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Common Species Distribution Models in Biodiversity Anal-
ysis and Their Challenges and Prospects in Application
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Abstract Species distribution models have been widely used to explore suitable habitats of species, the impact of climate change on the distribution of suitable
habitats of species, and the construction of ecological reserves. This paper introduced species distribution models commonly used in biodiversity analysis, as well as
model performance evaluation indexes, challenges in the application of species distribution models, and finally prospected the development trend of research on spe-

cies distribution models.
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Species distribution models (SDMs) are the association mod-
els between species distribution and environmental variables by as-
sociating the distribution sample information of target organisms
with certain environmental control variables or relevant information
technology. Association models can be applied to research on a
certain region to evaluate the distribution of specific species. The
models are built on the basis of ecological niche, which mainly re-
fers to the location data of species in the ecosystem and the rela-
tionships between species''’. Hutchinson mathematically de-
scribed ecological niche as a kind of " super volume""" | which
can maintain a constant population distribution in the space de-
fined by various types of environmental variables. With regard to
the concept of " super volume" , ecologists have made many at-
tempts to obtain multiple types of species distribution models
based on different concepts and methods. Today, species distribu-
tion models have evolved into one of the indispensable tools of bas-
ic ecology and biogeography. They are mainly used to explore the
relationship between species distribution and climate in the envi-
ronment of intensified global climate change”', the level of cli-
mate change and the level of plant community composition and dis-
tribution changed by climate in local areas”’, the monitoring and
early warning of ecosystem management functional groups and core

“! the management and maintenance of ecosystems at dif-

species
ferent scales and their impact on diversity””’ | the prediction of the
invasion area by introduced species, and the distribution predic-
tion and protection planning of potential key organisms in restora-

In the

general use of generalized population distribution models,

tion of ecosystem construction and system managementm.
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consideration should be given to evaluating the performance of
models. Therefore, the strategy for evaluating model performance
also needs to be carefully considered during the modeling process.
This paper expounded the classification and practical functions of
species distribution models, summarized the discovery and devel-
opment process of species distribution models and the difficulties
that may be faced by the current application of species classifica-
tion models, and finally put forward prospects for the future of

species distribution models.

Common Species Distribution Models

The establishment of species distribution models began with
the development and application of biological climate models"™'.
Subsequently, a variety of models were gradually developed, in-
cluding the ecological niche model based on computation ( BIO-
CLIM)"™", DOMAIN model based on the Gower distance algo-
rithm'® | the MD model, the ecological niche factor model (EN-
FA model) ", the MaxEnt model™ | the GLM model'”" , the gen-
eralized additive model (GAM )™, the classification tree model
(GTA), discriminant analysis ( FDA) (or linear discriminant
analysis LDA) 0] , the booster method based on the boosting algo-
rithm (GBM) multivariate autoregressive spline model (MARS) ,
random forest ( RF), and rule-based artificial neural network
(ANN) , among which BIOCLIM, DOMAIN model, MaxEnt mod-
el, and artificial neural network ( ANN) are the most widely

used.

Evaluation Indexes Distribution
Models

The commonly used evaluation indexes include Kappa coeffi-

of Species

cient, TSS value, overall accuracy, predictive specificity, sensi-
tivity, and AUC, which are calculated in different ways, thus pla-
ying different roles. When comparing multiple types of models, we
should choose different models as references based on the practical

meanings they represent. The Kappa coefficient and AUC value
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are the two most commonly used evaluation indexes.

The Kappa coefficient is an indicator used for consistency
testing and can also be used to measure the effectiveness of classi-
fication. For classification problems, the so-called inhibition re-
fers to whether the predicted results of the model are consistent
with the actual distribution results. The calculation of Kappa coef-
ficient is based on the confusion matrix, and the value is between
-1 and 1, usually greater than 0.

The AUC value is the area under the subject’s operating char-
acteristic curve (ROC) , that is, the area enclosed with the coor-
dinate axis under the ROC. An AUC value closer to 1 stands for

better performance of the model.

Challenges in Application of Species Distribu-
tion Models

Species distribution models are not only suitable for basic ec-
ological research, but also suitable for environmental application
research. They are also used to study different characteristics of
the same organism, such as functional characteristics, secondary
groups, or genes. On this basis, other professional tools and data
can also be integrated to analyze and study biogeography, main
system development, population genetics, population development
dynamics, etc. However, practical research still faces following
challenges.
Sample selection Firstly, the selection of distribution samples
may lead to bias in the prediction results. Due to the interference
of natural or human factors on the spatial distribution of species
during the sampling process, the deviation in sample collection
has been caused. In other words, the ecological niche represented
by a sample set is only a part of the actual ecological niche. The
selection and processing without sample sets for the purpose of un-
biased selection can lead to the condition that the model algorithm
overuses samples from certain regions to fit the relationship be-
tween species and environmental variables in the calculation
process, resulting in overfitting problems. Meanwhile, due to the
small number of samples outside the part, it leads to underfitting.
Selection of species distribution models Scientists have devel-
oped many models to estimate relationships between species and
related environmental variables. In the modeling process, scholars
need to select different modeling algorithms according to different
modeling purposes, species’ ecological niche characteristics and
modeling data bases. Generally speaking, the more complex the
model algorithm, the higher the statistical accuracy, but in some
cases, simple models also have irreplaceable advantages. For ex-
ample, the generalized linear model is dominant, and the algo-
rithm can provide the coefficients of explanatory variables, accord-
ing to which scholars can intuitively determine the role and impor-
tance of environmental variables on species distribution. In con-
trast, classification and regression tree models are difficult to ex-
plain in ecology due to their complexity. Complex machine learn-
ing algorithms, such as random forest and artificial neural network

models, are easy to use and relatively accurate, but the modeling

process has almost no ecological significance.
Effects of environmental variables The selection of environ-
mental variables also affects the prediction results of models. At
present, many studies use the Bioclim data set, the 19 bioclimate
variables in which include extreme values such as temperature,
precipitation and variability. In addition, aspect, slope, altitude,
vegetation index, vegetation coverage and land use efficiency are
also used as environmental variables to estimate the potential dis-
tribution of terrestrial ecosystem species. However, due to the
large amount of information introduced by these variables in the
model prediction process, the selection of environmental variables
should be considered first when modeling the potential distribution
of species. Therefore, in the subsequent model development
process, the key issue in the development of species distribution
models is to add a variable selection module to eliminate the im-
pact of redundant information.

Extrapolation Extrapolation'”’ refers to the extrapolation of a
model in space, time, and scale. The spatial extrapolation limit
method is also widely used in evaluating the risk of invasion and
biological invasion. It is worth noting that in the invasion phase,
organisms may produce appropriate ecological position drift in the
target area. Representative studies on time extrapolation include
assessing the possible distribution of a specific species within the
same region based on climate characteristics. In this type of
study, it should be noted that in addition to determining meteoro-
logical factors ( temperature and precipitation ) , biological diffu-
sion levels and various external factors (soil and vegetation) need
to be included, especially in studying plant populations with sig-
nificant biological action ability in certain typical areas. Species
distribution models are often unable to be transformed at the spa-
tial scale, which is because that in general, species ecological
niche shows different properties in different spatial scales, and en-
vironmental thresholds are also different. Under such condition,
research should be supported by other data, especially downscal-
ing information of species distribution models.

Modeling strategies A reasonable model strategy includes not
only selecting appropriate model statistical algorithms, but also
comprehensive strategies calculated through models. In a certain
research context, a simple model framework cannot complete mod-
eling because the model requires more complex structures, such as
certain special habitat species (such as fungi, mushrooms, and
desert vegetation) that are more dependent on certain non-climatic
environmental factors. This non climatic impact can lead to differ-
ences in the local distribution patterns of such organisms, as well
as affecting their diffusion ability and even their ability to adapt to
the climate environment. In order to solve this difficulty, some
scholars have proposed a method to establish comprehensive spe-
cies distribution models. First, the a species distribution trend
model is established based on climate factors and environmental
variables, and then, species distribution models are established
based on limiting environmental factors. Next, the species distri-

bution models are comprehensively analyzed by comprehensively
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analyzing the two factors, and the conclusion serves as the
preliminary modeling result. Studies have shown that this method
is more conducive to analyzing the distribution status of animals in

special habitats and the correlation with climate factors.

Development Trend of Species Distribution

Models

Nowadays, species distribution models are gradually applied
in ecology, environmental science, biogeography and other multi-
disciplinary directions. Meanwhile, the progress of basic theories
in various fields has also accelerated the development of species
distribution models, and its specific development direction can be
classified into following points.

Integrating historical climate information on current distribu-
tion pattern of species

The precondition of species distribution models is the ecologi-
cal needs of organisms when they reach a stable state, but the neg-
ative effects of historical reasons on the distribution areas and dis-
tribution structures of organisms are usually not fully considered
when building models. Such equilibrium hypothesis is an ideal
state, but it may also affect and lead to errors in the results of spe-
cies distribution models. In 2014, Patsiou et al. """ simulated the
potential distribution area of the rare plant Saxifraga using the ag-
gregated species distribution model, high-resolution paleoclimatic
characteristics and geomorphic data sets. They proved that the ge-
omorphic and paleoclimatic characteristics have a profound impact
on the current and future distribution areas of this plant. In 2015,
Svenning et al. ' elaborated on the important impact of climate
historical factors on current spatial distribution of biological rich-
ness, and gave full evidence of the important impact of climate
change during the freezing period of the Quaternary on the current
biological distribution pattern, as well as the important impact of
historical meteorological factors on the development and functional
diversity of the current biological system. Due to the increasing
difficulty of collecting data on modern weather environments, it
has become possible to accurately model the distribution patterns
of organisms in ancient climate environments, which will improve
scholars’ understanding on the geographical pattern that constitute
the current distribution patterns of organisms. Biodiversity is relat-
ed to the functional diversity of ecosystems. It is necessary to
gradually strengthen research on the impact of climate change on
national biological distribution and local biodiversity.

How to effectively simulate biological interaction within the
framework of species distribution models

At present, most of species distribution models do not in-
clude biological interaction factors in the initial stage of construc-
tion, and only comprise limited biological interaction data. There-
fore, only abiotic environmental information is usually used in
model construction. However, the introduction of biological action
information into models will help to increase the efficiency of con-
structing species distribution patterns and enable taking environ-

mental factors into account. The simulation can be based on the

following strategies: the numbers of other species present in the
grid"®! | target species proportion data'”’, competition coeffi-

cient, Eltonian noise hypothesis””’ | etc.

Conceptually, the re-
sponse of species to climate gradient changes also reflects
Hutchinson’s multidimensional super volume ecological niche theo-
ry. Since species distribution patterns are jointly affected by abiot-
ic predictors and biological interaction variables at various scales,
the impact of biological interaction varies based on the changes in
regions and scales. In short, in the future, biological factors
should be considered in building models, while also paying atten-
tion to the impact of scale effects.
Using big data of earth science as model input

Based on technological innovation, big data analysis technol-
ogy has become one of the main forces in multidisciplinary devel-
opment . Although this technology has been able to provide
more detailed and accurate environmental and species distribution
data, how to more efficiently integrate massive geographical data
of various resolutions and stages is still the main challenge in the
modeling process of species distribution models. At present,
scholars have begun testing remote sensing information as model
input to provide more detailed modeling information. For example,
remote sensing information is combined with biological sampling
point information analysis, and remote sensing data are used as
environmental variable indexes. At present, through the analysis
of a large quantity of remote sensing data, people have mastered
the products of remote sensing technology with ecological func-
tions, such as evapotranspiration, vegetation index, leaf area coef-
ficient, normalized vegetation index and other vegetation coverage
indexes, which can significantly increase the accuracy of species
distribution models. Vega et al. """’ collected further research re-
sults on the synthesis of 28 types of satellite data, and applied al-
gorithms and interpolation rules consistent with meteorological sta-
tions to obtain 19 bioclimatic variables derived from satellite data.
The above information has significantly expanded its coverage com-
pared with WorldClim’s information, such as Antarctica, while
significantly improving the accuracy of BIO variables in certain ar-

eas where meteorological stations have not been built.

Conclusions

In recent decades, with the development of geography, statis-
tics, computer science and other related disciplines and science
and technology, species distribution models have made great pro-
gress. However, during the use of models, scholars often do not
have a clear understanding of the research on ecological issues,
lack proficiency in computing or building models, and often blind-
ly imitate the work of predecessors, drawing too much from past
data, which makes it difficult to have a subjective understanding
of the modeling process and related algorithms. In this way, there
may be significant personal equation, and it is often difficult to ap-
ply models. The research expounds the construction of species dis-
tribution models, explains the relevant theories supported by pre-

vious models, analyzes the methodological advantages and
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application value of various model algorithms, and puts forward
the difficulties and future prospects that may be encountered in the
establishment and application of models. In addition, in the mod-
eling practice of species distribution models, the rationality and
accuracy of model results are closely related to the correct selec-
tion of prediction factors and modeling methods, the interaction
between time and space scales and between environmental and ge-
ographical factors, and the impact of model extrapolation. There-
fore, scholars need to understand the supporting framework of
models as much as possible, clarify the way to build models, and
correctly select model algorithms. Future research should attach
great importance to important historical and geographical factors
that lead to current species distribution patterns, and possible role
of species ecological niche evolution. In the modeling process, the
genealogical biogeography and landscape genetics theories are
combined, and the natural processes such as biological interaction
are reasonably introduced into the model framework. Meanwhile,
a large amount of geographic data (such as remote sensing data )
has been effectively utilized, greatly improving the accuracy of
models. Therefore, with the development of various models and
the improvement of their accuracy, the application of species dis-
tribution models in the study of various biological habitats and the
prediction of changes in biological habitats caused by climate
change will be further promoted, providing a reference for the es-

tablishment of biological reserves.
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