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Abstract
Aim: How environmental factors drive plant distribution across the globe is one of 
the most fundamental questions in ecology. Nevertheless, the relative importance of 
different environmental factors in driving plant distributions across spatial scales and 
among plant groups is not clear. This study aims to disentangle how plant–environ-
ment relationships vary with latitude and among plant taxa.
Location: Global.
Time period: Present day.
Main taxa: Plant taxa including angiosperms, gymnosperms, pteridophytes and 
bryophytes.
Methods: We obtained global distribution occurrence data of mass plant groups (625 
families, 6,221 genera, and 54,101 species) from the Global Biodiversity Information 
Facility (GBIF) database. We used random forest method to quantify the relative ef-
fects of 15 environmental factors (including climate, soil and topography) on plant 
distributions at global and regional scales (divided into different latitude zones). We 
also used phylogenetic generalized least squares (PGLS) models to investigate the re-
lationships between environmental variables and geographical range size, latitudinal 
range and limits of plants at the global scale.
Results: Our analyses revealed the primacy of the effects of climatic variability (tem-
perature seasonality and isothermality) on plant distribution at the global scale. The 
relative contributions of temperature seasonality and isothermality peaked in tropi-
cal areas, whereas solar radiation and annual mean temperature had stronger influ-
ence in high-latitude areas. Wide-range plant groups tended to occur in areas with 
higher temperature variability (isothermality and temperature seasonality) and flat-
ter terrain (low slope). Both climate variability and extreme influenced geographical 
range size, latitudinal range and limits of plants.
Main conclusions: Our study highlights the significance of climate variability for 
global plant distributions. Environmental effects upon plant distributions vary across 
latitudes. The findings imply that environmental factors affecting plant distributions 
change with geographical scales, suggesting that different geographical and ecologi-
cal processes should be integrated to explain multi-scale distribution patterns.
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1  | INTRODUC TION

How plants are distributed across the globe is a fundamental 
question in both ecology and evolution. Distribution patterns of 
plant groups are outcomes of abiotic and biotic effects on plant 
adaptation and dispersal (e.g., Pulliam, 2000; Wiens, 2011; Wisz 
et al., 2013). Generally, at broad spatial scales, abiotic environmental 
factors are considered to determine plant distribution range (Barceló 
et al., 2019; Box, 1995; Grace, 1987). Disentangling how large-scale 
plant–environment relationships shape plant distribution patterns 
has been a particular focus in plant biogeography and biodiversity 
conservation under global climate change (Guisan et al., 2013). 
Classical theories such as niche theory have been proposed and de-
veloped over a long period to describe the plant–environment rela-
tionship (Hutchinson, 1953; Leibold, 1995; Wiens, 2011). However, 
it is as yet still difficult to draw a common conclusion on this rela-
tionship for all plant groups, and to quantify their variation across 
latitudes.

Environmental conditions to which plants respond include cli-
matic, topographic and edaphic factors. Climate factors lead to en-
ergy and water limitations on plant growth and productivity (e.g., 
Austin, 2007; Babst et al., 2019). For example, extreme climate 
events (though rare) play important roles in shaping the physiolog-
ical tolerances of plants to environments (i.e., climate extremes hy-
pothesis, CEH; Molina-Montenegro & Naya, 2012). Plant species 
may evolve wider tolerance breadths in environments with more 
climate variability (i.e., climate variability hypothesis, CVH; Sunday 
et al., 2019). Topography plays both direct and indirect roles in de-
termining plant distributions, by inducing variation in environmen-
tal conditions (e.g., microclimate and soil stability) that affect plant 
growth and dispersal along elevational gradients (Barry, 2008; 
Lomolino, 2001) at a regional scale, and by forming geographical 
barriers for plant dispersal across landscapes. Soil (a complicated 
physical, chemical and biological system) provides plants with the 
water, nutrients and oxygen required for plant growth and devel-
opment (Onwuka & Mang, 2018; Schimper, 1903; Tanner, 1952). 
Considering multiple scales of ecological processes related to 
different factors, climatic factors are assumed to shape plant 
distributions at the global scale, while topographic and edaphic 
factors may be more important at regional scales. Although vast 
numbers of studies over the past century have indicated that cli-
mate has a dominant effect on large-scale plant distributions (e.g., 
Johnson, 1924; Schimper, 1903; Spurr & Barnes, 1980; Woodward 
& Williams, 1987), the relative influence of particular factors at the 
global level remains unclear.

Environmental factors may vary in their importance across lat-
itudes due to multiple processes operating in different latitudinal 
areas. For example, plants in higher latitudinal areas may be more 
likely to experience extreme events (e.g., low temperatures and 
drought) that challenge their physiological tolerance for survival 
(Grace, 1987; Hatfield & Prueger, 2015). According to the CVH, 
low-latitude species have less climatic tolerance because they expe-
rience less climate variability in their distribution range (Fernández 

& Vrba, 2005), so that they are more sensitive to climate variability, 
and therefore, are more likley to remain in their original areas (mostly 
in tropical areas). However, latitudinal trends in topographical and 
edaphic effects on plant distribution are relatively understudied and 
still difficult to make a clear prediction. Though latitudinal gradients 
in the geographical distribution and diversity patterns of plants 
have been extensively studied (e.g., Castro-Insua et al., 2018; Willig 
et al., 2003), little is known about the variation in the relative influ-
ence of environmental factors on plant distributions across latitudes. 
We suspect that effect of climate variability on plant distributions 
is more important in low relative to high latitudinal areas, while 
the opposite latitudinal trend is possible for the effects of climate 
extremes.

Broad-scale plant–environment relationships may reflect in their 
distribution range. Distribution range can be measured by multiple 
metrics. For example, geographical range size refers to the overall 
area where a species occurs. Latitudinal range and limits define the 
range, southernmost and northernmost of occurrences across lati-
tude, respectively. These metrics represent geographical attributes 
of a plant taxon in space arising from different processes. For exam-
ple, the shapes and boundaries of geographical ranges may result 
from the interactions of limiting environmental conditions and dis-
persal (e.g., Brown et al., 1996; Soberón & Peterson, 2005). Wide 
ranges of particular plant taxa may be the results of their high toler-
ance to climate extremes or strong adaptation to climate variability. 
For example, the high climate variability in high-latitude areas may 
drive plants to evolve high climate tolerance, which may enable them 
to spread over wide ranges (Addo-Bediako et al., 2000). Therefore, 
plant taxa occurring at higher latitudes tend to be distributed more 
widely than those occurring at lower latitudes (Rapoport, 1975). 
Extremer climate can also force plants to enhance phenotypic plas-
ticity for adaptation, so as to spread to wider areas with novel en-
vironments where may have extreme climate. Global and latitudinal 
patterns of topography and soil affecting plant range sizes and limits 
are rarely studied, so their influences are relatively hard to predict. 
Thus, we hypothesize that both climate variability and climate ex-
tremes affect geographical and latitudinal range sizes.

To investigate the environmental drivers of plant distribution at 
both the global and regional (latitudinal zone) scales, we studied the 
effects of 15 environmental factors on plant spatial occurrence and 
geographical ranges for mass plant groups (625 families, 6,221 gen-
era and 54,101 species). We aimed to explore two main questions: 
(a) how environmental variables influence plant spatial occurrence at 
the global and regional scales, and whether the relative importance 
of different environmental variables (climate, soil and topography) 
varies across latitudes; and (b) how environmental variables influ-
ence plant distribution ranges (geographical range size, latitudinal 
range and limits) at the global level. We hypothesize that:

1. Climatic factors are more important than topographical and 
edaphic factors in determining plant distributions at the global 
scale. Effects of topographical and edaphic factors are more 
important at regional scales than at the global scale.
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2. Effects of climate variability on regional plant distributions are 
more important in low relative to high latitudinal areas, while ef-
fects of climate extremes on regional plant distributions increase 
as latitude increases.

3. Plant taxa with wide ranges tend to occur in places with higher 
climate variability or more extreme climates than taxa with nar-
row ranges.

2  | METHODS

2.1 | Plant taxa and occurrence data

To draw a common conclusion of environmental drivers of plant 
distribution, we analysed as many taxa as possible. We down-
loaded global occurrence data of plants from the Global Biodiversity 
Information Facility (GBIF) database (http://www.gbif.org/; data 
accessed in 2018 and 2019), according to plant family names from 
The Plant List (http://www.thepl antli st.org/). To deal with the bias 
and mistakes in GBIF occurrence data, we carried out several pro-
cesses to manipulate the raw data. First, we excluded those records 
that had either no geographical coordinates or unclear taxonomic 
information. Second, we removed those records that have dupli-
cated coordinates. Third, we used a subsampling approach based on 
0.5° × 0.5° grid cells across the globe to solve spatial bias (only one 
occurrence retained in a grid cell). More details of the data manipula-
tion are described in Supporting Information Appendix S2. All plant 
groups were considered in our study: angiosperms (403 families), 
gymnosperms (12 families), pteridophytes (45 families) and bryo-
phytes (165 families). We excluded ocean plants since the environ-
mental factors we focused on were available for terrestrial areas. 
After downloading and manipulating, there were 625 families, with 
1,425,548 occurrences in all. A full list of the studied families is pro-
vided in Supporting Information Appendix S5.

2.2 | Environmental variables

We derived climatic, topographic and edaphic variables from mul-
tiple global databases. We collected temperature and precipitation 
variables from WorldClim data set (http://www.world clim.org/) and 
solar radiation from Global Solar Atlas (https://energ ydata.info/). 
Properties of topsoils (e.g., total nitrogen, organic carbon, and bulk 
density) were collected from the Harmonized World Soil Database 
(HWSD; Fischer et al., 2008) and the Global Soil Database (http://
globa lchan ge.bnu.edu.cn/resea rch/soilw; Shangguan et al., 2014). 
Topographic variables (elevation, aspect and slope) were derived 
from the Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) global digital elevation model (ASTER GDEM). 
Detailed manipulation of environmental variables is shown in 
Supporting Information Appendix S2. All environmental variables 
were processed into 30 arc-second rasters in ArcGIS (https://www.
arcgis.com/home) and ENVI (https://www.envi.net/) software and 

values were extracted according to the geographical locations of the 
corresponding plant taxa. We measured the correlation between 
variables within each environmental factor using the origin back-
ground data, and then excluded those with a high correlation (> .7). 
Finally, we selected 15 environmental factors for further analyses, 
involving different aspects of climatic, edaphic and topographical 
conditional for plants and with less correlation between each other 
(Supporting Information Appendix S1: Table S1.1). Plant occurrences 
were retained in our analyses only if they had all 15 associated envi-
ronmental variables. Occurrences with missing values were removed 
(also see Supporting Information Appendix S2 for detailed data ma-
nipulation), and therefore, individuals occurring within ocean areas 
were excluded as they contained null values for edaphic variables. 
All plant occurrence points after manipulation were processed to ex-
tracted associated environmental variables using the ‘extract’ func-
tion in the ‘raster’ package (Hijmans, 2016) in R (R Core Team, 2018). 
The final data set contained 625 families, 6,221 genera and 54,101 
species, involving 1,028,086 occurrences in total.

2.3 | Relative importance of environmental factors

It is recognized that nonlinear relationships between species and 
their environments are common in ecology and evolution (Zanne 
et al., 2018). We used a random forest approach to quantify the 
relative importance of environmental factors in determining the dis-
tribution of each plant taxon. Random forest (Breiman, 2001) is a 
method of machine learning and a nonparametric methods with no 
data assumption or investigated metrics. It has high precision and ap-
plicability in dealing with large multivariate data sets (e.g., presence/
absence data of plant taxa associated with multiple environmental 
variables at a specific location), compared with classical statistical 
methods. It is extensively used in classification and regression, espe-
cially variable selections in ecology (Genuer et al., 2010).

Plant taxon with no fewer than three occurrence records after 
manipulation processes were retained for random forest algorithms. 
We used presence–absence of 0.5° × 0.5° grid cells as dependent 
variables in random forest models. Occurrence records of plant 
family/genus/species were used as presence points, while absence 
points were represented by background points (pseudo-absences) 
with the same number of presence points for each focal taxon (by 
randomly sampling from background grid cells outside those grid 
cells where occurrence records had been found). It has been prev-
alent in many studies to generate pseudo-absences by selecting 
the same number of random absences as the number of presences 
within the whole study area (Barbet-Massin et al., 2012; Zhang 
et al., 2017). Associated environmental variables (original values 
in every selected grid of 15 factors) were used as the explanatory 
variables in random forest algorithms. We conducted random forest 
algorithms using the ‘randomForest’ package (Breiman, 2001) in R 
3.5.1 (R Core Team, 2018). K-means clustering was adopted for large 
data sets that contained > 10,000 occurrences due to the calcula-
tion limitations of R. Sampled trees of random forest were set at 

http://www.gbif.org/
http://www.theplantlist.org/
http://www.worldclim.org/
https://energydata.info/
http://globalchange.bnu.edu.cn/research/soilw
http://globalchange.bnu.edu.cn/research/soilw
https://www.arcgis.com/home
https://www.arcgis.com/home
https://www.envi.net/
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500 for every test. Unlike a classical regression model, random for-
est does not output an estimated coefficient for every explanatory 
variable. Instead, we used Mean Decrease Gini (MDG) to represent 
the strength of explanatory variables affecting presence/absence. 
As outputs of the algorithm, MDG values reflected the impurity of 
variables, that is, the overall importance of each variable. We used 
this index to assess the relative contribution of each environmental 
factor (Han et al., 2016), with larger MDG values corresponding to 
more important contributions.

To enable comparison among different data sets (i.e., every 
taxon at a specific scale), we standardized MDG values to the range 
of 0–1 in each data set, using the equation MDGStandardized,i = MDGi/
(
∑

15

i
MDGi). We calculated the MDG value for each environmental 

factor to represent their relative importance. The random forest 
algorithm was performed separately for each taxon at each scale. 
Relative importance of 15 environmental variables for each plant 
taxon at a particular scale summed to 1. Therefore, the relative im-
portance of environmental factors (relative environmental effects) 
reflected the relative influence of a particular environmental factor 
on one plant taxon compared with other environmental factors.

All occurrences of a plant taxon formed a data set when ana-
lysing plant distribution at the global scale. At regional scales, we 
divided the global occurrence of each taxon into several latitude 
zones (each spanning 15°) across the globe. The occurrences of 
a plant taxon in each latitude zone formed a data set for random 
forest analysis. For every spatial extent, we conducted the random 
forest algorithms to calculate the relative importance of plant dis-
tribution at three levels (i.e., family, genus and species). Data sets 
(for every taxon at a scale) were retained for the algorithms only if 
they contained no fewer than three occurrences. Details of random 
forest algorithms and comparisons of different data sets are shown 
in Supporting Information Appendix S3.

2.4 | Distribution range size and limits

Two aspects of ‘distributions’ were focused upon: (a) individual oc-
currences across the globe, using original occurrence data in random 
forest algorithm; (b) general (global) geographical range of a plant 
taxon, calculated as range size, latitudinal range and limits (both 
southern and northern). We used several metrics to describe the ge-
ographical ranges of plant families, genera and species at the global 
scale. First, we measured the geographical range size of every plant 
taxon using the area of occurrence (AOO) in the ‘ConR’ package 
(Dauby et al., 2017) in R (R Core Team, 2018). This is defined as the 
area within its extent of occurrence (i.e., the area contained within 
the shortest continuous imaginary boundary that can be drawn to 
encompass all the known, inferred or projected sites of present oc-
currence of a taxon) that is occupied by a taxon, excluding cases of 
vagrancy (IUCN, 2012). Units of AOO were defined as a 2 km × 2 km 
grid cell according to the International Union for Conservation of 
Nature (IUCN) guidelines. Then, we quantified the latitudinal range 
(extent of latitude) with the equation Latitude range = Latitudemax 

– Latitudemin. We identified the latitude of the northernmost and 
southernmost occurrences as the latitudinal limits of distribution for 
each plant taxon.

2.5 | Statistical analyses

To investigate the relationships between environmental factors and 
geographical range size, latitudinal range and limits of plant taxa, 
we used phylogenetic generalized least squares (PGLS) models to 
take account of phylogenetic relatedness. We used the mean value 
of every environmental variable as explanatory variables (giving a 
total of 15 factors) in all PGLS models. They represented the aver-
age of every environmental condition associated with plant survival 
and growth. All explanatory variables (mean of every environmen-
tal factor) were standardized to zero mean and unit standard de-
viation before fitting the models. Range size, latitudinal range, and 
the northern and southern limits were dependent variables in four 
separate models. Log of AOO was used to represent range size in 
the model, as the original value of AOO varied greatly. Unlike ran-
dom forest models, which use original occurrence data with specific 
spatial information as response variables, PGLS models were con-
ducted at the family level. Information on the exact spatial locations 
of each plant taxon had already been removed from ‘range size’, 
which should reduce, if not completely remove, spatial autocorrela-
tion to a large extent, because we used the geographical/latitudinal 
range size of each plant family instead of their original occurrences 
as response variables for PGLS models. Two families with the same 
range size can overlap completely or be distributed in completely 
different spatial zones. A correlation matrix of plant families calcu-
lated from the phylogeny was used to adjust the regression mod-
els. We constructed phylogenetic trees for plant taxa in our study 
using a synthesis phylogeny of global vascular plant species using 
the ‘V.PhyloMaker’ package (Jin & Qian, 2019) in R (R Core Team, 
2018). The reconstructed phylogeny contained phylogenetic infor-
mation of 419 families in the study. Because the phylogenetic trees 
of genera and species were too huge to handle the correlation matrix 
used in adjusting the linear regression and in the modelling selection 
process, we only conducted PGLS models at the family level. We 
set up PGLS models using the ‘gls’ function in the ‘nlme’ package 
(Pinheiro et al., 2020) in R (R Core Team, 2018). The formulas of best-
fit PGLS models are shown in Supporting Information Appendix S1: 
Table S1.2.

We used the ‘dredge’ and ‘model.avg’ functions in the ‘MuMIn’ 
package (Bartoń, 2013) in R (R Core Team, 2018) to select the best-
fit model for every regression, based on corrected Akaike infor-
mation criterion (AICc) and AICc weight. R square of every PGLS 
model was calculated using the ‘R2’ function in the ‘rr2’ package 
(Ives, 2019) in R (R Core Team, 2018), based on the variance of the 
difference between the observed and predicted values of a fitted 
model. We used these models to test positive or negative effects of 
15 environmental factors on range size, latitudinal range and limits 
of plant families, instead of prediction. We also used simple linear 
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regressions and mixed effect models for similar analyses at the fam-
ily level as supplementary analyses (models and results are shown in 
Supporting Information Appendix S4).

3  | RESULTS

Our random forest modelling results revealed dominant effects of 
climatic factors driving plant family, genus and species distribution 
at both the global and regional scales (average across latitudinal 

zones). Overall, temperature seasonality had the highest contribu-
tion at all taxonomic levels and at both the global and regional scales 
(Figure 1). Among all climatic factors, temperature seasonality, an-
nual mean temperature, and precipitation during the driest month 
were the three most important factors affecting global distributions 
of plant families (Figure 1a), whereas temperature seasonality, iso-
thermality (equality of temperature within each year) and annual 
mean temperature were the first three determinants for families’ 
regional distributions (Figure 1b). Primary factors for genus and spe-
cies distributions were the same at the global and regional scales (i.e., 

F I G U R E  1   Relative importance of 15 environmental factors for plant family (top panels), genus (middle panels) and species distributions 
(bottom panels) at the global (left panels) and regional scales (right panels; average across latitude). The y axes show the results of random 
forests, calculated as the standardized Mean Decrease Gini (MDG) value ranging from 0 to 1. Environmental variables are as follows: climate 
(Tam = annual mean temperature; Tmdr = mean diurnal range; Tiso = isothermality; TS = temperature seasonality; PW = precipitation 
during the wettest month; PD = precipitation during the driest month; Solar = global horizontal irradiation), soil (Sden = topsoil reference 
bulk density; Soc = topsoil organic carbon; Ssf = topsoil sand fraction; N = total nitrogen; K = total potassium) and topography (ELE = 
elevation, SLO = slope, ASP = aspect). Environmental variables are ranked in the order of their relative importance. The analyses contained 
625 families, 6,221 genera and 54,101 species. Bars and vertical lines show the means and standard errors, respectively
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temperature seasonality and isothermality; Figure 1c,d,e,f). Annual 
mean temperature also played important roles for families and gen-
era at global and regional scales. Topographical factors showed 
higher influence at finer taxonomic and spatial scales (higher up in 
ranks at the species level and at the regional scale). Elevation had 
higher influence at regional scales than at global scale. Aspect had 
the lowest contribution at all taxonomic levels and at both global and 
regional scales, followed by edaphic variables (Figure 1). In general, 
climatic factors were more important in determining plant distribu-
tion than topography and soil at all scales.

Environmental factors showed different trends along latitudinal 
gradients at regional scales (Figure 2). The average results of ran-
dom forest models at regional scales (mean of standardized MDG 
for all data sets within a latitudinal zone) indicated that the relative 
contributions of temperature seasonality, isothermality and precipi-
tation during wettest month peaked in tropical areas and decreased 
with increasing latitude. By contrast, factors such as solar radiation 
showed increasing importance at higher latitudes than most other 
factors (e.g. mean diurnal range, precipitation during wettest month) 
relative to low-latitude areas. In addition, the relative contributions 
of less-important factors (e.g., aspect, total nitrogen, and sand den-
sity) did not change with latitude and, thus, were less related to lat-
itude. In tropical areas, temperature seasonality and isothermality 
had the apparent dominant effects. By contrast, in northern tem-
perate areas, solar radiation was the primary determinant, followed 
by annual mean temperature and mean diurnal range. Temperature 
variables and solar radiation had similar dominant effects in southern 

temperate areas. Trends in environmental effects across latitudes 
were congruent in direction at the family, genus and species levels 
(Figure 2 and Supporting Information Appendix S1: Figure S1.2). 
However, the strength of these trends became flatter at the species 
level (Supporting Information Appendix S1: Figure S1.2b).

Determinants of plant distribution also varied among different 
plant groups (Supporting Information Appendix S1: Figure S1.1). 
Within the 625 families, 403 angiosperm families were affected by 
temperature seasonality and annual mean temperature (Supporting 
Information Appendix S1: Figure S1.1a). The distributions of bryo-
phytes (165 families) and pteridophytes (45 families) were primar-
ily driven by precipitation during the driest month (Supporting 
Information Appendix S1: Figure S1.1b,c). Although only containing 
12 families, gymnosperms were mainly affected by annual mean 
temperature, temperature seasonality, and precipitation during the 
driest month (Supporting Information Appendix S1: Figure S1.1d). 
Angiosperms were the most numerous in terms of families, but had 
lower ranges and limits across latitude, especially compared to gym-
nosperms (Supporting Information Appendix S1: Figure S1.4).

The results of the best-fit PGLS models showed that tempera-
ture seasonality and isothermality were the most significant factors 
that had positive effects on geographical range size, latitudinal range 
and northern limit (Figure 3), according with the primacy of these 
two factors found with the random forest method at the global scale 
(Figure 1). Climate, soil and topography had significant effects on 
range size, latitudinal range and limits through some particular fac-
tors. Plant families spanning wider geographical ranges and larger 
latitudinal ranges were more likely to be distributed in areas with 
higher temperature variability (i.e., temperature seasonality and iso-
thermality), greater soil bulk density and lower slope (Figure 3 and 
Supporting Information Appendix S1: Table S1.2). In addition, plant 
families with wide latitudinal extent were driven by lower annual 
mean temperature, lower solar radiation and higher topsoil organic 
carbon. Significant effects of environmental variables on southern 
and northern limits were different. For northern limits, increases 
in temperature seasonality, isothermality and topsoil density drove 
plants’ dispersals to northernmost areas, while mean diurnal range, 
solar radiation and slope showed opposite influences. Plant families 
that were distributed farther south were governed by lower annual 
mean temperature and slope. Similar results for the dominant ef-
fects (temperature seasonality and isothermality) were also found 
with simple linear regressions and mixed effect models (described in 
Supporting Information Appendix S4).

4  | DISCUSSION

Generally, climatic factors were more important than edaphic and 
topographical factors in driving plant distributions (Figures 1 and 3). 
Our results revealed the dominant effects of temperature seasonality 
on plant distribution at both global and regional scales. However, the 
relative importance of environmental factors varied across latitudes. 
Temperature seasonality and isothermality showed relative higher 

F I G U R E  2   Average relative importance of environmental 
factors affecting distributions of 625 families across latitudes. The 
relative importance was measured as the standard Mean Decrease 
Gini (MDG) value from random forest algorithms, ranging from 0 
to 1. The x axis shows latitudinal zone from south to north, ranging 
from 60° S to 60° N. Each latitudinal zone spanning 15° was 
treated as a data set for every plant taxon. The value of one point 
represented the average importance of an environmental factor 
for a plant taxon within a particular latitudinal zone—that is, mean 
of the standardized MDG of all data sets in one latitudinal zone. 
Lines show the trends of every environmental effect related to 
others across latitudes. Abbreviations of environmental factors are 
defined in Figure 1. Climatic, edaphic and topographical variables 
are coloured in red, green and blue shades, respectively
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importance in low-latitude areas, while factors like solar radiation 
had more influence at increasing latitude (Figure 2). Furthermore, 
wide-range families tended to occur in areas with more temperature 
variability and flat terrain (Figure 3). Overall, temperature season-
ality and isothermality had dominant effects on plant distribution. 
Our findings also suggest that both climate extremes and variability 
are important to plant distributions at the global scale regardless of 
taxonomic level. Environmental effects showed dependence on lati-
tudinal zones, indicating that our understanding of large-scale plant–
environment relationships was limited by the geographical scales, 
taxonomic levels and study areas we looked at.

4.1 | Dominant environmental factors affecting 
global plant distributions

Random forest results demonstrated dominant effects of climatic 
factors upon global plant distributions. In general, temperature sea-
sonality was the most important factor determining plant distribu-
tion at all taxonomic levels (i.e., family, genus and species) and at both 
global and regional scales (Figure 1). Among all the environmental 
factors, climatic factors have higher importance than topographi-
cal and edaphic factors in general, which aligns with our first hy-
pothesis. Theories of how climate dominates plant distribution have 
been widely tested. Climatic factors can directly influence functional 
traits (Bruelheide et al., 2018; Gong & Gao, 2019; Reich et al., 2014; 

Wright et al., 2017) related to the physiological tolerance of plants, 
which affect their growth (Babst et al., 2019), population size, and 
dynamics (Morris et al., 2020). Among different climatic factors, 
climate variability (e.g., temperature seasonality and isothermality) 
can increase plants’ phenotypic plasticity, and thus improve species 
persistence under climate change and widen their range of existence 
(Molina-Montenegro & Naya, 2012). Climate extremes of tempera-
ture (represented by annual mean temperature, which is correlated 
with other temperature extreme factors), precipitation (in wettest 
and driest months) and light conditions restrain plant distributions 
by affecting diverse processes of plant growth and survival (Hatfield 
& Prueger, 2015; Niu et al., 2014; Zanne et al., 2018).

Dominant effects upon plants’ regional distributions result from 
various processes occurring in different regions. Though the over-
all result of random forest analyses indicated similar environmental 
determinants of plant distributions between the global and regional 
scales (Figure 1), the determinants differed between tropical and 
temperate area (Figure 2). In tropical areas, temperature seasonal-
ity and isothermality showed apparent leading roles in influencing 
plant distributions, whereas solar radiation and annual mean tem-
perature were dominant factors in temperate areas in the Northern 
Hemisphere (Figure 2). These different results might be because 
many important phenological stages of plants are very sensitive 
to light conditions and temperature extremes, which have higher 
variation in high-latitude areas (Hatfield & Prueger, 2015). Climatic 
factors presented convergent effects in temperate areas in the 

F I G U R E  3   Estimated coefficients 
of environmental factors on (a) 
geographical range size, (b) latitudinal 
range, (c) northern and (d) southern 
limits of plant families, with mean of 
environmental variables as explanatory 
variables. Variables were from the 
best-fit phylogenetic generalized least 
squares (PGLS) models selected using 
the ‘MuMIn’ R package. The R square 
measured the proportion of variance 
explained by all the independent variables 
in the corresponding model. Points and 
horizontal lines show the means and 
standard errors, respectively. Asterisks 
indicate significant effects (p < .05) of 
independent variables. All explanatory 
variables were standardized to zero 
mean and unit standard deviation before 
modelling. Abbreviations of environmental 
factors are as defined in Figure 1. Detailed 
results and model structures are shown 
in Supporting Information Appendix S1: 
Table S1.2
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Southern Hemisphere (Figure 2). The difference in relative influence 
of environmental factors can be explained by the distribution pat-
terns and evolutionary processes of different plant groups along lat-
itudinal gradients (illustrated in the following section). Topographical 
factors (e.g., elevation) had higher importance at regional scales than 
at the global scale (comparing the left and right panels in Figure 1), 
because they have indirect influences on plant distributions by 
changing the microclimates and edatopes of plant habitats. In addi-
tion, edaphic factors made a low contribution to plant distribution at 
the global and regional scales in our study, possibly because of the 
geographical scales we focus on in this study, which were larger than 
the domain scale of ecological processes related to soil properties 
(Ettema & Wardle, 2002; Kabat et al., 1997). The complex hierarchi-
cal structure of environmental conditions and the interplay of dif-
ferent factors pose significant challenges for disentangling specific 
processes of each predictor underlying plant–environment relation-
ships (Pugnaire et al., 2019).

4.2 | Variation in environmental effects on plant 
distributions across latitude and among plant groups

Our analyses discovered diverse trends in relative importance of 
environmental drivers along latitudinal gradients (Figure 2 and 
Supporting Information Appendix S1: Figure S1.2). We found that 
climatic variability factors (i.e., temperature seasonality, isothermal-
ity) had a higher contribution at lower latitudes. By contrast, ex-
treme temperatures (i.e., the maximum and minimum temperatures, 
which were highly correlated with mean annual temperature) and 
solar radiation had stronger influences on limiting plant distributions 
in high-latitude areas. These patterns support our second hypothesis 
and highlight the dominant effect of climate variability in tropical 
areas relative to other factors. Since the relative importance of en-
vironmental factors was measured by the standardized MDG value 
(i.e., relative importance of all 15 factors sum to 1 for a taxon), the 
values we present (e.g., Figure 2) are not the absolute effects of en-
vironmental factors, but the relative influence compared to other 
variables. We can see that temperature seasonality and isother-
mality also had considerable importance in temperate zones of the 
Southern Hemisphere (Figure 2).

Other environmental factors also showed different effects on 
regional plant distribution across latitudes (Figure 2). Light intensity 
and photoperiod of solar radiation caused by earth rotation deter-
mine many physiological and biochemical processes of plants (such 
as photosynthesis and vernalization), and so restrict their dispersal 
and survival (Poorter et al., 2019). High-latitude areas have more ex-
tremes in light intensity and more obvious photoperiodic changes, 
such that plants expanding into higher latitudes would be restricted 
by stronger impacts of solar radiation. These patterns support the 
CEH for higher latitudinal zones, indicating that extreme climate de-
termines plant distribution patterns in regions where plants are more 
likely to experience higher extremes of light and thermal conditions. 
The higher probability of extreme events and higher environmental 

stress of extreme climate accelerates the evolution of plants’ physio-
logical tolerance. The extremes of precipitation presented different 
tendencies across latitudes (Figure 2): plants in high-latitude areas 
were more likely to be restricted by precipitation during the driest 
month (e.g., northern edge limited by drought), whereas precipita-
tion during the wettest month tended to dominate plant distribu-
tions in low-latitude areas (e.g., waterlogging).

Even though apparent distinctions can be found in the relative in-
fluence of environmental factors along latitudinal gradients, general 
drivers of regional plant distributions (the average results of relative 
environmental effects in Figure 1b,d,f) were in line with dominant 
factors in low-latitude areas (Figure 2). This is because the major-
ity of plant individuals occur in tropical areas rather than temperate 
areas (Supporting Information Appendix S1: Figures S1.4 and S1.5), 
leading to the similar results of environmental drivers in low-latitude 
areas and the overall ones at regional scales.

Variation in the relative influence of environmental factors 
across latitudes is rooted in the interplay of long-term ecological 
and evolutionary processes of different plant groups with various 
geographical patterns and life histories (e.g., Myers et al., 2013; 
Saupe et al., 2019). Relative effects of climatic, topographical and 
edaphic factors on plant distributions differed between plant groups 
(Supporting Information Appendix S1: Figure S1.1). The first-ranked 
dominant factor (i.e., temperature seasonality) contributed more in 
angiosperm families, which contained the largest number of species 
(Supporting Information Appendix S1: Figures S1.1 and S1.4). Annual 
mean temperature tended to affect the geographical distribution 
of wide-ranging families, such as gymnosperm families (Supporting 
Information Appendix S1: Figures S1.1 and S1.4). This suggests that 
plant groups respond variously to different attributes of environ-
mental conditions (e.g., temperature). Despite the disparity in diver-
sity, gymnosperm families generally had a wider range of latitudinal 
extents and were distributed at higher latitudes compared with 
angiosperm families. This is consistent with the CVH, which states 
that species are geographically more widespread at higher latitudes 
because of a broader range of physiological tolerance and/or phe-
notypic flexibility (Molina-Montenegro & Naya, 2012). Similar distri-
bution patterns of range size with latitude have been found in other 
biological groups (e.g., mammals; Castro-Insua et al., 2018).

Although climatic drivers were the most important factors for 
all the four groups, angiosperm and gymnosperm distributions were 
more likely to be driven by temperature seasonality and annual mean 
temperature (Supporting Information Appendix S1: Figure S1.1a), 
while precipitation of the driest month had the dominant effect on 
global distributions of bryophytes and pteridophytes (Supporting 
Information Appendix S1: Figure S1.1b,c). These results reflect dif-
ferent ecological processes across evolutionary history because of 
varying physiological traits, life strategies and life histories of dif-
ferent plant groups (García et al., 2016; Hawkins et al., 2011; Rice 
et al., 2019), indicating different spatial patterns of resistance and 
resilience to environmental conditions. For example, bryophytes and 
pteridophytes have stronger responses to precipitation due to their 
physiological structures and habitat preferences (García et al., 2016), 
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so they are more likely to be restricted by extreme moisture conditions 
(e.g., precipitation of the driest month). A large proportion of angio-
sperms and gymnosperms, with complex interaction system of plant–
soil feedback, are more likely to be influenced by temperature-related 
factors that shape spatial patterns of mycorrhizal host plants (Barceló 
et al., 2019). Moreover, variations in eco-physiological traits lead to 
angiosperm trees occurring in warmer climates with more fertile soil 
and gymnosperm trees to distribute in wetter and cooler climates 
with poor soil (Wang et al., 2019). This illustrates why gymnosperms 
are distributed more widely and cover a broader range of latitudes, 
and are more likely to appear in higher latitude areas, compared with 
angiosperms (Supporting Information Appendix S1: Figure S1.4). The 
ultimate understanding of the mechanistic processes driven by these 
environmental determinants will rely on interdisciplinary studies link-
ing long-term experiments, monitoring data, and advanced mathemat-
ical methods, along with multi-scale ecological theories.

4.3 | Environmental effects on geographical range 
size, latitudinal ranges, and limits

Analyses on individual occurrence (random forest) and family-level 
geographical patterns (PGLS models) confirmed the dominant ef-
fects of temperature seasonality and isothermality on plant geo-
graphical distributions (Figures 1 and 3). Plant families that had 
wider range sizes and latitudinal ranges were more likely to be 
distributed in areas with higher temperature variability (e.g., tem-
perature seasonality and isothermality), greater soil bulk density and 
flatter terrain (lower slope) (Figure 3 and Supporting Information 
Appendix S1: Table S1.2), among which factors of climate variability 
had dominant effects (considering MDG in Figure 1 and standard 
estimate in Figure 3). These congruent results support the CVH, 
which supposes wider niche breadth under larger climate variability 
(resulting in broader geographical range in space). On the contrary, 
negative impacts of solar radiation and annual mean temperature 
on latitudinal range and limits may support the CEH, which states 
that climate extremes influence plant distributions across latitudes. 
The results partly support our third hypothesis of climate variability 
increasing plant range sizes, whereas climate extremes restrict plant 
dispersal resulting in narrower ranges.

Disentangling patterns and environmental drivers of geograph-
ical patterns contributes to our understanding on potential ecolog-
ical and historical processes that shape plant distribution patterns 
(Brown et al., 1996; Geber, 2011; Sax, 2001; Sexton et al., 2009). 
Generally, we found a significant correlation between geographical 
range size and latitudinal range, suggesting that plant families with 
larger geographical range size tend to be distributed over a large 
range of latitude (Supporting Information Appendix S1: Figure S1.3). 
Different factors of climate, soil and topography showed varying ef-
fects on geographical range size, latitudinal range and limits (Figure 3 
and Supporting Information Appendix S1: Table S1.2). Annual mean 
temperature showed a negative impact on both latitudinal range 
and northern limits (Figure 3b,d), suggesting that low temperature 

constrains plant species from expanding across the globe and from 
dispersing to northern areas. In other words, plant groups with larger 
latitudinal ranges and/or occurring in more northern areas have 
higher tolerance to low temperature extremes. Relative importance 
of annual mean temperature peaked in higher latitudinal areas, es-
pecially in northern temperate areas (Figure 2). This supports the 
CEH, indicating that extreme thermal events contribute to the evo-
lution of thermal tolerance, which restricts plant dispersal from the 
tropics to the northern pole (Molina-Montenegro & Naya, 2012). 
Similarly, solar radiation had a negative effect on latitudinal range 
and southern limits (Figure 3b,e). Plant families with wider extents 
of latitude tended to occur in low-temperature and low-light areas 
(i.e., high-latitude areas). This implies that plant taxa with higher tol-
erance and adaptation to extreme thermal and light conditions have 
more potential to disperse across larger extents of latitude. Slope 
had weaker (Figure 1) but significant effects (Figure 3) on plants’ 
geographical patterns. This means flat terrain contributes to the ex-
pansion of plants’ geographical ranges. Habitats with high slopes are 
more likely to experience rain wash and soil erosion, making it harder 
for plants to remain stable and to retain nutrients for plant growth.

Our finding on strong effects of temperature seasonality on 
range size are aligned with the conclusions of some previous studies 
at regional or much finer scales (Xu et al., 2018). Plant distributions 
might be also influenced by other biological and ecological elements 
like population size and dispersal abilities. Niche breath, the extent 
of a species' niche (e.g., range of environmental conditions tolerated; 
Köckemann et al., 2009; Slatyer et al., 2013), is always used as a 
determinant to explain species range sizes. Published evidence re-
veals various drivers of range size, such as environmental tolerance 
(Pither, 2003; Slatyer et al., 2013) and climatic variability range (Morin 
& Lechowicz, 2011). The ultimate determinant mechanisms of range 
size may be very complex and difficult to detect (Sheth et al., 2020). 
Thus, our models are proposed for exploring positive or negative in-
fluences of environmental factors, instead of making predictions.

The combination of global and regional analyses shown in 
Figures 1, 2 and 3 provided the strength and directions of en-
vironmental effects on plant distributions. For example, annual 
mean temperature showed greater effects on plant distributions 
at high latitudes (especially in the Northern Hemisphere; Figure 2). 
Meanwhile its had negative effects upon plants' latitudinal range 
and northern limit (Figure 3). These results indicated that low tem-
perature extremes influenced plants' dispersal to higher latitudinal 
zone. Slope had significant negative effects on geographical range 
patterns (including range size, latitudinal range and limits; Figure 3), 
even though it has very little effects on global plant distributions 
(Figure 1a). Although higher topsoil soil bulk density and organic car-
bon contributed to wider range sizes, latitudinal ranges and north-
ernmost limits (Figure 3), they actually played limited roles in plant 
distributions (Figure 1a). Above all, temperature seasonality and iso-
thermality had the highest and most positive effects on plant distri-
butions (Figures 1 and 3). The results of the random forest modelling 
indicate the dominant effects of temperature seasonality and iso-
thermality on global and regional plant distributions (Figure 1), while 
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the PGLS models tell us how these two factors are positively related 
to global range size and limits of plant taxa (Figure 3). The congruent 
significant results offer solid evidence for the dominant effects of 
temperature variability (supporting the CVH) on global plant distri-
bution patterns.

Environmental effects on northern and southern limits were 
different (Figure 3c,d). Northern limits were determined by neg-
ative effects of mean diurnal range, solar radiation and slope, and 
positive effects of isothermality, temperature seasonality, topsoil 
bulk density, and topsoil organic carbon (Figure 3c and Supporting 
Information Appendix S1: Table S1.2). Southern limits of plant distri-
bution were driven by low temperature and low slope (Figure 3d and 
Supporting Information Appendix S1: Table S1.2). This may be caused 
by the distinct geographical patterns (e.g., the proportions of land 
and ocean) and the differentiation in plant lineages (leading to trait 
diversification) between the Northern and Southern Hemispheres 
(Chown et al., 2004). Environmental effects on northern limits are 
similar to those of latitudinal range, possibly because plant taxa 
(with narrow ranges) are distributed in limited areas in the Northern 
Hemisphere, so that their environmental drivers of global distribu-
tion are almost similar to that of regional distribution. Unexpectedly, 
significant factors of latitudinal limits differed from dominant factors 
of plant distributions at higher latitudes (Figures 2 and 3), except for 
solar radiation. Solar radiation has a significant negative impact on 
northern limits, and it also dominates plant distributions in north-
ern temperate areas. Negative effects of solar radiation and mean 
annual temperature on range size and limits support the CEH, while 
positive influences of temperature seasonality and isothermality 
support the CVH. In fact, the CVH and CEH are variants of each 
other (Sunday et al., 2019), emphasizing different aspects of environ-
mental constraints and applying in different situations.

5  | CONCLUSION

Our study synthesizes large-scale macroecological data and multiple 
numeric modelling methods to decipher plant–environment relation-
ships at different taxonomic and geographical scales. Climate vari-
ability (temperature seasonality and isothermality) determines plant 
distributions at global and regional scales, while climate extremes 
influence regional range patterns in higher latitude areas. Relative 
importance of environmental factors varies across latitudes and 
among plant groups, so our understanding of plant–environment re-
lationships may rely on the geographical scales and taxonomic levels 
that we look at. Future development of quantifying methodology 
and databases may make it possible to unravel how ecological and 
evolutionary processes and the interplay between them influence 
multi-scale plant distributions, so as to offer conservation sugges-
tions under rapid climate change. Disentangling environmental ef-
fects upon global plant distributions is a longstanding goal in ecology 
and evolution, and would contribute to our knowledge on both his-
torical and ecological processes of plant distributions and biodiver-
sity origins.
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