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• Background and Aims The hart’s tongue fern (HTF) complex is a monophyletic group composed of fve 
geographically segregated members with divergent abundance patterns across its broad geographic range. We 
postulated hierarchical systems of environmental controls in which climatic and land-use change drive abundance 
patterns at the global scale, while various ecological conditions function as fner scale determinants that further 
increase geographic disparities at regional to local scales. 
• Methods After quantifying the abundance patterns of the HTF complex, we estimated their correlations with 
global climate and land-use dynamics. Regional determinants were assessed using boosted regression tree models 
with 18 potential ecological variables. Moreover, we investigated long-term population trends in the USA to 
understand the interplay of climate change and anthropogenic activities on a temporal scale. 
• Key Results Latitudinal climate shifts drove latitudinal abundance gradients, and regionally different levels of 
land-use change resulted in global geographic disparities in population abundance. At a regional scale, population 
isolation, which accounts for rescue effects, played an important role, particularly in Europe and East Asia where 
several hot spots occurred. Furthermore, the variables most strongly infuencing abundance patterns greatly dif-
fered by region: precipitation seasonality in Europe; spatial heterogeneity of temperature and precipitation in East 
Asia; and magnitudes of past climate change, temperature seasonality and edaphic conditions in North America. 
In the USA, protected populations showed increasing trends compared with unprotected populations at the same 
latitude, highlighting the critical role of habitat protection in conservation measures. 
• Conclusions Geographic disparities in the abundance patterns of the HTF complex were determined by hier-
archical systems of environmental controls, wherein climatic and land-use dynamics act globally but are modu-
lated by various regional and local determinants operating at increasingly fner scales. We highlighted that fern 
conservation must be tailored to particular geographic contexts and environmental conditions by incorporating a 
better understanding of the dynamics acting at different spatiotemporal scales. 

Key words: Abundance, Asplenium scolopendrium, BRT modelling, climate change, conservation, geographic 
disparity, global scale, habitat protection, land-use, rarity, regional scale, population trends. 

INTRODUCTION 

As species rarity is generally a biological phenomenon, con-
servation biologists face the daunting task of identifying the 
underlying causes of rarity and integrating them into political 
and economic decisions (Schemske et al., 1994). Along with 
geographic range and habitat specifcity, local abundance is one 
of the key attributes accounting for species rarity (Rabinowitz, 
1981; Rabinowitz et al., 1986). In nature, spatial and temporal 
variations in local abundance are omnipresent, resulting from 
dynamic interactions between species traits and ecological and 
biogeographic factors (Brown, 1984; Sporbert et al., 2020). 
Given that abundance is more conducive to quantitative analysis 
than other rarity attributes, elucidating the factors and dynamics 
underpinning abundance patterns is essential to understanding 
species persistence and developing conservation plans (Gaston, 
1994; Brown et al., 1995). Climate and land-use patterns gener-
ally explain the global abundance patterns of species (Cahill et 
al., 2013; Newbold et al., 2015). Climate change is a pervasive 

threat, affecting even species in protected areas (Monzón et 
al., 2011). It interacts with the biological traits of organisms 
such as growth rates, reproduction and dispersibility, which 
control vital rates and hence population abundance (Walther 
et al., 2002; Parmesan, 2006). Climate change has resulted in 
relatively predictable and gradual changes in abundance, with 
many ecological impacts projected to come from rising tem-
peratures and modifed precipitation patterns (Wu et al., 2011; 
Cahill et al., 2013; Palmer et al., 2015). 

The effects of land-use dynamics on patterns of popula-
tion abundance are also globally widespread (Newbold et al., 
2015). Today, >75 % of Earth’s ice-free land has been altered 
by human land use (Ellis and Ramankutty, 2008), which to-
gether with overexploitation, introduction of non-native species 
and chains of co-extinction comprise Diamond’s (1984) the evil 
quartet of anthropogenic threats. During the Late Pleistocene 
and into the Holocene, dynamics in climates and landcover have 
been particularly intense (Barnosky et al., 2004), and both may 
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have interacted synergistically to cause catastrophic changes in 
population abundance at regional scales (Brook et al., 2008). 

Abundance patterns are also shaped by factors that operate 
on fner scales, including local topography, microclimate and 
edaphic conditions (Coudun and Gégout, 2007; Ohler et al., 
2020; García-Girón et al., 2021). Biological processes between 
spatially close populations (e.g. colonization and recoloniza-
tion through dispersal processes in a metapopulation or source– 
sink dynamics) can also infuence species abundance patterns at 
local to regional scales (Hanski, 1989; Eriksson, 1996). These 
local-scale determinants can modulate species responses to 
global and regional drivers, or delay their effects for decades 
(de Frenne et al., 2013). The importance of each determinant 
greatly depends on location, and interactions among determin-
ants can vary considerably across temporal and spatial scales. 
Hence, our understanding of the factors driving abundance pat-
terns, and therefore patterns in rarity, is often complicated by 
interactions of factors operating across a broad range of spatial 
and temporal scales (García-Girón et al., 2021). 

As ferns are typically independent from the constraints of 
mutualistic coevolutionary relationships, their abundance pat-
terns are more closely tethered to local environmental condi-
tions (Barrington, 1993). Subsequently, geographic disparities 
in abundance patterns often occur within species complexes of 
ferns which consist of closely related but geographically seg-
regated infraspecies. The hart’s tongue fern (HTF, Asplenium 
scolopendrium) complex provides a highly informative case 
study to address this phenomenon and explore the underlying 
factors infuencing abundance and rarity across its globally dis-
junct range. As a temperate evergreen plant, it has a circum-
polar distribution in the Northern Hemisphere, but recently 
introduced populations also occur in New Zealand (Brownsey 
and Perrie, 2017). Each complex member is geographically 
segregated and exhibits vastly different patterns of abundance 
and rarity, thus providing an important opportunity to investi-
gate potential drivers across the range of this intriguing species 
complex. The three main population clusters occur in Europe, 
North America and East Asia, and are broadly characterized by 
decreasing north to south gradients of abundance. In Europe, 
abundance is relatively high throughout the north-west, particu-
larly in the British Isles, but tends to decrease towards southern 
and eastern Europe (Löve, 1954). 

The north to south gradient is most apparent in North 
America where northern populations located along the Niagara 
Escarpment are relatively abundant, while populations occur 
sparsely in southern areas including Alabama and Tennessee, 
inhabiting specifc habitats such as cave mouths and sinkholes 
(COSEWIC, 2016; USFWS, 2020). The southernmost popu-
lations in Mexico and the Caribbean are extremely rare; thus, 
detailed information on this species’ distributional range and 
habitat characteristics is lacking (Viane and Reichstein, 1991; 
Wagner et al., 1993; USFWS, 2020). Mainland East Asian 
populations such as those in the Russian Far East, North-
eastern China and the Korean Peninsula also are generally rare, 
but many islands including the Japanese Archipelago, Jeju and 
Ulleung Islands host relatively abundant populations (Korea 
Forest Research Institute, 1997; Lin and Viane, 2013; Shiyong 
et al., 2017). However, even in the Japanese Archipelago, popu-
lation abundance declines in south-western regions (e.g. Chiba 
and Aichi) and northern Kyushu (e.g. Saga and Kumamoto), 

being listed as provincially endangered in these prefectures 
(Murakami, 2020). 

Historically, these geographic disparities in abundance pat-
terns across the broad range of this species complex have drawn 
considerable scientifc interest, with numerous studies focusing 
on various characteristics of local populations, including eco-
logical and habitat characteristics (Maxon, 1900; Petry, 1918; 
Gates, 1962; Futyma, 1980; Cinquemani Kuehn and Leopold, 
1993; Keil et al., 2012; Ok and Yoo, 2012; Ismail et al., 2017), 
development and ecophysiology (Testo and Watkins, 2011, 
2013; Grašičet al., 2020), and population genetics (Ok and Yoo, 
2012; Fernando et al., 2015; Weber-Townsend, 2017). Long-
term population studies have also been performed to under-
stand the temporal dynamics of local population abundance, 
particularly for the American HTF (Hunter, 1922; Faust, 1960; 
Cinquemani et al., 1988, Cinquemani Kuehn and Leopold, 
1992; Brumbelow, 2014). 

Comprehensive studies of the global and regional drivers 
of HTF patterns in abundance and rarity, however, are still 
lacking, despite there being requisite insights for successful 
conservation of these species. Several HTF members such as A. 
scolopendrium var. lindenii and A. scolopendrium subsp. antri-
jovis are seriously threatened, and a population of these may 
disappear before they can be examined (Viane and Reichstein, 
1991). Ongoing discussion regarding delisting A. scolopen-
drium var. americanum from the Lists of Endangered and 
Threatened Wildlife and Plants in the USA also requires a clear 
understanding of the dynamics underlying abundance patterns 
across its range (USFWS, 2020). 

Here, we expand our understanding of the factors that deter-
mine local- to global-scale patterns in abundance and rarity of 
the HTF complex. We postulated hierarchical systems of envir-
onmental controls in which climatic and land-use change drive 
abundance patterns at the global (i.e. inter-regional) scale, while 
various ecological conditions act as fner scale determinants 
that further increase regional and local geographic disparities. 
To address this hypothesis, we frst quantifed the abundance 
patterns of the HTF complex by comparing the densities and 
geographic isolation among populations. We then investi-
gated the potential impacts of climate and land-use change by 
comparing changes in climatic suitability and protected area 
coverage for each region. Regional determinants were assessed 
using boosted regression tree models with 18 potential explana-
tory variables. Furthermore, we examined population trends in 
the USA based on >100 years of census data to understand 
temporal dynamics and the interplay of climate change and an-
thropogenic activities. Overall, this study provided key insights 
for assessing species rarity and persistence and for developing 
effective strategies for the conservation of this iconic species 
complex. 

MATERIALS AND METHODS 

Taxonomic framework 

Five taxa have generally been recognized as members of the 
HTF complex and generally refect geographic segregation: 
two European taxa A. scolopendrium subsp. scolopendrium 
and A. scolopendrium subsp. antri-jovis, two American taxa 
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A. scolopendrium var. americanum and A. scolopendrium var. 
lindenii, and one East Asian taxon A. komarovii (Tropicos, 
https://www.tropicos.org; GBIF, https://www.gbif.org/; World 
Plants, https://www.worldplants.de/) (Fig. 1). 

Abundance data 

Given the diffculty of estimating local population size 
without thorough censuses and demographic studies (Delgado 
et al., 2008), we measured the average number of occur-
rences per sampling unit (100 × 100 km grid cells) as a proxy 
for population abundance. The georeferenced occurrence re-
cords (with each considered as a single population) were 
obtained from the GBIF database by querying ‘Asplenium 
scolopendrium’ as well as its subspecies, varieties and syn-
onyms (Supplementary data Table S1). We cleaned the data 
by removing duplicates and fagged records with co-ordinate 
errors, such as country centroids and capitals, zero or equal 
co-ordinates and locations of biodiversity institutions, using the 
R package CoordinateCleaner v.2.0-20 (Zizka et al., 2019). To 
reduce the effects of spatial clustering due to sampling bias, 
we rarefed the occurrences with a resolution of 10 km using 
the R package humboldt v.1.0.0.420121 (Brown and Carnaval, 
2019). Outliers and taxonomically misclassifed records were 
manually identifed based on herbarium specimens and meta-
data from GBIF, which resulted in 7082 occurrence records. 
The Create Fishnet and Spatial Join tools in ArcGIS Pro 2.8.3 
were respectively used to generate the 100 × 100 km grid cells 
as sampling units and to summarize population abundance by 
counting the number of cleaned occurrence records entirely 
within an associated sampling unit. The resulting 630 spatial 
datasets of population abundance were used as response vari-
ables in spatial analyses (Supplementary data File S1). 

Explanatory variables 

We considered 18 potential predictors, including those re-
garding current climatic conditions, the magnitude of past 
climatic change, climatic spatial heterogeneity, topographic 
variables, edaphic conditions, anthropogenic impacts and 
population isolation (Table 1). Current climate raster data 
with 30 arc-second spatial resolution were downloaded 
from WorldClim 2.0 (https://www.worldclim.org/, Fick and 
Hijmans, 2017). According to Hamann et al. (2015), the magni-
tude of past climate change (i.e. temperature and precipitation) 
was estimated by computing the distance from a grid cell with 
a climate value of the Last Glacial Maximum (LGM, approx. 
21 000 years ago) to a neighbouring grid cell with the present 
matching climate value. Both LGM and current (1979–2013) 
temperature and precipitation raster data with 10  min spatial 
resolution were downloaded from PaleoClim (http://www. 
paleoclim.org/, Karger et al., 2021). We estimated the spatial 
heterogeneity of temperature, precipitation and elevation with 
a coeffcient of variation between a focal cell and its neigh-
bouring cells using the Focal Statistics tool in ArcGIS Pro 
2.8.3. Terrain ruggedness was derived from elevation raster 
data downloaded from WorldClim 2.0 using Esri’s Arc Hydro 
tools implemented in ArcGIS Pro 2.8.3. Soil raster data with 
250 m spatial resolution including pH, water content, cation 

exchange capacity and organic carbon were downloaded from 
the ISRIC Soil Data Hub to investigate the effect of edaphic 
conditions on local population abundance (https://www.isric. 
org/). The raster human footprint data were obtained from the 
NASA Socioeconomic Data and Applications Centre (https:// 
earthdata.nasa.gov). This index was used to estimate recent an-
thropogenic pressures on natural ecosystems by incorporating 
information about population density, human land use and in-
frastructure (Sanderson et al., 2002). The distance to the nearest 
population was used as a proxy for population isolation and 
was computed using the Near tool in ArcGIS Pro 2.8.3. We 
homogenized these spatial data from various sources, and all 
values of these explanatory variables were summarized for each 
sample unit using the Zonal Statistics as Table tool in ArcGIS 
Pro 2.8.3. Principal component analysis was performed to in-
vestigate the correlation of the explanatory variables using the 
R package stats v.4.2.0 (R Core Team, 2021), and the resulting 
loadings of the variables are shown in Supplementary data 
Table S2 and Fig. S1. 

Quantifcation of population abundance patterns 

We quantifed population abundance patterns using the area 
occupied by HTF populations, density (mean number of popu-
lations per 100 km2) and isolation (distance to the nearest popu-
lation) within regions and then summarized these data using bar 
plots. Geographical distributions of the HTF populations were 
displayed along with the locations of biomes identifed by the 
UN Environment Programme World Conservation Monitoring 
Centre (UNEP-WCMC, https://www.unep-wcmc.org). We 
conducted pairwise t-test comparisons to indicate the signif-
cance of the mean difference between each region using Europe 
as a reference. 

Changes in climatic suitability 

We estimated changes in climatic suitability by comparing 
the current and past distributions of optimal climatic spaces. 
These were predicted based on the maximum entropy model 
(MaxEnt) using the R package dismo v.1.3-5 (Hijmans et al., 
2021). Both present (1979–2013) and historical climate data 
(LGM) with 2.5  min spatial resolution were retrieved from 
PaleoClim. Considering the compatibility between two dif-
ferent periods of suitability, we used the same 18 explanatory 
bioclimatic variables. A total of 80 % of occurrence data were 
randomly selected to train the model, with the other 20 % used 
to test the model. Model performance was assessed based on 
AUC (area under the receiver operator curve), a commonly 
used discriminant measure for models, in which AUC >0.7 gen-
erally indicates good performance (Raes and ter Steege, 2007). 
The plot showing changes in climatic suitability was produced 
by contrasting the current and past predicted distributions using 
the basic plot function in R v.4.2.0 (R Core Team, 2021). The 
relationships between latitude and changes in climatic suit-
ability of local populations were plotted using the R package 
ggplot2 v.3.3.6 (Wickham et al., 2022). Regression lines from 
generalized linear models (GLMs) and correlation values were 
computed and displayed with scatterplots to identify relation-
ships between two variables. 
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Table 1. Explanatory variables used in spatial analyses. 

Categories Variables (acronym) Units Resolution Sources 

Current climatic 
variables 

Magnitude of past 
climate change 

Annual mean temperature (BIO1_pre) 
Temperature seasonality (BIO4_pre) 
Annual precipitation (BIO12_pre) 
Precipitation seasonality (BIO15_pre) 
Average velocity of temperature change (CV_BIO1) 
Average velocity of precipitation change (CV_BIO12) 

ºC 
ºC 
mm 
mm 
m year–1 

m year–1 

30 sec 

10 min 

WorldClim 2.0 
(Present, 1970–2000) 

Derived from PaleoClim (LGM and 
present) based on Hamann et al. 
(2015) 

Climatic Spatial heterogeneity of annual mean temperature (BIO1_het) ºC 30 sec Derived from current climatic variables 
heterogeneity Temperature seasonality (BIO4_het) ºC using Focal statistics tool in ArcGIS 

Spatial heterogeneity of annual precipitation (BIO12_het) mm 

Precipitation seasonality (BIO15_het) mm 

Topographic variables Spatial heterogeneity of elevation (ELE_het) 
Terrain ruggedness (TRI) 

m 
m 

30 sec Derived from the elevation data 
(WorldClim 2.0) using Arc Hydro 
tools 

Edaphic conditions 
(topsoil) 

Anthropogenic 
impacts 

Soil pH (Soil_pH) 
Soil water contents (Soil_WC) 
Soil cation exchange capacity (Soil_CEC) 
Soil organic carbon (Soil_OC) 
Human footprint (HF) 

– 
kPa 
cmolc kg–1 

% 
0–100 

250 m 

1 km2 

ISRIC Soil Data Hub 

NASA Socioeconomic Data and 
Applications Centre 

Population isolation Distance to the nearest population (ISO_pop) m – Derived from occurrence data 

Coverage of protected areas 

We used the coverage of protected areas as a proxy to es-
timate the impact of land-use change on abundance patterns, 
given the diffculty in quantifying global land-use change as 
well as the limitations in inferring its past impact using cur-
rent abundance data. We computed the proportion of regions 
within protected areas using data from the World Database 
on Protected Areas (WDPA) available in ArcGIS Pro 2.8.3 
(Dinerstein et al., 2017). The data sorted the regions into four 
categories based on the extent of remaining natural habitat and 
protected land: ‘Half protected’ (>50 % of the total ecoregion 
area is protected), ‘Nature Could Reach Half’ (<50 % of the 
total ecoregion area is protected but the sum of the total pro-
tected area and remaining unprotected natural habitat exceeds 
50 %), ‘Nature Could Recover’ (the sum of the total protected 
area and the amount of unprotected natural habitat remaining 
is <50 % but >20 %) and ‘Nature Imperiled’ (the sum of the 
total protected area and the amount of unprotected natural 
habitat remaining is ≤20 %). We generated stacked bar charts 
to visualize the proportional differences between regions using 
the R package ggpubr v.0.4.0 (Kassambara and Kassambara, 
2020). 

BRT modelling for assessing regional determinants 

The relative importance of explanatory variables was as-
sessed at a regional scale using boosted regression tree (BRT) 
models, which can ft complex non-linear relationships and 
are insensitive to outliers and collinearity between predictors 
(Elith et al., 2008). The BRT approach fundamentally differs 
from traditional regression methods in that it uses a boosting 
technique to adaptively combine large numbers of predictions 
from multiple regression decision trees to optimize predictive 
performance (Elith et al., 2006). Using the R package dismo 

v.1.3-5, we performed BRT modelling using the datasets div-
ided into Europe, North America and East Asia. Each model 
was ft with a Poisson distribution, tree complexity of 5, 
learning rate of 0.01 and bag function of 0.7. Final models were 
validated using 10-fold cross-validation. The relative import-
ance (or contribution) of each predictor variable was estimated 
based on the number of times a variable was selected for each 
decision tree and scaled to a percentage, with a higher number 
indicating a stronger infuence on the response (Friedman and 
Meulman, 2003; Elith et al., 2008). Regional differences in the 
relative importance of explanatory variables were visualized 
with a heatmap using the R package ggplot2 v.3.3.6. The ftted 
functions of a BRT model that showed the effect of an explana-
tory variable on the response were displayed as partial depend-
ence plots. 

Hot spot analysis 

We identifed the spatial clusters of population abundance 
in each region of Europe, North America, East Asia and New 
Zealand because metapopulation dynamics such as rescue ef-
fects can affect abundance patterns. Hot spots, the areas with 
a higher concentration of abundant populations (i.e. high/high 
local relationships) compared with the expected number given 
a random distribution of populations, were identifed based 
on Getis-Ord Gi* statistics and visualized using the Hot Spot 
Analysis tool in ArcGIS Pro 2.8.3. High z-scores of the Gi* 
statistic (GiZ) indicate hot spots where abundant populations 
are spatially clustered. 

Case study: population trends in the USA 

We used the available long-term feld census data (1898– 
2018) for American HTF in the USA to investigate how the 
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interplay of climate change and anthropogenic activities in-
fuenced the population trajectory across a detailed temporal 
scale. The census data were compiled from multiple sources 
(McGilliard, 1936; Cinquemani Kuehn and Leopold, 1992; 
Brumbelow, 2014; USFWS, 2019), and the status of habitat 
protection of each population was identifed based on the spe-
cies status assessment report (USFWS, 2019) (Supplementary 
data File S2). We generated scatterplots of population abun-
dance (number of individuals per population) over time with 
a log transformation to account for large differences in the 
abundances between populations. Trend lines from generalized 
linear models (GLMs) and correlation coeffcients were gener-
ated using the R package ggplot2 v.3.3.6. 

RESULTS 

Abundance patterns in HTF complex 

Hart’s tongue ferns were mostly distributed in a single biome 
(i.e. Temperate Broadleaf and Mixed Forests) with a few found 
in Mediterranean Forests, Woodlands and Scrub (Fig. 1). 
However, their geographic ranges, abundance patterns and iso-
lation varied among regions. The areas occupied by HTF popu-
lations were largest in Europe (51 700 km2), followed by East 
Asia (70 km2), North America (38 km2) and New Zealand (5 
km2) (Fig. 1A). The mean population density was the highest 
in Europe (12.08 populations per 100 km2), but the difference 
from East Asia (10.63 populations per 100 km2) was not sig-
nifcant (P > 0.05). Those of North American (2.26 populations 
per 100 km2) and New Zealand HTF (1.8 populations per 100 
km2) were signifcantly lower than those of the other two re-
gions (P < 0.0001) (Fig. 1B). Mean population isolation, cal-
culated by an average distance of a population to its nearest 
population, was signifcantly higher in North America (240.63 
km, P < 0.01) than in Europe (30.12 km, P < 0.01), which did 
not differ signifcantly from isolation of populations in East 
Asia (36.96 km) or New Zealand (56.56 km) (P > 0.05) (Fig. 
1C). 

Impact of global drivers 

Our predictions for climatic suitability performed well, 
with an AUC value of 0.812. Globally, and in both Northern 
and Southern Hemispheres, it appears that climatic change has 
driven latitudinal shifts in the climate suitability (space) of the 
HTF complex away from the tropics and towards higher lati-
tudes (Fig. 2A). Shifts in climatic suitability were positively cor-
related with latitude in Europe (R = 0.78, P < 0.01), East Asia 
(R = 0.30, P = 0.01) and North America (R = 0.58, P < 0.01), 
and negatively correlated in New Zealand (R = –0.41, P = 0.49) 
(Fig. 2B). 

The four regions varied in the degree to which their current 
distributions included protected areas, demonstrating that the 
impact of land-use change differed among regions (Fig. 2C). 
North America (39.5 %) had the highest proportion of popula-
tions exposed to low levels of protection (‘Nature Imperiled’), 
followed by Europe (20.89 %), East Asia (4.29 %) and New 
Zealand (0 %). In contrast, the proportion of populations in 
highly protected areas (‘Nature Could Reach Half Protected’) 

was highest in East Asia (88.57 %), followed by North America 
(47.37 %) and Europe (15.47 %). All populations in New 
Zealand were under intermediate levels of protection (‘Nature 
Could Recover’), followed by Europe (63.25 %), North America 
(10.53 %) and East Asia (7.14 %). 

Regional determinants of abundance patterns 

BRT models performed well, showing from 97.47 % to 98.96 
% of deviance with cross-validation correlation (0.598–0.927) 
(Supplementary data Table S3). All regions had population 
isolation (ISO_pop) as the most important variable explaining 
regional abundance patterns, though its relative importance 
differed by region (Europe = 55.8 %, East Asia = 50.5 % and 
North America = 29.4 %) (Fig. 3A). Precipitation seasonality 
(BIO15_pre, 17.2 %), terrain ruggedness (TRI, 8.2 %) and 
magnitude of past temperature change (CV_BIO1, 3.4 %) also 
affected abundance patterns in Europe, with all showing nega-
tive relationships to ftted functions (Fig. 3C). In East Asia, 
spatial heterogeneity of precipitation (BIO15_het, 11.8 %), 
temperature (BIO1_het, 11.4 %) and temperature seasonality 
(BIO2_het, 5.8 %) all had positive relationships with ftted 
functions. In North America, magnitude of past temperature 
change (CV_BIO1, 17.2 %), spatial heterogeneity of tempera-
ture seasonality (BIO4_het, 12.3 %) and soil pH (6.8 %) were 
important variables. In addition, the spatial pattern of hot spots 
(clusters of high abundance populations) differed between re-
gions, with most (GiZ score ≥1.65) distributed in north-west 
Europe (55 signifcant hot spot clusters), followed by the 
Japanese Archipelago in East Asia (fve signifcant hot spot 
clusters). No hot spots occurred in North America (Fig. 3B). 

Case study: population trends in the USA 

A long-term population trajectory in the USA demonstrated 
the interplay of climatic and anthropogenic activities (Fig. 4). 
Although the degrees of stochasticity differed between popula-
tions, southern populations such as those of Morgan (Alabama, 
R = –0.37), Jackson (Alabama, –0.98) and Marion (Tennessee, 
R = –0.63) showed clear decreasing trends regardless of habitat 
protection. In contrast, northern populations, including those 
of Madison, Onondaga (New York) and Mackinac (Michigan), 
tended to have increased during the census periods, but popu-
lation trends differed depending on levels of habitat protection. 
Despite occurring at the same latitude (Onondaga and Madison, 
43°N), unprotected populations such as those on privately 
owned lands generally showed declining trends (R = –0.24 to 
–0.23), while protected or government-managed populations 
showed increasing population trends (R = 0.19–0.37). 

DISCUSSION 

Ferns, often considered bio-indicators, are particularly sensi-
tive to environmental conditions. Clear correlations between 
local abundance and climatic conditions have been reported 
for several fern species (Kessler et al., 2011; Pouteau et al., 
2016; de Gasper et al., 2021; Bonari et al., 2022), and their 
vulnerability to anthropogenic threats has also been widely 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cac129/6770098 by Syracuse U
niversity Library user on 02 D

ecem
ber 2022 

https://academic.oup.com/aob/advance-article/doi/10.1093/aob/mcac129/6770098
https://0.19�0.37


Heo et al. — Abundance patterns in hart’s tongue ferns

   

 

A B
80

 
C

 
n 

=
 3

8 
n 

=
 5

17
 

n 
=

 7
0 

n 
=

 5
 

10
0 

Change in climatic suitability (%) 

40 0 
R

 =
 0

.3
0,

 P
 =

 0
.0

1 
R

 =
 0

.5
8,

 P
 <

 0
.0

1 
R

 =
 0

.7
8,

 P
 <

 0
.0

1 
R

 =
 –

0.
41

, P
 =

 0
.4

9 
R

eg
io

n 
–4

0 

Coverage of protected areas (%) 

75 50 25
 

C
at

eg
or

y 
E

ur
op

e
E

as
t A

si
a 

H
al

f p
ro

te
ct

ed
N

at
ur

e 
co

ul
d 

re
ac

h 
ha

lf 
pr

ot
ec

te
d

N
or

th
 A

m
er

ic
a 

N
at

ur
e 

co
ul

d 
re

co
ve

r 
C

ha
ng

e 
in

 c
lim

at
ic

 s
ui

ta
bi

lit
y 

(%
)

N
ew

 Z
ea

la
nd

 
N

at
ur

e 
im

pe
ril

ed
 

– 
10

0 
0

 +
 1

00
 

–5
0

–2
5 

0
 25

 
50

 
N

or
th

 
E

ur
op

e 
E

as
t 

N
ew

 
A

m
er

ic
a 

A
si

a 
Z

ea
la

nd
La

tit
ud

e 
(°

) 
R

eg
io

n 

Fi
g.

 2
. 

Im
pa

ct
s 

of
 g

lo
ba

l d
ri

ve
rs

 o
f 

cl
im

at
e 

an
d 

la
nd

-u
se

 c
ha

ng
e.

 (
A

) 
G

eo
gr

ap
hi

ca
l c

ha
ng

es
 in

 c
lim

at
ic

 s
ui

ta
bi

lit
y 

si
nc

e 
th

e 
L

G
M

. B
ro

w
n 

ar
ea

s 
in

di
ca

te
 th

at
 c

lim
at

ic
 c

on
di

tio
ns

 h
av

e 
be

co
m

e 
m

or
e 

su
ita

bl
e 

fo
r 

H
T

F,
 w

hi
le

 p
ur

pl
e 

in
di

ca
te

s 
th

e 
op

po
si

te
. (

B
) 

Sc
at

te
rp

lo
t s

ho
w

in
g 

th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

la
tit

ud
e 

an
d 

ch
an

ge
s 

in
 c

lim
at

ic
 s

ui
ta

bi
lit

y 
of

 lo
ca

l p
op

ul
at

io
ns

. E
ac

h 
po

in
t r

ep
re

se
nt

s 
a 

sa
m

pl
e 

un
it.

 P
os

iti
ve

 
va

lu
es

 o
n 

th
e 

y-
ax

is
 in

di
ca

te
 th

at
 th

e 
cl

im
at

ic
 c

on
di

tio
n 

ha
s 

be
co

m
e 

m
or

e 
su

ita
bl

e,
 w

he
re

as
 n

eg
at

iv
e 

va
lu

es
 in

di
ca

te
 th

e 
op

po
si

te
. (

C
) 

C
ov

er
ag

e 
of

 p
ro

te
ct

ed
 a

re
as

 o
f 

H
T

F 
po

pu
la

tio
ns

 f
or

 e
ac

h 
re

gi
on

. 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cac129/6770098 by Syracuse U
niversity Library user on 02 D

ecem
ber 2022

7 

https://academic.oup.com/aob/advance-article/doi/10.1093/aob/mcac129/6770098


Heo et al. — Abundance patterns in hart’s tongue ferns

 

8 

IS
O_p

op

BIO
1_

pr
e e

BIO
12

_p
re

BIO
15

_p
re

CV_B
IO

1

CV_B
IO

12
t t

BIO
12

_h
et

BIO
15

_h
et

 H

Soil
_W

C

Soil
_O

C

Soil
_C

EC 
HF 

TRI

ELE
_h

et
 

BIO
1_

he

BIO
4_

he

BIO
4_

pr

Soil
_p

A 
Importance 

10 20 30 40 50 

Europe 55.8 1.2 2.1 1.9 17.2 3.4 0.6 0.5 1.2 1.8 1.6 0.3 0.7 0.4 1.5 1.4 8.2 0.4 

East Asia 50.5 0.4 2.9 0.9 2.3 0.7 1.3 11.4 0.8 5.8 11.8 1.0 2.3 2.7 0.4 0.2 4.2 0.2 

North America 29.4 0.4 2.6 1.1 5.4 17.2 4.2 2.6 12.3 1.8 1.8 6.8 2.9 6.0 0.9 2.6 0.5 1.5 

B C 

Europe 2.0 

0.8 

0.6 

0.4 

F
itt

ed
 fu

nc
tio

n 
F

itt
ed

 fu
nc

tio
n 

F
itt

ed
 fu

nc
tio

n

1.0 0.2 

0 
0 

–0.2 
0 50 150 250 20 40 60 80 100 

ISO_pop (55.8 %) BIO15_pre (17.2 %) 

0.2 

0.1 

0.2 

0.1 
0 

0 
–0.1 

–0.1 –0.2 

–0.2 –0.3 

0 500 1500 –200 –150 –100 –50 
TRI (8.2 %) CV_BIO1 (3.4 %) 

0.3
East Asia 1.5 

0.1 
1.0 

–0.10.5 

0 –0.3 

0 100 300 0 1 2 3 4 5 6 

ISO_pop (50.5 %) BIO15_het (11.8 %) 

0.1 

0 

0.1 

0 

–0.2 –0.1 

–0.2 
–0.4 

0 5  10 15 20 25 0 50 150 

BIO1_het (11.4 %) BIO12_het (5.8 %) 

North America 0.10.8 

–0.1 
0.4 

–0.3 

0 –0.5 
0 500 1500 –180–140–100 –60 
ISO_pop (29.4 %) CV_BIO1 (17.2 %) 

0.1 

0.1 
–0.1 

Confidence level 0 

(Getis-Ord Gi statistic) 
Not significant 
Hot spot, 90 % confidence 

–0.3 

–0.4 
–0.1 

–0.2 

Hot spot, 95 % confidence 50 150 250 4.5 5.5 6.5 7.5 

Hot spot, 99 % confidence BIO4_het (12.3 %) Soil_pH (6.8 %) 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cac129/6770098 by Syracuse U
niversity Library user on 02 D

ecem
ber 2022 

Fig. 3. Regional determinants of abundance patterns and hot spots. (A) Relative variable importance from the BRT models (i.e. the relative contribution of the 
variable to the full model) across Europe, East Asia and North America. (B) Getis-Ord Gi* statistics representing hot spots of local population abundance. The red 
gradient indicates the signifcance of hot spots. (C) Partial dependence plots from the BRT models. The top four signifcant explanatory variables are shown with 
their relative importance values. The x-axis indicates the actual values of each variable in the units shown in Table 1. A smoothed version of the ftted function is 

added as dashed red lines. New Zealand was excluded from this analysis due to small sample size. 
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Fig. 4. Population trends in the USA. Each point represents a single census for a specifc population and year. Colours represent different locations (counties), and 
correlation coeffcients (R) represent the direction of population trends. The grey shade represents the 95 % confdence intervals of regression lines. Note that the 

y-axis (number of individuals) is shown on a logarithmic scale due to large differences in population sizes. 

recognized (Giudice et al., 2011; Marini et al., 2011; Brummitt 
et al., 2016). Nonetheless, the spatial heterogeneity of local 
abundance in the HTF complex suggested a potential role for re-
gional or local factors in their abundance patterns. Hierarchical 
systems of environmental controls probably determine abun-
dance patterns, such that climatic and land-use dynamics act 
globally but are modulated by regional- to local-scale deter-
minants such as topography, geology and microclimate, which 
operate at increasingly fner scales (Howard, 2015). This hier-
archical framework was refected in the abundance patterns of 
the HTF complex, and the complicated relationships between 
their abundance and factors at various scales were revealed with 
BRT’s machine learning method, thus overcoming the chal-
lenges of disentangling complex situations using a relatively 
simple and conventional linear regression model (Elith et al., 
2008). 

Global drivers 

At the broadest scale, global abundance patterns were strongly 
associated with specifc bioclimatic conditions. HTFs were 
almost exclusively abundant in a single biome (i.e. temperate 
broadleaf and mixed forests) with minimal exceptions (Fig. 1). 
Thus, the ecological niche and climate space of the HTF com-
plex corresponds to that favouring temperate seasonal forests 
with a typical temperature range of 10–30 °C and annual pre-
cipitation of 50–150 cm (Gilliam, 2016). These habitats are cur-
rently distributed widely but disjunctively in temperate regions 
of the Northern Hemisphere, including Europe, eastern North 
America, East Asia and several islands, which mirrors the cur-
rent global disjunct distribution of the HTF complex. Globally 
non-uniform distribution of these habitats may subsequently 
explain the uneven abundance pattern of the HTF complex. 

https://academic.oup.com/aob/advance-article/doi/10.1093/aob/mcac129/6770098
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Europe differs from other regions in that alternative niches 
are contiguous with major habitats, as opposed to North 
America in which the Mediterranean climate regions along 
the California coast are far from the temperate forests of the 
eastern USA. Thus, relatively abundant and contiguous suit-
able habitats may contribute to increasing regional abundance 
in Europe by providing wide-range refugia in the event of dis-
turbances such as glaciation. In the case of North America, the 
populations that occur in different biomes appear to be remnant 
populations whose local extinction was delayed due to the ex-
istence of microrefugia such as caves or sunken limestone areas 
(USFWS, 2020; Heo et al., 2022). 

Nevertheless, changing climate conditions over time and 
space appear to play essential roles in shaping global HTF abun-
dance patterns. Our results revealed a global latitudinal shift of 
the climate space for the HTF complex such that suitability de-
creased for populations near the tropics but increased for those 
at higher latitudes since the LGM (21 000 years ago) (Fig. 2). 
These shifts occurred across all regions of North America, 
Europe, East Asia and New Zealand, thus affrming that climate 
change was a global driver of the observed latitudinal pattern in 
abundance among regional populations. According to the dis-
tance decay effect, environmental conditions tend to become 
more different and less favourable with distance from the centre 
of main populations (Nekola and White, 1999). In the case of 
the HTF complex, this distance decay effect is directional, and 
thus extinction pressures should become stronger from higher 
to lower latitudes. Populations distributed at low latitudes 
should therefore face stronger extinction pressure, which aligns 
with the current rarity of two southern taxa, A. scolopendrium 
var. lindenii and A. scolopendrium subsp. antri-jovis. 

Anthropogenic threats from land-use change were also a 
global driver of abundance patterns among regional popu-
lations (Ellis and Ramankutty, 2008; Newbold et al., 2015). 
However, the particular impacts of land-use dynamics varied 
by region, presumably due to regional differences in levels of 
habitat protection. In particular, these anthropogenic threats 
probably play a major role in determining abundance patterns 
in East Asia. Almost all current East Asian populations were 
within highly protected regions (‘Nature Could Reach Half 
Protected’), implying that populations in less protected regions 
have already become locally extinct due to intensive land use. 
Subsequently, they would be fairly abundant on several islands 
but sparse in inland areas where anthropogenic threats are most 
severe, such as the Russian Far East, North-east China and the 
Korean Peninsula (Zhu et al., 2007; Bergen et al., 2020). Even 
within the Japanese Archipelago where HTF populations are 
abundant, the populations usually occurred on the steep slopes 
of high-elevation mountains where land use is less intense. In 
contrast, about 70 % of the populations in North America were 
under low levels of protection, meaning that they have been sur-
viving without intense protection, probably under less severe 
land-use change than in East Asia. However, the loss of multiple 
populations due to limestone quarrying and timber harvesting 
warns that persisting populations in North America are still at 
risk of local extinction (Benedict, 1927; USFWS, 2019). Given 
that only 5 % of the European population was highly protected 
(‘Nature Could Reach Half Protected’), the abundance of the 
European taxon is more likely to be explained by natural factors 
rather than anthropogenic disturbance of persisting populations. 

Regional determinants 

The importance of variables explaining abundance patterns 
differed among regions. Although population isolation (ISO_ 
pop) was the most signifcant variable in all regions, its im-
portance varied, being much higher in Europe and East Asia 
than in North America (Fig. 3A). Isolation is likely to be an 
indicator of metapopulation dynamics and the potential for dis-
persal and recolonization (‘rescue’) among populations after 
disturbance or local extinction (Tilman and Kareiva, 1997; 
Dormann et al., 2007). Consistent with this, several hot spots in 
Europe and East Asia were comprised of highly clustered (low 
isolation) neighbouring populations (Fig. 3). On the contrary, 
population isolation was less infuential in North America, pos-
sibly because isolation among these populations far exceeded 
the dispersal range and, therefore, the range of rescue effects 
as well. The sunken habitats separated by steep ridges and 
surrounding vegetation may effectively impede dispersal and 
disrupt any substantial metapopulation dynamics among these 
North American populations (Brumbelow, 2014; Fernando et 
al., 2015). 

In addition, the infuence of other ecological factors also 
varied among regional populations (Fig. 3A, C). Precipitation 
seasonality (BIO15_pre) was the primary determinant of abun-
dance patterns in Europe. A negative relationship between pre-
cipitation seasonality and abundance explained higher HTF 
abundance in the oceanic climate of western Europe including 
the British Isles, which were identifed as hot spots for European 
HTF. Spatial heterogeneity of precipitation (BIO15_het) fol-
lowed by temperature (BIO1_het) and terrain ruggedness (TRI) 
were the major determinants of abundance patterns in East Asia. 
Here, higher abundance occurred in the cloud forests of island 
mountains, where constant water sources support both survival 
and reproduction. High volcanic or volcano-infuenced moun-
tains in the Japanese Archipelago, Taiwan and the Jeju and 
Ulleung Islands in Korea may also provide a variety of climatic 
conditions over short distances and microhabitats along rocky 
slopes. Collectively, these stable but diverse island habitat con-
ditions may have promoted high abundance, creating several 
insular hot spots, particularly in the Japanese Archipelago (Fig. 
3B). 

In contrast to patterns across Europe and East Asia, several 
alternative determinants of population abundance, including 
magnitude of past climate change (CV_BIO1), temperature 
seasonality (BIO4_het) and edaphic conditions (Soil_pH), in-
fuenced HTF across North America, indicating the likely in-
fuence of long-term, historical events including glaciation and 
climatic dynamics since the LGM. Abundant populations of 
North American HTF are mostly distributed along the Niagara 
Escarpment, which was extensively covered by ice sheets 
during the Wisconsin Glaciation and currently has prominent 
lake effect precipitation (Fulton and Prest, 1987; USFWS, 
2020). Following glacial retreats, open niches and locally fa-
vourable climatic conditions may have promoted recoloniza-
tion by HTFs prior to that of other plants. 

Edaphic conditions defning the niche space of HTFs also 
appear to vary substantially among regional populations. 
Compared with other regions whose populations occur in 
various habitat and soil types, including the crevices of stone 
walls, river channels, mountains and even concrete blocks 
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(Preston et al., 2002; Keil et al., 2012; Murakami, 2020), US 
populations exclusively occurred in glacial plunge basins, ra-
vines, cave mouths and sink holes within calcareous substrates 
(USFWS, 2020). These concave sites are often identifed as 
karst habitats, which frequently become refugia for certain taxa 
under climate change, thus preserving relict and endemic spe-
cies that become extinct in the surrounding alternative habitats 
(Bátori et al., 2009). Subsequently, the concave karst and re-
lated habitats of US populations may function as microrefugia, 
which maintain milder microclimates with higher and more 
stable minimum daily temperatures and humidity as well as 
fewer freezing days in winter (Maxon, 1900; Petry, 1918). 
Empirical evidence supports a climatic buffering effect of 
these concave refugia, where the declines of the HTF popu-
lations in New York were typically accompanied by extreme 
climate events such as regional drought rather than prevailing 
local climate conditions (Cinquemani Kuehn and Leopold, 
1992). Therefore, it is not likely to be the calcareous substrates 
themselves, but rather the microclimates associated with these 
concave karst regions that enable these North American popu-
lations to persist during periods of generally unfavourable cli-
mate conditions across the region. 

Population trends in the USA 

Population trends projected with nearly 100 years of census 
data demonstrated a northward range shift in which northern 
populations have generally increased, while southern popula-
tions have decreased. However, regardless of the particular re-
gion in North America, populations protected and managed by 
the conservation-related government sector showed increasing 
population trends compared with those at the same latitude 
without protection, illustrating the importance of habitat pro-
tection and conservation measures. 

Conservation implications for vulnerable HTF taxa 

Based on our fndings on HTF abundance patterns and 
underlying factors, southern populations (i.e. A. scolopendrium 
var. lindenii and A. scolopendrium subsp. antri-jovis) appeared 
most vulnerable to local extinction given predictions that they 
will be greatly affected by climate change. Most populations 
of A. scolopendrium var. lindenii occur in sinkholes, and very 
limited and geographically isolated niches are available for col-
onization/recolonization from dispersal. Thus, habitat micro-
climate management and assisted migration are necessary 
measures for their persistence. Ex situ conservation can also be 
considered if climatic change continues to decrease the abun-
dance of in situ populations. Conversely, the persistence of A. 
scolopendrium subsp. antri-jovis appears much more probable 
than that of A. scolopendrium var. lindenii because its popu-
lations occur in a milder Mediterranean climate, but the risk 
from a small population size should be managed to promote 
long-term persistence. 

In comparison with the above, the American HTF (A. scolo-
pendrium var. americanum) has the next highest conservation 
priority; however, its rarity and persistence differed between 
southern and northern populations. The northern popula-
tions, such as those near the Great Lakes region, are relatively 

abundant primarily because they have more extensive and 
stable refugia, particularly those along the Niagara Escarpment. 
Fortunately, all known populations of A. scolopendrium var. 
americanum in New York are currently protected from future 
anthropogenic threats, which the USFWS has asserted jus-
tifes its decision that A. scolopendrium var. americanum no 
longer meets the defnition of a threatened species (USFWS, 
2020). Nonetheless, the long-term extinction risk of A. scolo-
pendrium var. americanum remains high due to the intrinsic 
factors of small and fragmented populations. USFWS (2020) 
has subsequently suggested reintroduction/augmentation pro-
grammes for future conservation actions. As habitat protection 
was identifed as one of the critical determinants of abundance, 
the conservation strategies for unprotected Canadian popula-
tions should focus on improving the extent of protected areas. 
Like A. scolopendrium var. lindenii, assisted migration or re-
introduction may be necessary for southern populations of A. 
scolopendrium var. americanum, depending on the strength of 
climatic pressures. If only mild pressure is expected, augmen-
tation programmes may be suffcient to manage demographic 
risk, taking care to preserve their evolutionary distinctiveness 
and adaptive traits of local populations. 

The East Asian HTF (Asplenium komarovii) is fairly abun-
dant on several islands, but sparse in inland areas with severe 
anthropogenic threats. The conservation strategies for this 
taxon can focus on increasing population connectivity, par-
ticularly from the abundant island source (hot spots) to scarce 
populations, thus maximizing rescue effects. Securing the areas 
capable of functioning as stepping-stones could be an effective 
conservation strategy. Although populations in New Zealand 
were rare, this unknown variety was probably introduced and 
naturalized (Brownsey and Perrie, 2017). Given that other taxa 
of A. scolopendrium are typically abundant on islands, these 
populations are thought to have the potential to expand. Thus, 
the origin of the New Zealand taxon and the dynamics of its dis-
persal and population expansion should be studied to provide 
insights into the conservation of other taxa, as well as to control 
any undesired population increase and range expansion. 

Conclusions 

We investigated geographic disparities in abundance pat-
terns of the hart’s tongue fern complex and revealed hierarch-
ical systems of environmental controls in which climatic and 
land-use change drives abundance patterns at the global scale, 
while various ecological conditions act as fner scale determin-
ants that further increase geographic disparities at regional and 
local scales. A clear understanding of these drivers can ultim-
ately provide insights for assessing the rarity and persistence 
of the HTF complex as well as developing effective strategies 
for the conservation of its vulnerable taxa. As the abundance 
of ferns is typically tethered to climate and substrate, global 
drivers such as climate change and anthropogenic disturbances 
probably affect other fern taxa in similar ways. However, the 
impacts of these drivers may greatly differ depending on the 
geographic distribution of species and the interactions among 
their regional and local ecological determinants. Fern conserva-
tion must therefore be tailored to the particular geographic con-
text and environmental conditions of a taxon by incorporating 
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a better understanding of the interactions among factors at dif-
ferent spatiotemporal scales. Future studies may beneft from 
incorporating high-resolution microclimate data to reveal more 
micro-scale factors and processes related to abundance patterns 
and conservation. 

SUPPLEMENTARY DATA 

Supplementary data are available online at https://academic. 
oup.com/aob and consist of the following. Table S1: informa-
tion on the occurrence dataset downloaded from GBIF. Table 
S2: principal component analysis (PCA) loadings of the 18 
explanatory variables. Table S3: performances of the BRT 
models. Figure S1: principal component analysis (PCA) biplot 
of the 18 explanatory variables. File S1: BRT dataset. File S2: 
census dataset. 
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