& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Darren Norris,
Universidade Federal do Amapa, Brazil

REVIEWED BY
Lalasia Bialic-Murphy,

ETH Zurich, Switzerland

Dan Xing,

Guizhou Academy of Agricultural Sciences
(CAAS), China

*CORRESPONDENCE
Zhenhong Wang
w_zhenhong@126.com

RECEIVED 04 November 2023
AccePTED 15 March 2024
PUBLISHED 04 April 2024

CITATION

Wang Z, Arratia J, Yan T, Zhang C and
Chiarucci A (2024) Integrative framework of
multiple

processes to explain plant
productivity—richness relationships.

Front. Ecol. Evol. 12:1332985.

doi: 10.3389/fevo.2024.1332985

COPYRIGHT

© 2024 Wang, Arratia, Yan, Zhang and
Chiarucci. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Ecology and Evolution

TYPE Review
PUBLISHED 04 April 2024
D01 10.3389/fevo.2024.1332985

Integrative framework of
multiple processes to explain
plant productivity—

richness relationships

Zhenhong Wang™, Juan Arratia® Ting Yan', Cong Zhang*
and Alessandro Chiarucci*®

*Key Laboratory of Subsurface Hydrology and Ecological Effects in Arid Regions, Ministry of
Education, Chang an University, Xi an, China, 2AGMUS Institute of Mathematics, Caribbean
Computing Center for Excellence, San Juan, PR, United States, *Department of Biological, Geological
and Environmental Science, University of Bologna, Bologna, Italy

Plant diversity and productivity, two crucial properties that sustain ecosystem
structures, functions, and services, are intrinsically linked to numerous ecological
fields, making productivity—richness relationships (PRR) a central ecological
concern. Despite extensive research from the Darwinian era to the 21st
century, the various shapes of PRR and their underlying theories have sparked
ongoing debates. While several processes, theories, and integrative models have
been proposed to explain PRR, a comprehensive understanding of the types of
PRR, the effects of these processes on plant productivity and richness, and the
relationships between PRR shapes remains elusive. This paper proposes a new
integrative framework that focuses on these aspects, aiming to elucidate the
diverse shapes of PRR and their interconnections. We review recent integrative
methods that explain the roles of processes and the varying shapes in PRR to
support this new framework. The paper traces the distinct phases in PRR
research, including the discovery of PRR shapes, tests of influencing processes,
and integrative research. We discuss the application of the Structural Equation
Model (SEM), Statistical Dynamical Model (SDM), and Differential Dynamical
Model (DDM) in integrative research. This integrative framework can guide
theoretical and applied ecologists in identifying, deriving, explaining, and
predicting the interconnected but distinct shapes of PRR. The humped,
asymptotic, positive, negative, and irregular shapes of PRR are interconnected,
with one shape potentially transforming into another. The balance between the
positive and negative effects of different processes determines the different
shapes of PRR, ultimately leading to a globally positive effect of plant diversity
on plant productivity and other ecosystem functions.

KEYWORDS

plant diversity, productivity, dynamical models, structural equation model, ecological
processes, ecosystem functions, integrative research

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fevo.2024.1332985/full
https://www.frontiersin.org/articles/10.3389/fevo.2024.1332985/full
https://www.frontiersin.org/articles/10.3389/fevo.2024.1332985/full
https://www.frontiersin.org/articles/10.3389/fevo.2024.1332985/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2024.1332985&domain=pdf&date_stamp=2024-04-04
mailto:w_zhenhong@126.com
https://doi.org/10.3389/fevo.2024.1332985
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2024.1332985
https://www.frontiersin.org/journals/ecology-and-evolution

Wang et al.

Introduction

Plant diversity and productivity are fundamental for the
structure and functioning of ecosystems, including the
composition, proportion, interrelation of organisms in the food
chain and a variety of ecosystem functions (Humborg et al., 1997;
Grace et al,, 2016; Laforest-Lapointe et al., 2017). Ecosystems with
diverse plant species are essential for achieving sustainable primary
productivity and stability, although there are a few counter-
examples (Bezemer & van der Putten, 2007). Additionally, diverse
ecosystems can provide valuable ecosystem services, such as carbon
sequestration, oxygen release, wood production, water resource
regeneration, and soil erosion control (Sugden, 2018; Leclere
et al., 2020). Consequently, plant productivity and richness
relationships (PRR) have become a core issue for ecologists
worldwide (Tilman et al., 2001; Chen et al., 2018).

Ecologists have observed various shapes of PRR across different
continents and ecosystems, including forests, grasslands, lakes, and
seas (Mittelbach et al., 2003; Whittaker and Heegaard, 2003; Adler
et al., 2011; Pierce, 2014). However, information on the occurrence
of these PRR shapes is scattered and irregular, leading to confusion
among ecologists (Gillman and Wright, 2006; Whittaker and
Heegaard, 2003; Pierce, 2014). Numerous processes and theories
have been proposed to explain the shapes of PRR (Abrams, 1995;
Willig, 2011). For instance, intra- and inter-specific competition
effects have been proposed to explain PRR, clarifying specific
sections or shapes of PRR (Stevens and Carson, 1999; Michalet
et al,, 2006). The dynamic equilibrium hypothesis has been applied
to explain the growth and decline of populations in humped-shaped
PRR (Huston, 1979; Chiarucci et al., 2006). Species-pool effect,
environmental heterogeneity, and negative density dependence are
often considered to regulate species richness, while selection effects,
complementary effects, and inter-specific facilitation influence plant
productivity in PRR (Zobel et al., 1998; Hector et al., 1999; Loreau
et al, 2001; Grossman et al., 2017). Due to the diversity of PRR
shapes and corresponding explanations, the general pattern of PRR
and its underlying mechanisms have been the subject of debate
since the 1950s (Abrams, 1995; Schmid, 2002; Adler et al., 2011;
Dufty et al., 2017). However, ecologists have not clearly classified
the types of PRR, despite identifying many different shapes and
proposing various explanations. Furthermore, the positive and
negative effects of each process on plant productivity and
richness, as well as the relationships between different shapes of
PRR, have rarely been analyzed.

Ecologists have also employed mathematical models to
integrate the effects of different processes, aiming for a
comprehensive explanation of PRR (Tilman et al.,, 1997; Loreau,
1998; Grace et al., 2014, Grace et al,, 2016; Liang et al., 2016b; Wang
et al,, 2019). For example, competition models quantify the impact
of inter-specific competition influenced by abiotic factors on plant
productivity and species richness in PRR (Huston, 1979; Tilman
et al., 1997). Mechanistic models, which consider selection effects,
complementary effects, resource availability, and species’ functional
traits, have been established to reveal the effects of species richness
on plant productivity in competition for limiting soil nutrients
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(Loreau, 1998). Structural equation models, as a form of stochastic
process analysis, have been widely used to quantify the roles of
different processes in regulating plant diversity, productivity,
biomass, and soil organic carbon in PRR (Grace et al.,, 2016; Chen
et al,, 2018). However, these integrative methods have been applied
independently and have not incorporated actual values of each
process contributing to plant species richness and productivity
based on sampling analysis, which would enhance the
understanding of PRR shapes and their relationships.

In this review, we propose a new integrative framework to
explain PRR based on multiple processes or theories and previous
integrative studies. The framework incorporates processes or
theories proposed by ecologists after extensive research, as well as
integrative models and results of PRR. Additionally, we conduct a
comprehensive review of the positive and negative effects of
processes on PRR, as well as relevant theories. We also examine
recent integration analyses that utilize structural equation models to
quantify the roles of different processes in shaping PRR, and
integration analyses that employ dynamical models to provide
insights into the mechanisms underlying PRR shapes. These
reviews serve as valuable support for the proposed new
integrative framework. Our aim is to promote further research on
PRR in the field of biodiversity and ecosystem functions.

Integration framework of multiple
processes or theories

The integrative framework comprises three sections:

(1) Definition of the two types of PRR, and multiple processes
influencing plant richness and productivity in PRR at the top layer
(Figure 1). The two types of PRR encompass: (i) the plant
productivity-species richness relationship (PSRR), where plant
productivity serves as an independent variable and species
richness as a dependent variable, describing the patterns of
diversity influenced by productivity and other changing processes;
(ii) the species richness-plant productivity relationship (SRPR),
which represents the converse relationship to PSRR. In SRPR,
species richness acts as the independent variable and plant
productivity as the dependent variable, elucidating the effects of
plant diversity on productivity and its role in regulating ecosystem
functioning, stability, and services (Wang, 2017; Wang et al., 2019;
Figure 1). PSRR and SRPR are closely linked to key processes in
ecology. However, the classification and definition of these two
types of PRR have been vague in previous studies, contributing to
the ongoing debate on the shapes of PRR and the underlying
mechanisms (Mittelbach et al., 2003; Cardinale et al., 2007;
Whittaker, 2010; Grace et al., 2014). In the framework, processes
or theories are also classified into two types, affecting or explaining
PSRR and SRPR, respectively. However, some processes, such as
disturbance, can influence both PSRR and SRPR (Grace et al., 2016).
Generally, processes affecting PSRR or SRPR can have either
positive or negative effects on species richness, plant productivity,
and subsequently on PRR. Some processes may even have both
positive and negative effects (Wang, 2017; Wang et al, 2019).
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FIGURE 1

Processes acting on productivity-richness relationship (PRR). Top layer: The green arrow represents productivity as an independent variable that
influences species richness and related patterns in conjunction with other processes. The blue arrow indicates species richness as an independent
variable that affects productivity and related ecosystem properties in conjunction with other processes. The red dashed box encompasses various
processes that directly or indirectly impact productivity or species richness, consequently altering PRR. NDD, Negative Density Dependence; PSRR,
Productivity-Richness Relationship with productivity as the independent variable and species richness as the dependent variable; SRPR, Species
Richness-Productivity Relationship with species richness as the independent variable and productivity as the dependent variable; IICE, Intra- and
Inter-specific Competition Effects. Middle layer: The first and fourth equations represent the rates of change in species richness (S, a dependent
variable) with plant productivity (P, an independent variable), respectively. These equations integrate different processes (i.e., variables, al-an, x1-xn)
to derive the shapes of PSRR. The second and third equations reflect the rates of change in plant productivity (a dependent variable) with species
richness (an independent variable) and integrate diverse processes to derive the shapes of SRPR. Bottom layer: The results depict the diverse shapes
of PRR derived from integrative analysis and dynamic models: (A) Humped; (B) Positive; (C) Asymptotic; (D) Negative; (E) Irregular. These shapes are
interconnected, and one shape can transition into another shape with changes in the overall positive and negative effects of processes. A and C
represent the dominant shapes of PSRR and SRPR, respectively, in the absence of exclusion of other shapes (Mittelbach et al,, 2003; Fraser et al.,
2015; Liang et al., 2016b). The purple arrows represent that the different forms (A,B,C,D and E) of PRR can be transformed each other.

However, the explicit definition of the positive or negative effects, or
the dual effects of these processes, has been rare. Some processes
have not received sufficient attention, and we provide a
generalization of them in Box 1.

(2) Integrative models in the middle layer. The integrative
models encompass the structural equation model, statistical
dynamical model, and differential dynamical model within the
framework. The structural equation model is a statistical method
used to analyze the relationship between variables based on their
covariance matrix. It enables the estimation, testing, and
quantification of causality (Grace et al., 2016; Chen et al.,, 2018).
The structural equation model has been applied to various practical
scenarios, including multi-dependent variable analysis, latent
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variable analysis, and intermediate variable analysis. It can be
viewed as a combination of path analysis and confirmatory factor
analysis. The positive or negative effects (i.e., contributions) of
multiple processes on plant species richness and productivity in
PRR are quantified integrally using the structural equation model.
The quantified effects (standardized) are then assigned as
coefficients of the integrated processes in the dynamical model to
derive the shapes of PRR. This application of the structural equation
model to the framework avoids the subjective assignment of
coefficients for the process variables and enhances the practicality
of the differential equation in the framework.

The statistical dynamical model is a type of dynamic model that
describes the occurrence of random processes. It is often employed in

frontiersin.org


https://doi.org/10.3389/fevo.2024.1332985
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Wang et al.

BOX 1 Integrated ecological processes and theories in the framework.

(1) Intrinsic rate of increase in species richness with productivity (IRISR). IRISR is a positive process to directly increase species richness with increasing plant
productivity because high productivity can increase metabolic rate, mutation rate of genes and rapid speciation, resulting in higher species richness in
communities (Allen et al., 2002; Stegen et al., 2009). The process has not been explicitly defined before but it exists with a high possibility at a scale of evolutionary
time. (+species richness/+/-productivity)*.

(2) Intra- and inter-specific competition effects (IICE). IICE is an effect of competition among individuals of same and different species on species richness and
productivity, which include competition stress, competitive exclusion and assemblage-level thinning to decrease species richness and productivity or increase
productivity (Goldberg & Miller, 1990; Huston & DeAngelis, 1994). (-species richness/+/-productivity)

(3) Dynamic equilibrium hypothesis. The hypothesis proposes that poor competitors are excluded rapidly in highly productive habitats with rare disturbance, leading
to low diversity; a strong disturbance also results in the disappearance of inadaptable species, leading to low species richness; with moderate disturbances, diversity
remains relatively high in the habitats of any productivity to form the peak of the humped shape of PSRR (Huston, 1979; Michalet et al., 2006). (+/-species
richness/+/-productivity).

(4) Resource ratio theory. Resource ratio theory argues that as the availability of any one resource R; increases, another resource R, is likely to become limiting;
because different species are superior competitors for different resources, a balanced resource supply between R, and R, can help maintain species coexistence
(Tilman, 1982; Cardinale et al., 2009). (+species richness).

(5) Species-pool effect. Species pools are a set of plant species with each species of a community, local, or regional flora being a member of any community, local, or
regional species pool, with different degrees of probability; species-pool effect is a contribution of species from a species pool to species richness in the community
on a certain scale (Zobel et al., 1998; Foster et al., 2004). (+species richness).

(6) Disturbances. Disturbances are some processes such as grazing, fire, severe windstorms, wave damage, land cover alterations, habitat fragmentation, and forest

10.3389/fevo.2024.1332985

destruction, which often alters plant productivity and species richness, primarily via a negative or positive effect (Hughes et al., 2007; Wu et al,, 2019). (-/+species

richness and productivity)

(7) Environmental heterogeneity. Environmental heterogeneity is locally diverse configurations in resource types with different availability levels along with more

complex configurations in abiotic and biotic resources and more heterogeneities but environmental heterogeneity is the configurations of diverse habitats, i.e.,

habitat heterogeneity, on a landscape scale (Amarasekare, 2003; Lasky et al,, 2014). (+species richness).

(8) Density effects. Density effects are an ecological process resulting in species richness with increasing number of plant individuals in a plant community; plant

density increases with increasing species richness also leads to high and low biomass production at low and high inter-specific and intra-specific competition

levels, respectively (Marquard et al., 2009). (+species richness/+/-productivity).

(9) Negative density dependence (NDD). NDD is a process by which population growth rates decline at high densities as a result of natural enemies (e.g., predators,

pathogens, or herbivores) and/or competition for space and resources to lead to the coexistence of species (Yenni et al,, 2012; LaManna et al., 2017a, LaManna

et al., 2017b). (+ species richness).

(10) Selective and complementary effects. Selection effect is the standard positive covariance effect, as a diverse community stochastically contains highly productive

species (Balvanera et al., 2006; Loreau et al., 2001); complementary effect refers to an effect caused by species' differentiation in resource use and/or inter-specific

facilitation at higher levels of species richness (Balvanera et al.,, 2006; Cardinale et al., 2007). (+productivity).

(11) Resource availability. Resource availability is relatively higher quantities of limited resources which ensures that weaker competitors are able to capture the

limited resources for the maintenance of a population leading to the diversity and productivity of coexisting species (Tilman, 1982; Cardinale et al., 2009). (+

productivity/+species richness).

%, » «

+” or “-” represents positive or negative effect on species richness or productivity.

meta-analysis and sampling analysis to identify the shapes of PRR
(Mittelbach et al, 2003; Liang et al, 2016b). In the framework,
statistical dynamical models can determine the occurrence ratios of
different-shaped PRR. The differential dynamical model is a type of
dynamic model used to describe the continuous change of dependent
and independent variables regulated by multiple processes. Ecologists
commonly establish such models to derive the shapes of PRR based on
assumed parameter values of processes. These models further reveal
how the shapes of PRR occur under the regulation of these processes
and how they are linked with each other, i.e., underlying mechanisms
(Loreau, 1998; Wang, 2017; Wang et al,, 2019). In the framework, the
actual parameter values of processes from the analysis of structural
equation models may be introduced to differential dynamical models
for deriving the shapes of PRR which have been identified by statistical
dynamic models. Therefore, the three types of models are related to
each other.

(3) Integrative results in the bottom layer. As shown in Figure 1,
the integrative framework allows for the derivation of five typical
shapes of the PRR by applying the three types of models discussed
earlier. This approach differs from previous methods that relied on
assumed coefficients to determine the shapes of PRR (Loreau, 1998;
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Liang et al., 2016b; Wang, 2017; Wang et al., 2019). When the
positive effects of integrated processes dominate, the PRR shapes
exhibit an upward trend. Conversely, when the negative effects of
integrated processes dominate, the PRR shapes show a downward
trend. When the positive and negative effects of integrated processes
are approximately equal, the PRR shapes display a horizontal or
fluctuating pattern. Finally, when the positive and negative effects of
integrated processes successively dominate, the PRR shapes exhibit
a humped pattern. This integrative framework effectively resolves
the long-standing debate surrounding the shapes of PRR and their
underlying mechanisms (Schmid, 2002; Adler et al., 2011; Dufty
et al., 2017).

The integrative framework provides an explanation for the
occurrence of different shapes in the productivity-richness
relationship observed in the real world, considering the effects of
multiple variables. It can specifically demonstrate which processes
are strong or weak, and whether they have a positive or negative
effect, thereby determining the shapes of the PSRR and SRPR. In
contrast, a meta-analysis or statistical dynamical approaches such as
P=0,(X)S® cannot achieve this level of understanding. While
statistical dynamical models can be used to simply identify the
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shapes of SRPR (Liang et al, 2016b), the integrative framework
allows for tracking the dynamics of the interactions among different
processes that influence the shapes of PSRR and SRPR. For
example, it can capture the dynamics of species-pool effects and
inter-specific competition by utilizing differential equations, which
offer greater flexibility in dealing with variable dynamics compared
to statistical dynamical methods. Ecologists can identify the
inflection points at which the shapes of PSRR and SRPR change
from one pattern to another, and determine the corresponding
processes or integrative processes responsible for these changes
(Wang et al., 2019). Consequently, the integrative framework
provides a clearer understanding of the underlying mechanisms
driving PSRR and SRPR, resolving key debates regarding the drivers
of hump-shaped patterns and other patterns. By combining the
strengths of structural equation models, statistical dynamical
models, and differential dynamical models while avoiding their
shortcomings, this framework presents a novel technology roadmap
for deriving the shapes of PSRR and SRPR.

The integrative framework has broad applications in the study of
diversity patterns, ecosystem functions and services, underlying
mechanisms, and ecosystem management. Ecologists can start by
conducting field vegetation investigations to collect data on
productivity, species richness, and the processes influencing
productivity and species richness in a particular research region,
either through new data collection or using existing datasets. The
interaction relationships among productivity, species richness, and
influencing processes can then be analyzed using structural equation
modeling, providing factor loadings and determinant coefficients
through analysis. Subsequently, the field data can be used to
identify the shapes of PSRR and SRPR using statistical dynamical
models under specific conditions, thereby determining the shapes of
PRR. The differential equation set for PSRR and SRPR can be
established by utilizing the factor loadings as coefficients for the
variables of productivity, species richness, and processes.
Mathematical methods such as Fortran or Python can be employed
to solve the equations and obtain solutions for each variable,
including productivity, species richness, and processes. The
dynamics of these variables can be modeled with changes in other
variables such as disturbance and resource availability, and compared
with the shapes identified by statistical dynamical models. The
differential equations can be further refined to predict PSRR and
SRPR for management purposes in similar regions. These methods
are also applicable to purely theoretical research.

The following review includes two sections that utilize
structural equation models and dynamical models (both statistical
and differential) to analyze the integration of processes in PRR and
explain the formation of PRR shapes. These sections serve to
recapitulate the contributions of previous integration research on
PRR while highlighting certain research limitations. These
limitations align with the issues that the integration framework
proposed in this review aims to address. As a result, these two
sections provide valuable support for the proposed new
integrative framework.
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Integration analysis with structural
equation models to quantify the roles
of processes in PRR

Previous studies have recognized that individual processes or
theories can only explain specific sections or dominant shapes of
PRR, although they have contributed to the understanding of PRR
(Axmanova et al., 2012; Pierce, 2014). As the dominant shapes of
PRR have been challenged by diverse patterns, some researchers
have argued that PRR is variable, complex, and scale-dependent,
influenced by numerous abiotic and biotic processes (Grace et al.,
2007; Willig, 2011). Consequently, ecologists have shifted their
focus towards incorporating more processes to explain the shapes
of PRR, utilizing structural equation models to integrate different
processes within the bivariate relationship of plant richness and
productivity (Grace et al., 2014, Grace et al., 2016). The structural
equation model approach allows for the calculation of the role
values of each process affecting species richness and productivity
based on field investigations and meta-analyses of previous studies.

In one specific integration, Grace et al. (2014) established a
causal network for the humped shape of PSRR, assuming the hump
as the basic shape. Using a structural equation model, the
corresponding processes influencing plant richness and
productivity in the humped shapes were quantified. Surprisingly,
this analysis did not support the assumed humped shape of PSRR
but instead revealed alternative shapes and influencing processes.
This study demonstrates how causal networks can be established
through hypotheses and explicit tests to explain PSRR as an
abstracting system, providing powerful predictions beyond
bivariate analysis. Building upon this concept, further structural
equation modeling was employed to integrate competing theories
into a multi-process hypothesis and evaluate it using global data
from 1,126 plots in grass-dominated sites (Grace et al., 2016). The
variables measured included plant species richness, productivity,
total biomass, and various drivers such as soil fertility, climate,
heterogeneity, soil suitability, and shading. In contrast to a bivariate
species richness-productivity model, this modeling approach
explained 61% of the variation in richness at the site and plot
levels, quantifying the roles of different processes in regulating
PSRR and SRPR (Figure 2).

In another integration, field observations from 6,098 forest,
shrubland, and grassland sites across China were collected to
integrally quantify the first-type effects of climate, soils, and
human impacts on soil organic carbon (SOC) storage, as well as
the second-type effects mediated by species richness, above-ground
net primary productivity (ANPP), and below-ground biomass (BB),
using a structural equation model (Chen et al., 2018). The analysis
revealed a positive SRPR and a positive biomass-SOC relationship.
Favorable climates (high temperature and precipitation)
consistently had a negative effect on SOC storage but a positive
effect on species richness, ANPP, and BB. The positive relationships
between species richness and ANPP/BB offset the negative effect of
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FIGURE 2

Roles of multiple processes in PRR quantified by a structural equation model. This figure illustrates the roles of multiple processes in PRR as
quantified by a structural equation model. Solid arrows indicate positive effects, while dashed arrows represent negative effects. The digits alongside
the lines indicate the magnitude of these effects. The lowercase letters represent the different plots for the data of collection. NS, no significance.

Adapted from Grace et al. (2016).

favorable climate on SOC storage. Maintaining high levels of
diversity can enhance soil carbon sequestration (Chen et al,
2018). These results are supported by other local studies
conducted in China and Canada (Chen et al., 2018; Huang et al,,
2018; Chen et al., 2020).

The aforementioned studies by Grace et al. (2014, 2016)
primarily focused on PRR influenced by abiotic processes, while
the study by Chen et al. (2018) attempted to reveal the underlying
mechanisms linking SOC storage with PRR. The results indicated
that species richness had positive effects on productivity, biomass,
and subsequently SOC storage, highlighting the regulation of PRR
by diverse processes. Structural equation modeling represents a
significant advancement in the analysis of PRR beyond two-
dimensional variables of plant productivity and diversity.
However, the data on species richness, productivity, and abiotic
and biotic processes used in structural equation models are often
collected simultaneously. Abiotic and biotic processes continuously
vary and exhibit hysteresis in the regulation of PRR. In other words,
the sampled abiotic and biotic processes, such as soil fertility, when
plant richness and productivity are measured, will primarily affect
plant richness and productivity in the future. Additionally, a single
application of a structural equation model cannot identify the
shapes of PRR. Therefore, it is necessary to consider dynamic
processes when establishing a model network to assess the effects
of processes on PRR. Nevertheless, the role values of different
processes in regulating plant richness and productivity, quantified
by structural equation models, can be used as coefficients for
independent and dependent variables in dynamic models. The
application of a structural equation model alone cannot derive or
model the shapes of PRR or reveal underlying mechanisms. Instead,
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it encourages us to leverage its advantages in combination with
other methods within the integrative framework.

Integration analysis with dynamical
models to explain the shapes of PRR

In order to predict the variation of species richness in PRR and
elucidate the underlying mechanisms, ecologists have previously
developed integrative models such as the CSR strategy, non-
equilibrium interaction model, multispecies patch-occupancy
model, resource-ratio model, and modified neutral model (Grime,
1974; Huston, 1979; Hastings, 1980; Tilman, 1982; Kadmon and
Benjamini, 2001). These models, with their respective differences,
aimed to understand the mechanisms of plant diversity and could
be integrated to explain the humped shape of PRR, which was
widely accepted by many ecologists at that time (Figure 3A). To
explain the shapes of SRPR, integrative models were developed to
characterize inter-specific competitive interactions among
randomly chosen species and a spatially structured ecosystem
competing for a limiting soil nutrient. These models were based
on complementary effects, inter-specific facilitation, and selection
effects, which provided an explanation for why species richness had
positive effects on productivity (Tilman et al., 1997; Loreau, 1998;
Loreau et al., 2001; Figure 3B). These theoretical approaches
represented early integration analyses with dynamical models and
significantly contributed to the understanding of the underlying
mechanisms of SRPR.

However, these early integrative models were primarily
designed to integrate the important processes suggested (or
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Two dominant shapes of PSRR and SRPR in early integrative studies. (A) Humped shape of PSRR: The figure illustrates the humped shape of PSRR. In
this shape, the plant community exists in a non-equilibrium state with multi-species patch occupancy along a gradient of resource availability and
environmental severity. On the high environmental severity side, strong environmental stress or disturbance selects for stress-tolerant species
adapted to such conditions, resulting in low species richness. Conversely, on the high resource availability side, strong competitive species dominate
the competition for limiting resources, such as light, excluding other species that freely immigrate but are not adapted to such competitive habitats,
leading to low species richness. Intermediate levels of stress or disturbance between the two sides favor both neutral and stress-tolerant species,
and strong competitive species can also thrive with neutral species, allowing for the coexistence of multiple species and maintaining high richness.
(B) Relationship among species richness, productivity, and resource-use intensity in SRPR: The figure depicts the relationship among species
richness, productivity, and resource-use intensity in SRPR. An ecosystem with high species richness exhibits complementarity in resource use,
leading to increased resource absorption by plants and higher productivity. At the same time, inter-specific competition is intense in the ecosystem.
Additionally, as species richness increases, more productive and reciprocal species occur in the ecosystem, resulting in high productivity. This
phenomenon is attributed to the selection effect and inter-specific facilitation, where more productive species are favored and occur in greater

numbers as species richness increases.

excluded) by researchers to explain (or support) the widely accepted
shapes of PRR. While these studies made efforts to reveal the
mechanisms of PRR, the focused integrative methods weakened
the universality of the results regarding the diverse shapes of PRR.
Recent integrative analyses using dynamical models have taken a
different approach. On one hand, they have moved away from
focused studies that only consider a few processes related to the
dominant shapes of PRR, such as the effects of environmental
heterogeneity, resource availability, plant density, trait variability,
etc., to clarify the underlying mechanisms (Hodapp et al., 20165
Wang, 2017; Hodapp et al., 2018; Wang et al., 2019). On the other
hand, unlike early integration, these analyses have attempted to
incorporate as many processes as possible that have been identified
by ecologists as factors influencing plant richness and productivity
(Box 1). These integrative analyses focus on two types of methods:
using statistical dynamic models to test the shapes of PRR observed
in literature and field studies, and using differential dynamic models
to integrate multiple processes in order to derive the shapes of PRR
and analyze the underlying mechanisms.

Statistical dynamic model

To address the limitations of early integrative studies that
focused only on dominant shapes of PRR, ecologists have
employed statistical dynamic models. These models combine
statistical and dynamic methods, originating from weather
forecasting models, to test the occurrence ratios of different
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shapes of PRR in previous species-assembly experiments and field
investigations (Cardinale et al., 2007; Adler et al, 2011). One
commonly used statistical dynamic model is meta-analysis, which
analyzes study cases to determine the shapes of PRR as a function of
various dynamic factors such as scales, investigation methods, plant
taxa, grains, and regions (Mittelbach et al, 2003; Gillman and
Wright, 2006; Cardinale et al., 2007; Whittaker, 2010). Meta-
analyses have indicated that, while there is still debate regarding
the shapes of PRR, the humped shape is dominant for PSRR in all
collected cases, with a relatively lower probability of occurrence for
other shapes such as negative, U-shaped, and unrelated forms
(Mittelbach et al., 2003; Adler et al., 2011; Fraser et al., 2015;
Figure 4A). For SRPR, a positive or asymptotic shape is dominant
compared to other shapes (Cardinale et al., 2007; Duffy et al., 2017).
It is evident that scales, investigation methods, and plant taxa
influence these statistical results. However, meta-analysis fails to
capture the changes in PRR and the relationships between different
shapes of PPR, as it provides static results without considering the
impact of plant productivity, diversity, or other processes affecting
PRR. Nevertheless, statistical models are valuable tools for
identifying and validating the shapes of PRR in previous study
cases within the framework (Figure 1).

Another statistical dynamic model is the use of simple regression
with empirical equations or direct regression analysis to demonstrate the
different shapes of PRR based on field sampling results (Axmanova et al.,
2012; Steudel et al, 2012; Huang et al, 2018). In such models, the
coefficient of species richness (independent variable) is utilized to
determine the shapes of SRPR corresponding to the sampling results
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(Figure 4B). For instance, an empirical dynamical model P=0.f(X)-S®(P,
productivity; X, environmental factors such as soil and climate; S, species
richness; 0, coefficient; B, the effects of species richness on productivity)
was employed to quantify the dependence of productivity on species
richness and measure the marginal productivity, which represents the
change in productivity resulting from a one-unit decline in species
richness, while accounting for climatic, soil, and plot-specific covariates
(Liang et al., 2016b). When B > 1, the shape of SRPR is concave-down;
when B = 1, the shape is positive; when 1 > B > 0, the shape is asymptotic;
when B = 0, the shape is parallel (no effect); when B < 0, the shape is
negative. Direct sampling data from various sources indicated that the
average 0 was 0.26, suggesting a predominantly positively asymptotic
shape. Other forms occupied only a small percentage. A sampling study
across the Amazon Basin, involving 90 one-hectare plots, also
demonstrated the dominant positively asymptotic effect of taxonomic
and evolutionary diversity on productivity, which was separated from
environmental factors using generalized least-squares modeling (De
Souza et al,, 2019). These field sampling results were consistent with
meta-analyses of other ecologists’ studies, although meta-analysis
represents a secondary form of sampling (Hooper et al., 2005; Grace
et al,, 2007; Forrester & Bauhus, 2016; Duffy et al., 2017).

The statistical dynamical models based on field sampling are
effective and straightforward approaches for identifying the shapes
of PRR. Additionally, by utilizing a coefficient known as marginal
productivity—the change in productivity resulting from a one-unit
decline in species richness—the relationship between different
shapes of PRR can be defined in a simple manner. However,
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these models have limited flexibility in considering variables other
than productivity and species richness (represented by variable X).
This limitation hinders the ability to reveal the interactions among
these processes since X is often quantified using linear methods
rather than non-linear ones (Liang et al., 2016b). In reality, the non-
linear interactions of other processes significantly impact PRR, as
demonstrated by earlier studies examining interactions among
disturbance, competition, stress, resource availability, and more
(Grime, 1974; Huston, 1979; Hastings, 1980; Tilman, 1982).
Unfortunately, the statistical dynamical models fail to adequately
quantify these non-linear interactions of other processes, leading to
increased errors in explaining the shapes of PRR.

Differential dynamical model

Some ecologists argue that PRR is governed by diverse and
complex processes, and to clarify the shapes of PRR, it is necessary
to assess the different effects of these processes on plant richness and
productivity and simulate their interactions (Willig, 2011; Grace
et al,, 2014; Wang, 2017). In line with this perspective, a set of
differential equations, known as the PSRR model, was established
based on the positive and/or negative effects of 21 widely accepted
processes on plant productivity and species richness, as identified in
the relevant literature (Wang et al., 2019). These equations integrate
the effects of these processes into a comprehensive measure of plant
productivity, allowing for the derivation of the shapes of PSRR.
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Each process is assigned a different parameter value to represent its
strength, and these parameter values can be adjusted to regulate the
strengths of the processes. Plant richness is explicitly defined as a
dependent variable, while plant productivity serves as an
independent variable in the equations, quantifying the effects of
plant productivity on species richness. Subsequently, the PSRR
model is transformed into the SRPR model, which represents the
feedback relationships to PSRR. In the SRPR model, plant
productivity is determined as a dependent variable, and species
richness as an independent variable. Using the PSRR model, the five
typical shapes of PSRR, the dynamics of IICE (Box 1), and the
effects of the species pool on these shapes with increasing
productivity were derived and verified using field data (Wang
et al., 2019; Figure 5). It was observed that the shapes of PSRR
can change from one shape to another by altering the parameter
values representing the strengths of the processes. Since the same set
of parameters is used in the SRPR model, the diverse shapes of
SRPR can also be derived. These derivations indicate that different
strengths of processes acting on species richness and productivity
give rise to different shapes of PSRR and SRPR. Specifically, when
the integrated processes show a dominant positive effect, the shape
of PSRR or SRPR is linear or asymptotic; when the integrated
processes show a dominant negative effect, the shape of PSRR or
SRPR is negative; and when the integrated processes successively
show a dominant positive and negative effect, the shape of PSRR or
SRPR is humped. These integrative methods can explain the
documented PSRR and SRPR patterns observed in empirical
studies conducted over several decades on various terrestrial,
freshwater, and marine taxa from different regions of the world
(Mittelbach et al., 2003; Gillman & Wright, 2006; Whittaker, 2010;
Grace et al, 2014; Liang et al, 2016b; Fichtner et al., 2017).
Furthermore, these results reveal the connections between the
different shapes of PSRR and SRPR and the underlying processes
(Wang, 2017; Wang et al., 2019).

While the differential dynamical model offers a flexible solution
for revealing the dynamical interactions of different processes
affecting PRR and can elucidate the mechanisms underlying PRR,
it is challenging to determine the coefficients of the numerous
variables in the model. Moreover, the shapes of PRR derived or
modeled using this non-linear differential model are generally
diverse and require validation using field sampling data.
Therefore, the structural equation model and statistical dynamical
model can complement the limitations of the differential dynamical
model within an integrative framework.

The recent integrative studies using statistical and differential
dynamic models (Cardinale et al., 2007; Liang et al., 20163, b; Wang
etal,, 2019) have improved the limited universality of results obtained
by earlier studies that primarily integrated only a few processes to
explain the accepted dominant shapes of PRR. The differential
dynamical model provides insights into why and how the diverse
PRR patterns discovered by statistical dynamical models based on
meta-analysis and field sampling occur in the real world. Based on the
differential dynamic model, it has been found that: (i) ecological
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processes that have a positive or negative effect on plant richness and
productivity in PSRR and SRPR can vary temporally or spatially; (ii)
processes that have a strongly positive effect at one productivity or
richness level may have a weakly positive or negative effect at another
level; and (iii) the integration of all positive and/or negative effects of
processes, species richness, and plant productivity into a total effect
(which continually changes but may be positive or negative)
fundamentally determines the shapes of PSRR and SRPR (Wang
et al,, 2019; Leclere et al., 2020). However, these integrative methods
still require further improvement. Theoretically, integrative methods
are based on the analysis of processes affecting plant richness and
productivity to establish dynamical models of PRR (Tilman et al,
1997; Loreau, 1998; Wang et al, 2019). The parameter values
representing the effects of processes on PRR in dynamical models
are often assumed and subjectively determined, although many
derived PRR shapes have been validated by field data. Such an
approach can influence the reliability of the derived PRR shapes.
Therefore, within the framework of explaining PRR, we propose that
the parameter values representing the effects of processes on PRR in
the PRR dynamical models should be determined by quantifying the
roles of different processes in the regulation of PPR in the field using a
structural equation model (Figure 1).

Conclusions

PRR has been a subject of extensive debate and research in
ecology. Over time, research on PRR has progressed through
distinct stages, including the identification of different PRR
shapes, investigations of influencing processes, and integrative
studies involving vegetation analysis, manipulation experiments,
and theoretical analysis. The central focus of the debate has been on
determining the dominant shapes of PRR and understanding the
underlying mechanisms.

Recent integrative research, which involves analyzing and
integrating the effects of respective processes influencing PRR, has
revealed that the humped, asymptotic, positive, negative, and
irregular shapes of PRR are interconnected. These shapes are not
fixed, and one shape of PRR can transition into another. The
balance between the positive and negative effects of different
processes plays a crucial role in determining the various shapes of
PRR. Furthermore, this balance leads to plant diversity having a
globally positive effect on plant productivity and other
ecosystem functions.

Respective and integrative research represent two types of
methods employed to study the ecological processes influencing
PRR. Respective research focuses on testing the effects of individual
processes on PRR and uncovering the underlying mechanisms.
Integrative research, on the other hand, examines the relative roles
and interactions of processes in regulating PRR in real-world settings,
as well as the relationships between different PRR shapes. PRR is
considered a fundamental ecological issue that spans populations,
communities, ecosystems, and landscapes. Ecologists have long been
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Typical Shapes of PSRR. (A1-E1) These curves represent the humped, asymptotic, positive, negative, and irregular shapes, respectively, derived by the PSRR
model, which incorporates almost all processes affecting species richness. Adapted from Wang et al. (2019). (A2—E2) These curves illustrate the dynamics of
intra- and inter-specific competition effects (b) and the potential species-pool effect (Sp), which directly influence the shapes of PSRR. (A3—E3) These curves
depict the observed species richness along a productivity gradient at a local plot across Germany, Czech Republic, Russia, USA, and Australia, respectively.
The regression curves represent the results fitted based on these observed species richness and productivity. The fitted curves correspond to the outcomes
obtained by fitting the observed data with the PSRR model. Notably, there was no significant difference between the fitted and observed species richness.

interested in PRR and the ecological processes that affect it, which has
led to the development of various ecological theories.

Future studies on PRR should emphasize the relationships
between metabolic rates related to resource availability and
productivity, gene mutation rates, and increasing plant diversity,
as these factors are evolutionarily significant. It is essential to
identify the relative importance of each process and understand
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their interactions for the advancement of integrative studies. While

significant progress has been made in understanding PRR, it is

crucial for ecologists to carefully differentiate between the two types
of PRR influenced by respective and integrative processes.
Confusion between these types of PRR and different research
methods can contribute to additional debates and challenges in

the field.
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