) temperature seasonality, (c) maximum temperature of the

projections (IPCC, 2013). The effects of the projected climate change

warmest month, (d) minimum temperature of the coldest month, (e)

on SATF have been assessed at a physiological level for some tree

annual precipitation, (f) precipitation seasonality, (g) precipitation of

rrez, 2010), and at the habitat size level and represenspecies (Gutie

the warmest quarter, and (h) precipitation of the coldest quarter.

 n & Cavieres, 2015). However,
tation in protected areas (Alarco
assessments of the potential distributional shifts due to climate
change in a wide range of SATF species differing in their ecology

2.3 | Ecological niche analyses

and evolution, and along wide environmental gradients, with special

We used all the species localities and the corresponding bioclimatic

consideration of the importance of species niche differences, have

information to perform Outlying Mean Index (OMI) analyses. This

not been addressed. Assessing putative climate-driven changes is

multivariate method separates the species niches along axes that

challenging, but it is likely to exhibit similar striking effects as those

reflect environmental variables without a priori assumptions on the

found in analogous European gradients, where plants shifted their

dec, Chessel, & Gimaret-Carpentier,
length of dimensions (Dole

ranges to higher elevations (Pauli et al., 2012).

2000). This makes it suitable for measuring niche relative positions

Our aims were (a) to evaluate the differences between species

along environmental gradients and more appropriate for measuring

on niche breadth and niche position along elevational and latitudinal

comparative niche breadths than other ordination methods that gen-

gradients, using four groups of plants that represent the structural

erate biases (Meynard, Pillay, Perrigault, Caminade, & Ganem, 2012;

diversity of SATF, and (b) to determine the relationship between the

Thuiller, Lavorel, Midgley, Lavergne, & Rebelo, 2004). OMI analyses

species niche properties and the impact of climate change on the

were carried out with the ‘ade4’ R-package (Dray & Dufour, 2007).

direction and magnitude of the distributional shift. We hypothesized

Niche position and breadth were obtained by considering firstly all

that the niche breadth, regardless of plants characteristic (i.e., domi-

the species together, and secondly by each species group singularity

nant tree species, woody co-dominant species, understorey ground

(i.e., dominant trees, codominant species, ferns, etc.). Niche breadth

ferns, and epiphytic ferns), is inversely related to the expected shifts

indices were calculated from the square root of the raw niche

due to climate change in both elevation and latitude. That is, species

breadth values.

with broader elevational and latitudinal distribution, hence with
wider niches, will show smaller range shifts with projected climate
changes compared to species with narrower elevational and latitudinal distribution.

2.4 | Species distribution models
The species distributions were modelled using the ‘BIOMOD’ Rjo, 2009)
package (Thuiller, 2003; Thuiller, Lafourcade, Engler, & Arau

2 | MATERIALS AND METHODS
2.1 | Plant species groups

with eight techniques: Artificial Neural Networks (ANN), Classification Tree Analysis (CTA), Flexible Discriminant Analysis (FDA), Generalised Additive Models (GAM), Generalised Boosting Models
(GBM), Generalised Linear Models (GLM), Multivariate Adaptive

Four groups of SATF plants were examined in this study: trees of

Regression Splines (MARS), and Random Forest (RF), all of them

the genus Nothofagus with nine dominant species, 27 co-dominant

explained by Thuiller (2003). The ratio used to split the original data-

woody species, 55 ground ferns, and 27 epiphytic fern species. We

base for calibration and evaluation subsets was 70/30, three times

gathered data from all known localities for these species from the

randomized for each species. As true absences were not available

n herbarium (CONC) and from the Chilean
University of Concepcio

for the SATF species, we used BIOMOD-generated pseudoabsences

national forest inventory for dominant trees (CONAF/CONAMA/

(Thuiller et al., 2009). The best model for each species was selected

BIRF, 1999). The species list and their valid number of localities are

using AUC performance values, Kappa and True skill statistics. We

shown in Supporting Information Appendix S1. The nomenclature

chose the model indicated as the best by the majority of these three

followed Zuloaga, Morrone, Belgrano, Marticorena, and Marchesi

criteria. In the few cases where they fully disagreed, we opted for

(2008) for woody species and Rodrıguez (1995) for ferns.

AUC as the selecting criteria as shown in Supporting Information
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Appendix S1. Distributional models were projected in 30 arc-second

mean distributions. The relationships between niche position in each

grids with BIOMOD and areas with human land use including urban

OMI axis and the indices of change for both elevational and latitudi-

areas, agricultural crops and exotic forest plantations, according to

nal gradients were assessed by fitting general linear models. The

CONAF/CONAMA/BIRF (1999), were discounted from each model

possible relation between the niche breadth and the predicted shifts

using the ‘raster’ R-package (Hijmans, 2015).

along each gradient was assessed by fitting general linear models
that considered niche breadth indices and the indices of change. In
addition, the values of niche breadth for both the most shifted half

2.5 | Future distribution models and species
migration constraints

and the less shifted half of species on each gradient were assessed
for statistical differences using Mann–Whitney U-test (R Core Team,

The data for future climate scenarios were abstracted from Ramirez

2015), as they did not fit normal distributions. Relationships between

and Jarvis (2008), where we selected the most conservative scenario

latitude and niche properties were explored by general linear models

according to their smaller effect on dominant Nothofagus distribu-

to test if these temperate forest plants follow Rapoport’s rule (sensu

 n and Cavieres (2015): CSIRO MK2 B2A.
tions as explained in Alarco

Stevens, 1989).

For each species, future distributions were projected with BIOMOD
based on the specific best niche model estimated previously. Potential future distributions were constrained by specific migration capabilities applying the MIGCLIM R-package (Engler, Hordijk, & Guisan,
2012), that considered dispersal kernels, potential propagule produc-

3 | RESULTS
3.1 | Niche analyses

tion, short-distance dispersal capacity, and probability of long-dis-

The results of OMI analyses are shown in Table 1. When species

n and Cavieres (2015) for the
tance dispersal, as developed by Alarco

were considered altogether, two principal axes aggregated 95.2% of

same species set.

the total variance, where OMI axis 1 explained 74.4% of the variance and was mainly correlated with the mean diurnal temperature
range. OMI axis 2 explained 20.9% of the variance and the minimum

2.6 | Expected shifts in elevational and latitudinal
gradients

temperature of the coldest month was the most correlated variable.
When OMI was applied to only Nothofagus species, two main

Mean elevational and latitudinal distributions for each species were

axes accounted for 97.9% of the total variance, where axes 1 and 2

calculated from the projected grids using the raster R-package (Hij-

were correlated with maximum temperature of the warmest month

mans, 2015). Scatterplots contrasting elevational versus latitudinal

and minimum temperature of the coldest month, respectively. The

shifts were performed in order to explore the extent and direction

analysis for codominant woody species showed two OMI axes

of responses within each species group. Responses were considered

accounting for 94.5% of the variance where the variables with the

as stable if changes in mean elevation or latitude were <25 m and

highest correlations were precipitation seasonality (OMI axis 1) and

0.1 latitudinal degree, respectively. In addition, present and future

minimum temperature in the coldest month (OMI axis 2). For ground

mean distributions were compared by fitting linear models (R Core

fern species OMI analysis explained 85.7% of variance in two axes,

Team, 2015) for both elevational and latitudinal gradients.

and the highest correlated variables were annual precipitation for

Indices of change for both elevation and latitude were calculated

axis 1 and minimum temperature in the coldest month for axis 2.

using the square root of the difference between future and present

Finally, the OMI analysis for epiphytic ferns accounted for 94.1% of

T A B L E 1 Correlation values between bioclimatic variables and the two main axes from the Outlying Mean Index (OMI) analyzed for all the
species and also for each studied group in the southern South American rain forests separately. The variables with the highest correlations are
shown in bold. Proportion of the total variance explained by each OMI axis is also shown
Nothofagus

All species
Bioclimatic variable
bv02

Mean Temperature Range

OMI 1
0.799

OMI 2
0.019

OMI 1
0.762

Codominant

OMI 2
0.052

OMI 1
0.775

OMI 2
0.098

Ground ferns

Epiphytic ferns

OMI 1

OMI 1

0.555

OMI 2
0.071

0.228

OMI 2
0.216

bv04

Temperature Seasonality

0.624

0.191

0.510

0.223

0.618

0.163

0.364

0.223

0.038

0.173

bv05

Max Temperature Warmest Month

0.743

0.285

0.774

0.198

0.793

0.103

0.511

0.291

0.481

0.088

bv06

Min Temperature Coldest Month

0.080

0.563

0.107

0.529

0.012

0.452

0.059

0.512

0.481

0.129

bv12

Annual Precipitation

0.510

0.280

0.288

0.402

0.609

0.002

0.601

0.139

0.116

0.377

bv15

Precipitation Seasonality

0.752

0.216

0.764

0.113

0.803

0.082

0.577

0.201

0.443

0.124

bv18

Precipitation Warmest Quarter

0.648

0.052

0.559

0.198

0.632

0.138

0.577

0.024

0.219

0.276

bv19

Precipitation Coldest Quarter

0.249

0.251

% Explained:

0.101
74.4%

0.485
20.9%

0.171
73.3%

0.492
24.7%

85.1%

9.4%

0.480
68.1%

0.219
17.7%

0.352
63.7%

0.307
30.4%
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the variance in two axes; both the maximum temperature of the

higher latitude) have occurred in 41% of the studied species. Differ-

warmest month and the minimum temperature of the coldest month

ences were evident among species groups, especially when compar-

were the highest correlated variables with the OMI axis 1, while

ing trees and ferns. Both dominant Nothofagus and codominant trees

annual precipitation was the highest correlated with the OMI axis 2.

showed that in 56% of their species, a distributional shift towards

The extent of occupancy of each species group within the two

higher elevation and higher latitude was predicted. Ferns showed

main OMI bioclimatic gradients is shown in Figure 2. The relative

more heterogeneous responses. Among ground ferns, 38% of the

position of every species in each axis, along with the comparative

species showed shifts towards higher elevation and southerly lati-

niche breadths are shown in Figure 3. The results of separate analy-

tude, while 16% of them were projected to move upward and to the

ses within each species group can be found in Supporting Informa-

north. Models indicated that 33% of the epiphytic fern species

tion Appendix S2. The lowest extreme of OMI axis 1 for all species

would show small elevational changes with their mean distribution

(Figures 2 and 3) included niches related with greater mean diurnal

tending to move southward, and 26% of species projected to move

temperature range, a sharp seasonality of rainfall, higher summer

upward in elevation and southward in latitude.

temperature and lower annual precipitation. These conditions are

General linear models between present and future elevational

distinctive of the southern part of the mediterranean-type climate of

distributions revealed slopes significantly different from 1 for all the

central Chile, inhabited by deciduous Nothofagus species like N.

species groups (Figure 5a–d), with slopes >1 for Nothofagus

glauca or N. obliqua in the northern distribution of SATF, codominant

(p < 0.01),

sclerophyllous plant species (like Cryptocarya alba or Azara petiolaris)

(p < 0.001). These results indicated that species with mean distribu-

and ground ferns particularly adapted to summer drought (including

tion located at higher elevations would have greater upward shifts in

cheilanthoid ferns and Adiantum species). Epiphytic ferns were

elevation compared to those located at lower elevations. In contrast,

absent from this climatic niche.

epiphytic ferns showed a slope <1 (p < 0.01), indicating that the spe-

codominant

trees

(p < 0.001)

and

ground

ferns

More humid and oceanic conditions prevailed in the upper

cies with lower mean elevational distribution are projected to shift

extreme of OMI 1, associated with coastal and southern distribution

upward in magnitude more than the epiphytic ferns with higher

of SATF, lower temperature amplitude, lower seasonality for both

mean elevation distribution.

temperature and precipitation, and higher precipitation amounts, in a

For the latitudinal gradient (Figure 5e–h), slopes of the linear

transition from to sub-Antarctic climate. Such niches correspond to

models were >1 for Nothofagus (p < 0.01) and codominant species

evergreen Nothofagus species like N. nitida or N. betuloides with

(p < 0.001), meaning that, in general, the southernmost mean distri-

codominant trees adapted to conditions of the highest precipitation

butions are expected to have greater southward latitudinal shifts. In

within the gradient: Pilgerodendron uviferum, Podocarpus nubigenus, or

contrast, the slope for ground ferns was lower than 1 (p < 0.01) sug-

Tepualia stipularis, ground ferns as Gleichenia quadripartita or Polysti-

gesting that species with mean distribution located in the northern

chum multifidum and epiphytic ferns like Hymenophyllum secundum.

part of the latitudinal gradient would have greater projected shifts

In the middle position of the OMI 1 axis, the niches of characteristic species from the central distribution of these temperate forests

southwards. The slope for epiphytic ferns did not differ from 1
(p = 0.096).

were found, such as Nothofagus dombeyi and Eucryphia cordifolia,
along with several ground and epiphytic ferns, especially filmy ferns
of the family Hymenophyllaceae.
The OMI 2 axis was correlated with winter temperature. Niches

3.3 | Shifts in relation to niche position and niche
breadth

of ground ferns typical of thermally stable conditions such as Adi-

The correlations between the location of all species along each main

antum obtusatum or Blechnum asperum were located along the lower

OMI axis with the projected indices for elevational change and latitu-

values of this OMI axis. Niches of various epiphytic ferns, such as

dinal change (Figure 6) showed that the species located in the lower

Pleopeltis macrocarpa, Hymenophyllum cuneatum, or Asplenium trilo-

part of OMI axis 1 (transition between temperate to mediterranean-

bum, and those of codominant species unable to tolerate extreme

type climate) are expected to have a greater (p < 0.001) elevational

cold, such as Drimys winteri, Laurelia sempervirens, or Aextoxicon

change index than those located in the upper part of this axis (colder

punctatum, also showed their niche spaces in this lower part of the

and oceanic to sub-Antarctic climate) (Figure 6a). The opposite rela-

OMI axis. Niches of the deciduous trees Nothofagus pumilio and N.

tionship was found (p = 0.0275) for OMI axis 2 (Figure 6b), where

antarctica were found at the top of OMI 2, as they are able to with-

larger elevational changes were projected for the species niches in

stand the lowest temperatures of the gradient, forming the alpine

the upper part of OMI 2 axis (colder winters) compared to the smaller

tree line through the major part of SATF.

shifts in the lower OMI 2 (moderate winter temperature).
No relationship was found when we compared latitudinal shifts

3.2 | Expected shifts

and niche position along OMI axis 1 (Figure 6c). However, a direct
relationship was found (p = 0.0026) when OMI axis 2 was consid-

The effect of climate change on shifts along the elevational and lati-

ered, indicating that species related to moderate winter tempera-

tudinal gradients are shown in Figure 4 and Table 2, where upward

tures may experience less latitudinal changes than species associated

movements of their mean elevation and southward shifts (towards

with colder winter temperature, including the tree line forming species
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F I G U R E 2 Analysis of distribution of assessed species in the southern South American rain forests on niche axes from bioclimatic variables
using the Outlying Mean Index (OMI) method, showing (a) all species displayed on OMI axes, (b) bioclimatic variables vectors, (c) Nothofagus
dominant trees, (d) codominant species, (e) ground ferns, and (f) epiphytic ferns. The species abbreviations are explained in Supporting
Information Appendix S1 [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 3 Niche position and niche breadth comparison for all species in the southern South American rain forests in both components of
Outlying Mean Index (OMI): OMI axis 1 (left) and OMI axis 2 (right)


ALARCON

AND

|

CAVIERES

2279

F I G U R E 4 Scattered plots of expected shifts in elevation (x axis) and latitude (y axis) for each species in (a) Nothofagus dominant trees, (b)
codominant species, (c) ground ferns, and (d) epiphytic ferns in the southern South American rain forests. Histograms of species by expected
shift are also shown above (by elevation) and right (by latitude) for each plot [Colour figure can be viewed at wileyonlinelibrary.com]
(Figure 6d). No significant relationship was found among the eleva-

Significant correlations were found for mean distributions by lati-

tional change index and the niche breadth index at either OMI axes

tude and niche breadth index at both OMI axes (p = 0.009 for OMI

(Figure 6e,f). However, when the species were split by the level of

1, p < 0.001 for OMI 2) (Figure 8a,b), as well as for the latitudinal

expected changes, the least shifted half of species showed a higher

range and the niche breadth index for both OMI axes (p < 0.001)

niche breadth index (p = 0.0358) at OMI axis 1 compared to the most

(Figure 8c,d). The same tendency was found between latitudinal

shifted half of species, suggesting an inverse relationship between

mean and latitudinal range (Figure 8e) (p = 0.015). Finally, a positive

changes in elevation and niche breadth along that axis (Figure 7a).

correlation was found among the latitudinal change index and the

The correlations between latitudinal change index and the niche

latitudinal range (p < 0.001; Figure 8f).

breadth (Figure 6g,h) showed direct relationships for both OMI axes
1 (p = 0.009) and 2 (p < 0.001). Similar trends were observed when
we compared niche breadth indices of the least latitude-shifted half

4 | DISCUSSION

of species and the most latitude-shifted half of species, for in the
southern South American rain forests OMI axes 1 (p = 0.033) and 2

We assessed if the niche breadth of SATF plant species was inver-

(p = 0.047) (Figure 7c,d).

sely related to the expected shifts due to climate change in both
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Expected change in:
Nothofagus

Codominant

Ground
ferns

Epiphytic
ferns

Total
species

4% (1)

3% (3)

Elevation

Latitude

Downward

Northward

–

–

4% (2)

Downward

Stable

–

4% (1)

4% (2)

–

3% (3)

Downward

Southward

–

–

9% (5)

4% (1)

5% (6)

Stable

Northward

–

4% (1)

4% (2)

7% (2)

4% (5)

Stable

Stable

22% (2)

4% (1)

–

11% (3)

5% (6)

Stable

Southward

11% (1)

11% (3)

13% (7)

33% (9)

17% (20)

Upward

Northward

–

7% (2)

16% (9)

7% (2)

11% (13)

Upward

Stable

11% (1)

15% (4)

13% (7)

7% (2)

12% (14)

Upward

Southward

56% (5)

56% (15)

38% (21)

26% (7)

41% (48)

AND
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T A B L E 2 Proportion of each species
group (%) and total species, according to
the expected shift due to climate change in
elevation and latitude. Species numbers are
in parentheses

elevation and latitude. Although we found evidence supporting the

interpreted by observing the species ability to survive after germina-

inverse relationship between niche breadth and projected shifts in

tion: bigger seeds (N. glauca, N. obliqua, or N. alpina) able to reach

elevation, for latitudinal shifts we found a direct and positive rela-

deeper soil moisture thus preventing desiccation (Donoso, 1993)

tionship with species niche breadth, where species at higher lati-

were found at niches related to highest summer temperatures, while

tudes showed both greater niche breadth and latitudinal shifts, a

the opposite was found for smaller seeds (N. betuloides, N. antarctica,

pattern that to the best of our knowledge has not been reported

or N. nitida) that do not need such a strategy. Niche differences of

before.

codominant species were driven mainly by seasonality of precipitation. Hence, species with higher foliar sclerophylly such as Azara

4.1 | Niche differentiation

petiolaris, Cryptocarya alba, and Persea lingue (Alberdi, 1995; Read,
Sanson, & Perez Trautmann, 2016) occupied niche positions associ-

Our results showed a bioclimatic niche differentiation among SATF

ated with summer drought, while those with lower sclerophylly (e.g.,

plants, mainly related to the mean diurnal temperature range and

Drimys winteri, Tepualia stipularis, Weinmannia trichosperma, and Lau-

precipitation seasonality. This niche differentiation follows the transi-

reliopsis philippiana) (Alberdi, 1995) were found in niche positions

tion within the temperate climate zone of South America from cen-

related to year-round precipitation.

tral Chile’s mediterranean-type climate to sub-Antarctic climate (OMI

Annual precipitation was the most important variable for terres-

axis 1), and the transition from oceanic stable habitats (mild mini-

trial fern niches. With life cycles and distributional patterns ruled by

mum winter temperature) to the coldest Andean tree line habitats

water availability (Qian, Wang, Li, Xiao, & Wang, 2012), niche differ-

(OMI axis 2). While bioclimatic classifications that have analyzed

ences in ground ferns were coherently related to adaptations to the

these forests (Amigo & Ramırez, 1998; Luebert & Pliscoff, 2006)

amount of precipitation, from low-rainfall adapted cheilanthoid ferns

regard both temperature and precipitation as equally important fac-

to ground ferns especially adapted to more humid habitats (Parra,

tors, we found that variables related to energy were more relevant

~ oz-Tapia, 2015; Rodrıguez, 1995).
Rodrıguez, Atala, Cavieres, & Mun

than water availability in discriminating the ecological niches of the

Epiphytic ferns, with a smaller niche space compared to the other

studied species. Similar results have been found for the woody flora

groups according to the general OMI analysis, presented thermal

of temperate to mediterranean-type transition in central Chile

extremes (maximum summer temperature, minimum winter tempera-

(Teneb, Cavieres, Parra, & Marticorena, 2004), and in a global-scale

ture) as the most relevant niche-discriminating variables. In this

assessment of factors determining plant distributions (Box, 1995).

groups, some species with poikilohydric strategies (absence of stom-

Interestingly, when the OMI was analyzed separately by plant

ata, lack of main vacuoles in lamina cells) such as most Hymenophyl-

group, the key bioclimatic variables differed, allowing the distinction

lum ferns were generally associated with thermally stable coastal or

of morphological or physiological traits within plant groups. For

southern habitats (Ponce, Mehltreter, & De La Sota, 2002), while

instance, niches within Nothofagus were discriminated mainly by the

strategies like water-reserving rhizomes in Polypodium feuillei were

maximum temperature of the warmest month. Alberdi (1995)

found at wider thermal extremes in transition to the mediterranean-

reported the summer foliar freezing resistance (TL50 temperatures)

type climate (Rodrıguez, 1995).

for the southernmost species of Nothofagus including the tree lineforming species, and their results followed the order found here in
niche position: N. dombeyi, N. pumilio, N. antarctica, N. nitida, and N.

4.2 | Diverse shifts responses by species group

betuloides from lower to higher summer frost resistance, and the cor-

In contrast to our hypothesis, most of the species showed distribu-

related niche position from higher to lower summer temperature.

tional shifts towards higher elevation and higher latitude, although

Furthermore, these differences among niches could also be

the responses differed among species groups. More than half of the
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F I G U R E 5 Expected shifts by each species group in the southern South American rain forests in elevation (letters a–d) and in latitude
(letters e–h). Each species is represented by circles, no change position is represented by diagonal green lines. Fitted linear models for each
species group are shown in red lines [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 6 Relations for all the species
between niche position and niche breadth
and expected shifts: between niche
position and elevational changes in (a) OMI
axis 1, and (b) OMI axis 2; between niche
position and latitudinal changes in (c) OMI
axis 1, and (d) OMI axis 2; between niche
breadth and elevational changes in (e) OMI
axis 1, and (f) OMI axis 2; and between
niche breadth and latitudinal changes in (g)
OMI axis 1, and (h) OMI axis 2 [Colour
figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 7 Differences in niche breadth index of species in the southern South American rain forests, between least shifted half of species
and most shifted half of species in both elevation and latitude, considering both OMI 1 and OMI 2 niche axes

trees showed the now globally common trends: polewards and
upwards (Jump et al., 2009; Parmesan & Hanley, 2015). However,
for both groups of understorey ferns, shift responses in elevation

4.3 | Elevational and latitudinal shifts related to
niche position and niche breadth

and latitude were more diverse in direction and magnitude than

Changes in elevation and niche position were characterized by greater

those observed for the dominant trees. Differing responses have

elevational shifts in species present in the temperate to mediterranean

been documented for other groups worldwide (Kelly & Goulden,

bioclimatic transition than for those present in the temperate to sub-

2008; Lenoir et al., 2010), but we found noticeably more diverse

Antarctic transition. This is opposite to the analogous European biocli-

responses than those modelled by VanDerWal et al. (2012) for Aus-

matic gradient analysed by Pauli et al. (2012), where greater eleva-

tralian temperate forest species for instance. The variation in

tional change was found in temperate-Boreal plants than in

responses to climate change for ground ferns and epiphytic ferns

mediterranean plants. This may be a result of the different climate

found in this study could be related to the more heterogeneous

change expectations for the two hemispheres where decreasing pre-

location of climatic niche positions compared to those of trees as

cipitations in almost the entire latitudinal gradient are projected for

shown in the OMI analyses (Figure 2).

our study area, contrasting with the projected increased precipitation

Interestingly, we found different trends in elevational shifts: pro-

in Europe for the homologous biomes (IPCC, 2013).

jections for Nothofagus trees, codominant species and ground ferns

The expected changes in elevation and latitude were directly

indicated, in general, greater shifts for species located at higher ele-

related to the species position in the niche dimension along the ther-

vations, than those at lower sites. However, the inverse was

mal gradient from a moderate winter temperature to the coldest

observed for epiphytic ferns, which may be related to the restricted

winter temperature. A possible explanation for this could be that cli-

altitudinal distribution observed in this species group where the

mate change is expected to increase the temperature throughout

mean elevation of epiphytic fern species was lower than 600 m a.s.l.

the SATF, and this may move upward the lower thermal edge across

while in other plant groups it exceeded 1,000 m a.s.l. Regarding lati-

the whole ecosystem, so that greater changes could be intensified

tudinal shifts, diverse responses were observed as well. For example,

towards the alpine tree line and the Patagonian boundary of SATF

for Nothofagus and codominant tree species, projections indicated

(cold winters).

greater latitudinal shifts for species located towards higher latitude.

Based on previous studies (Thuiller et al., 2005), we hypothe-

Conversely, in ground ferns the greater latitudinal shifts were pro-

sized an inverse relation between niche breadth and projected cli-

jected for those with lower mean latitudinal distribution. It is impor-

mate change effects on distribution. Our results supported our

tant to note that while ground ferns are present along a wider

hypothesis in elevation, where plants with narrower niche breadth

latitudinal distribution (between 25 and 50 southern degrees),

were expected to have greater elevational shifts, in line with assess-

Nothofagus and codominant tree are found only between 35 and 48

ments carried out in South Africa for plants (Broennimann et al.,

southern degrees, suggesting that the distributional shifts in latitude

2006), and amphibians (Botts et al., 2013). Thus, in South America,

are related to both the mean latitude (i.e., centroid) and the latitudi-

species with a restricted niche across the gradient from mediter-

nal amplitude in distribution, which are related with the niche char-

ranean to sub-Antarctic bioclimate corresponded to the most shifted

acteristics of the species (see below).

plants in terms of elevation due to climate change.
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F I G U R E 8 Relations for all species regarding latitudinal parameters: between niche breadth index and latitudinal mean for (a) OMI 1, and
(b) OMI 2; between latitudinal range and niche breadth for (c) OMI 1, and (d) OMI 2; (e) between latitudinal range and latitudinal mean; and (f)
between latitudinal change index and latitudinal range [Colour figure can be viewed at wileyonlinelibrary.com]
In contrast, plant shifts along the latitudinal gradient did not

in both OMI dimensions, especially in axis 1, which correlated with a

show the inverse relation between niche breadth and latitudinal

bioclimatic gradient from mediterranean to sub-Antarctic transition.

shift. Instead, latitudinal shifts were directly related to niche breadth

To our knowledge, this is the first study showing this pattern.
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The direct relationship found between latitudinal shift and niche

to shift towards higher elevation and latitude, while fern groups

breadth could be explained because plants with wider niche breadth

were projected to display more diverse responses in direction,

in SATF are those with ample latitudinal distributions, and the main

related to differences in their niche characteristics. Shifts in magni-

climatic niche drivers presented a latitudinal-wise transition. The

tude differed among species groups as well, combining the niche

projected changes for these climatic drivers have been forecast

segregation in the environmental dimensions.

along a latitudinal gradient where great changes of latitudinal

Expected elevational changes were suggested to be inversely

extremes are not expected according to each species dispersal

related to niche breadth as formerly stated. The latitudinal variation

mechanisms. For example, in species with wide latitudinal distribu-

in the studied species niche breadth supported the Rapoport’s effect,

tion climate change may produce local extinction in the northern

and this together with the unequal expression of climate change pro-

distribution and local spread towards southern distribution, which

jection in the whole distribution of SATF may explain the fact that

may not be frequent in species with narrow latitudinal distributions.

latitudinal changes showed a direct relation with niche breadth con-

Interestingly, we found a direct pattern between the plant niche

trary to that predicted in the literature or expected by theory.

breadth (in both OMI dimensions) and their latitudinal mean distribution where wider niche breadth values occurred towards higher
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5 | CONCLUSIONS
Ecological niches of SATF plants were successfully characterized by
OMI analyses and were distributed along two bioclimatic dimensions:
the first was correlated with mean diurnal temperature range and
seasonality of rainfall following a mediterranean—temperate—subAntarctic bioclimate transition. The second was correlated with minimum temperature of the coldest month following a transition from
oceanic-influenced habitats in the coast towards the Andean tree
line and Patagonian edge.
Key bioclimatic variables characterizing the niches differed
among species group: maximum temperature of the warmest month
for dominant Nothofagus, precipitation seasonality for codominant
species, annual precipitation for ground ferns and both warmestmonth maximum temperature and coldest-month minimum temperature for epiphytic ferns. The differences found here seems to be
related to morphological and/or physiological specific traits of each
plant group.
Elevational and latitudinal shifts in response to climate change
for understorey species may not be assumed to be the same in
direction or magnitude as those for the dominant trees in these temperate forests. Most dominant and codominant trees were expected
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