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Abstract: The plant productivity-richness relationship (PPR) is one of the most debated and important issues in
ecology. There have been distinct stages in the research of this issue, including the discovery of the different PPR
shapes, respective tests of influencing processes, and integrative research with vegetation investigation,
manipulation experiments, and theoretical analysis. The debate largely focuses on what the dominant shapes and
underlying mechanisms are. Recent integrative research works following analyses of respective processes affecting
PPR have found that the humped, asymptotic, positive, negative, and irregular shapes of PPR are linked to each
other. One shape of PPR may change into another. The balance between positive and negative processes determines
the different shapes of PPR. Plant diversity has a globally positive effect on plant productivity.

Keywords: plant diversity, plant productivity, humped pattern, intrinsic rate of species richness, complementary
effect, resource availability, disturbance, species pool effect, competition exclusion, process integration

Plant diversity and productivity are two fundamental properties sustaining ecosystem structures and functions.
Only when there are diverse plant species in an ecosystem can the ecosystem acquire sustainable primary
productivity and stability (1,2). Correspondingly, the ecosystem is able to supply ecosystem services, such as
sequestration of CO,, release of oxygen, production of wood, regeneration of clean water resources, and control of
soil erosion. Therefore, PPR is considered a core issue by ecologists worldwide (3, 4).

Early ecologists found that, in natural ecosystems, plant species richness continually increased with increasing
plant productivity, but when plant productivity reached a high level, species richness conversely decreased with a
continual increase in productivity. PPR showed a humped (or unimodal) curve (5,6). Further work indicated that
there were also positively and negatively linear and asymptotic relationships between plant productivity and species
richness. Ecologists have even found U-form and irregular forms of the relationships. Therefore, ecologists began to
debate the general shape and underlying mechanisms (7-10). When ecologists considered the effects of plant
productivity on species richness or diversity patterns, the effects of plant species richness on productivity were also
diverse in the shapes of PPR based on numerous investigations in natural ecosystems (11). Ecologists conducted
many experiments of species assembly under consistent influencing conditions in the field to clarify the
relationships. The results showed that the dominant PRR shape was positive or asymptotic. Inconsistencies in the
results from manipulation experiments and natural ecosystems have led to more debate than in the earlier stages
(7,12, 13).

In fact, there are two potential relationships regarding PPR: (1) the plant productivity—species richness
relationship (PSRR), in which plant productivity is an independent variable and species richness is a dependent
variable, which can elucidate the patterns of diversity affected by productivity with other processes (Fig. 1); (2)
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Fig. 1 PSRR and SRPR. Primary processes influencing PSRR and SRPR are in the dashed box. Big blue
arrows represent SRPR linking with ecosystem properties at the left. Big green arrows represent PSRR
linking with community structures. S: species richness; P: productivity; x»: biotic and abiotic processes.

species richness—plant productivity relationship (SRPR), i.e., the feedback relationship to PSRR, in which species
richness is conversely an independent variable and plant productivity is a dependent variable, which can be used to
clarify the effects of plant diversity on plant productivity as well as on ecosystem functioning, stability, and services
directly related to productivity (14, 15, Wang et al., 2017, 2019). PSRR and SRPR almost link with all key processes
and issues in ecology (Fig. 1). Recently, ecologists have conceptually and methodologically revised the approaches
that were used in the past. They typically identify the respective processes affecting plant species richness and
productivity from numerous studies and integrally quantify the positive or negative effects of these processes with
structural equation modeling (2,3). Alternatively, ecological dynamical models are used to combine the effects of
these processes on PPR after the positive or negative effects of these processes are identified from previous studies,
following which the shapes of PPR with observed data are derived and validated (14—16). Consequently, all shapes
of PPR occurring in past studies can be perfectly explained.

A history of determining the SRPR and PSRR shapes
SRPR

The earliest ecologist concerned about PPR was Darwin (17). He proposed that more diverse plant communities
are more productive. This is a perspective on a positive SRPR. Theoretical research also showed a positive
relationship for SRPR about 100 years later (18). However, in the studies of New York old fields, where herbaceous
perennial grasses and dicots were the principal components of the successional flora over the last few decades,
average net productivity was negatively related to species richness, while total net productivity was not related to
species richness (19). Ecologists considered that diverse ecosystems could avoid environmental degradation and
maintain yield, thus proposing a diversity—sustainability hypothesis to support the positive SRPR (20, 21). The
experimental studies of the effects of diversity on a variety of biogeochemical processes indicated that diverse
ecosystems could indeed decrease the loss of soil nutrients and maintain soil fertility to support biomass production,
consequently verifying the diversity—sustainability hypothesis (21, 22).

In the 1990s, ecologists conducted species-assembling experiments in grasslands to test SRPR under the
conditions of consistent biotic and abiotic influencing factors in northern America and several countries of Europe
(23,24). These long-term experiments designed species richness gradients from one to several tens of species to test
the shapes of SRPR. These experiments provided convincing positive or asymptotic SRPRs, even when legumes
were excluded from the plant community assemblies. Moreover, ecologists discovered that the nitrate necessary for
plant growth in the root zone and below the root zone was significantly decreased and the soil nitrogen utilization
was increased with increasing plant species richness, thus strongly supporting the diversity—sustainability hypothesis
(25). Ecologists were confident about the positive or asymptotic SRPR at the end of the 1990s and proposed
selective and complementary effects to explain the relationship (24, 26, 27).

Further experiments and observations from different continents as well as data from earlier studies previously
unknown to ecologists concerning SRPR have been used to analyze SRPR in the 21st century. A report by some
leading ecologists proposed that certain combinations of species were complementary in their patterns and were able
to increase their average rates of productivity and nutrient retention (28). A meta-analysis indicated that in 44
experiments of species manipulation, mixtures of species produced an average of 1.7 times more biomass than
monocultures, thus verifying positive SRPR; however, by comparing the mean biomass production of polycultures
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and monocultures for the single most productive species in these experiments, 10 positive, 52 non-significant, and
22 negative SRPRs were found (11). Under the conditions of no controlled biotic and abiotic factors affecting SRPR
in the field, a negative SRPR was found to be very common, including in three forest types in British Columbia and
Albe (29), the Park Grass Experiment (30), and the prairie-forest ecotone of north-eastern Kansas (31). These
different findings resulted in a few inconsistent points regarding the shapes of SRPRs and underlying mechanisms
(12, 13).

PSRR

Ecologists began to discuss productivity as one of the reasons for temperate/tropical diversity gradients in the
1960s (5,32). Following this, the existence of a humped PSRR was found (33). The monotonic PSRR curve was first
motioned in a theoretical study, which included positively and negatively monotonic PSRRs (34). However,
negatively monotonic or mutually unrelated PSRRs were observed in natural grassland and algae communities until
the 1980s (35). A positively monotonic PSRR was first described by the linear relationships between tree species
richness and annual evapotranspiration as an indirect index of productivity (36). During this stage, humped and
positive PSRRs were the widely accepted shapes of PSRRs, and the two shapes also played a major role in the
clarification of diversity patterns (37, 38). Ecologists claimed that a humped PSRR was the only type with either
empirical or theoretical support, and that other types, such as positive shapes, might only constitute one or two parts
of the humped PSRR in the early stage of 1990s (5). These points are primarily based on the relatively fewer results
on PSRR before the 1990s.

Many field studies on PSRRs were conducted on different continents in the 1990s. The shapes of PSRRs were
diverse, and ecologists did not agree that the humped PSRR was a sole diversity pattern. For example, a humped
PSRR in a Mediterranean salt marsh, Caribbean phytoplankton community, and grasslands and shrubs (39), a
negative PSRR in no grazed plots of two Louisiana coastal marshes and beaver meadows (40, 41), a positive PSRR
in a model assemblage of plant species, beaver meadows, and open grasslands and half-shrub areas (41, 42), and
unrelated PSRRs (39, 42) were found.

Several meta-analyses directly provided the percentages of the different shapes of PSRR during the first decade
of the 21st century (7,8,10). In these articles, humped and positive PSRRs obtained high percentages, but these
results were considered scale-dependent and were often confused in terms of the grain, focus, and extent of PSRR (8,
10). Consequently, ecologists began with the next round of research with new approaches for avoiding these
weaknesses. The new round of exploration indicated that diverse shapes of PSRR still occurred, such as positive and
humped PSRRs in a subtropical forest of Puerto Rico, USA (43), dominant humped PSRRs in the northeastern
sections of China and USA (44), and negative PSRRs in natural stands of Central Europe and managed grasslands of
Germany (45, Socher et al., 2012). Therefore, the shapes of PSRR still continue to be debated (1, 46).

Scientists had comparatively more consistent points on the dominant shape of SRPRs, i.e., positive or
asymptotic, than on the dominant shape of PSRRs (26, 47, 48). This is because ecologists can conduct manipulative
experiments in plots over a short time to test productivity with increasing species richness in addition to vegetation
investigation and theoretical modeling. However, ecologists have also found it difficult to determinate the relative
contribution of increasing species number and changing plant traits to increasing productivity with species richness,
which is a focus of much debate (49, 50). After ecologists carefully compared the roles of plant traits with species
richness in productivity, they were very confident of the positive effects of species richness on productivity, while
other shapes of SPRR still occurred with a small percentage (47, 51). However, for PSRR, ecologists could only
adopt vegetation investigation and theoretical modeling to test the shapes of PSRR. They could not design a gradient
of productivity to test the change in species richness with increasing productivity, as an increase in species led by
productivity often occurred at an evolutionary time scale jointly affected by various abiotic and biotic factors, such
as climate, dispersal, and species pool. Therefore, the debate on PSRR is more intense than that on SRPR.

Different explanations for the shapes of PSRRs and SRPRs

In long-term studies, ecologists have suggested many theories, hypotheses, or processes to explain PSRR and
SRPR. Generally, processes affecting PSRR or SPRR, or used to support these theories and hypotheses, have either
positive or negative effects, or both positive and negative effects on species richness, plant productivity, and further
on SPRR or SRPR (Table 1). These processes have been widely accepted by ecologists to explain the shapes of
PSRR and SRPR (14, 15). Here we generalize them as follows.

(1) Intrinsic rate of increase in species richness with increases in plant productivity (IRISR). IRISR is defined
as a positive process directly increasing plant species richness according to the metabolic theory of ecology (MTE)
and species energy theory (SET). MTE states that available resources such as high ambient temperature and
precipitation in comparatively lower than higher longitude regions can generate a high metabolic rate and,
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consequently, increase plant productivity from biochemical kinetics. A high metabolic rate and productivity increase
the mutation rate of genes and plant fecundity rates to cause rapid speciation, resulting in higher species richness in
communities for a long time (52,53). Thus, an increase in species richness is inherent to increasing productivity.
SET assumes that a certain number of resources is required to maintain at least one individual of a given species;
therefore, as the quantity of resources (i.e., potential productivity) increases, the quantity of individuals increases,
and more rare species are also able to maintain viable population sizes in a community, which leads to reduced local
extinction and increased species diversity (54, 55). SET is based on the premise that increases in the number of
individuals and productivity are positively correlated, and consequently productivity is simply a sum of individual
growth; these actually occur only when there is low resource availability or productivity levels with weak or no
competition stress (56).

(2) Intra- and inter-specific competition effects (IICE). 1ICE include multiple processes such as competition
stress, competitive exclusion (ICE), and assemblage-level thinning (ALT) (35, 38). Most competition theories
indicate that mortality is not equal among species due to inter-specific differences in resource use, individual size,
and growth rates (57). Competition for limiting resources becomes increasingly important at high levels of
productivity; thus, resource acquisition and growth by the dominant species suppress and, eventually, exclude the
subordinate species (i.e., ICE), thereby yielding a relatively species-poor assemblage (38,57,58). However, ALT
occurs because of equal mortality among species and thinning alone in habitats with abundant resources, and high
plant productivity causes decreases in species richness, leading to the extinction of rare species (5, 59). ICE and
ALT both explain decreases in plant species richness (i.e., a negative effect on species richness) at high resource

availability
Table 1 Processes directly affecting species richness and productivity
Ecological process Object that the process Citations
affects
IRISR (+)Species richness (9, 53, 57,60)
IICE (-)Species richness; (- or +)(35,57,61,62)
productivity
Competition stress (-)Species richness; (-)|(35,38)
productivity
Competitive exclusion (-)Species richness (35,38)
Assemblage-level thinning (-)Species richness; |(57)
(+)productivity
Resource availability (+or-)Species richness;|(9,62)
(+)productivity
Disturbance (- or +)Species richness; 63-65)
(-)productivity
Species-pool effect (+)Species richness (66,67)
Ecological and limiting similarities (-)Species richness; |(67)
productivity
Differences of niches (+)Species richness; (67)
Filtering effects by abiotic and biotic processes | (-)Species richness (68,69)
(e.g., isolation, long-dispersal distance, unsuitable
establishment conditions, lack of seeds, and
differences in fitness and competitive ability)
Land area and scale increase (+)Species richness; (66)
(+)productivity
Environmental heterogeneity (+)Species richness (70,71)
Negative density dependence (+)Species richness 72-74)
Sampling effects (+/0)productivity (12, 27)
Complementary effects (+)productivity (12, 27)
Density effect (+)Species richness; (57, 75)
(+ or -)productivity
Imbalance in the supply of resources (+)Species richness (9, 62)
Functional trait and its diversity (+)Productivity (76, 77)

Notes: +, -, and 0 represent positive, negative and no any effects, respectively.


https://doi.org/10.20944/preprints202011.0290.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 November 2020 d0i:10.20944/preprints202011.0290.v1

levels. However, ICE and ALT often have positive effects on productivity in a community when they eliminate the
subordinate species or weak individuals with low resource-use rates. However, competition stress without ICE and
ALT might weaken the growth of all species, generating a negative effect on productivity (57, 59, 62). Clearly, the
IICE on species richness and productivity are complex.

(3) Dynamic equilibrium hypothesis. The hypothesis is an early explanation related to different processes for
PSRR (78). The hypothesis suggests several key factors: competition, disturbance, and productive habitat. Under
this hypothesis, 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 unbearable plant species, leading to low
species richness. With very frequent or very rare disturbances, diversity will remain relatively low in habitats of any
productivity (79).

(4) Theory of resource competition. The theory uses resource heterogeneity, productivity, nitrogen, light, and
disturbance to comprehensively explain PSRR and argues that very productive and very unproductive habitats have
low resource heterogeneity (62). However, habitats with intermediate productivity have the highest resource
heterogeneity and allow many species that rely on different resource conditions to coexist. Plants at low productivity
are entirely limited by a soil resource such as nitrogen, and only the best nitrogen competitor can grow. At high
productivity, dense plants are full of the habitats, and plant growth is entirely limited by light. Only the best light
competitor grows (37, 79). In between, different micro-habitats have different nitrogen:light ratios, and different
species are the best competitors in each type of micro-habitat, and thus many species coexist.

(5) Species-pool effect. Species pools are defined as 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. The probability is specifically regulated in a plant species assembly by the ecological and limiting
similarities and differences in the niche, fitness, and competitive ability occurring among specific species (67).
Species richness occurring on a particular scale, as well as the geographical extent of that scale, is dictated by the
species-pool effect. The species-pool effect is weakened owing to filtering by abiotic and biotic processes (e.g.,
isolation, long-dispersal distance, unsuitable establishment conditions, lack of seeds, and differences in fitness and
competitive ability) on immigrating species (66). These processes have a negative effect on species richness. The
species-pool effect is also closely related to the geographical and evolutionary contexts, in that the species pool,
delimited by a geographical region with high environmental heterogeneity, resource abundance, and rapid
speciation, or a region in the center of biodiversity, possesses a greater species-pool effect (67).

(6) Disturbances. Intense disturbances from the natural world or humans, such as grazing, fire, severe
windstorms, wave damage, land cover alterations, habitat fragmentation, and forest destruction, often alter plant
productivity and species richness, primarily via a negative mortality-causing effect, and further regulate PSRR and
SRPR (80). Urbanization and industrialization inevitably convert forest to other land cover types, altering soil
biophysical and chemical properties, as well as animal and microbial communities, which likely has a negative
effect on the maintenance of plant diversity and productivity (64). However, moderate disturbances, such as a
moderate intensity of grazing and fires, often restrain the dominant plants and remove the litter and secondary
biomass in forests, promoting the establishment of immigrated species, which in turn results in an increase in plant
diversity and productivity—an indirect effect. Over the past 40 years, the “intermediate disturbance hypothesis” has
been widely recognized as an ideal concept for explaining the effects of disturbances on species diversity patterns
despite some ecologist’s critiques due to theoretical weaknesses (63-65).

(7) Environmental heterogeneity. Environmental heterogeneity is scale-dependent, and, at the local-scale level
(e.g., quadrats and plots), there are different configurations in resource types with various availability levels along
with more complex configurations in abiotic and biotic resources and more heterogeneities in the environment (81).
For example, five levels of pH, depth, moisture, and nitrogen (i.e., four factors) in the soil are configured in a plot,
and accordingly the environmental heterogeneity in the plot will exceed another plot in which only four levels of
these four factors or five levels of three factors are configured. However, environmental heterogeneity primarily
embodies differences in habitat and microclimate at landscape scales, such as the habitat differences among plant
communities located in a valley, flatland, cropland, and beach of a river within a landscape (70,71). Therefore, a set
of relatively different species arises in different habitats, and the landscape contains more different species. Climate
and physiography present obvious differences on regional scales, shaping various zonal vegetation types, such as
deciduous coniferous forests, temperate deciduous broad-leaved forests, and tropical rain forests, distributed across
different climatic zones (82). These vegetation types include a set of different species adapting to zonal climate,
which regionally increases species diversity.

(8) Density effects. Density effects are based on species-energy theory, which suggests positive relationships
between species richness and the total number of plants in plant communities (75). Plant density increases with
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increasing species richness, thus leading to high biomass production at low inter-specific and intra-specific
competition levels. Increasing plant density also results in high plant species richness in a plant community with the
maintenance of rare populations and low assemblage-level thinning—an effect that appears to have been previously
ignored (57). However, inter-specific competitive stress on the growth of plants occurs at high species richness
levels and causes a decrease in the average size and mass of individual plants, and thus plant productivity (38,58).
Density effects reflect a characteristic of plant species richness by increasing plant density to increase plant
productivity, which is similar to 7 selection as a plant strategy.

(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 (74). Numerous studies explicitly or implicitly assume that a stronger NDD maintains higher species
diversity in communities and have documented the existence of NDD in one or several plant species. Negative
interactions among plant species are known as conspecific NDD. Conspecific NDD is considered a dominant
process that prevents the erosion of biodiversity in tropical forests, not only by limiting populations of common
species but also by strongly stabilizing populations of rare species (73). This theory argues that a rare species is
more likely to experience strong positive growth rates, whereas a dominant species has a large range of relative
abundance values over which it experiences negative growth rates. The positive and negative effects are crucial for
helping rare species resist extinction and decrease the excessive individuals of dominant species and maintain the
diversity of the plant community (72).

(10) Selective and complementary effects. The selection effect is the standard statistical covariance effect, and
specifically species yields in a plant community are on average higher than expected on the basis of the weighted
average monoculture yield of the component species, as a diverse community stochastically contains highly
productive species (12, 27). The complementary effect actually refers to an effect caused by differentiation in
resource use and/or facilitative interactions among plant species, which become the main drivers of increasing
productivity at higher levels of species richness (11, 12). However, the selective effect is challenged by the so-called
zero-sum game, which states that, in a diverse community, the low-productivity species also occur at a high
probability and offset the effect of highly productive species, thereby reducing the effect to zero (11, 83, 84).
However, the assembly of low-productivity species selected is complementary in resource use and can possibly
bring about relatively higher productivity than a monoculture, which does not reduce the sampling effect to zero.

(11) Resource availability. Resource availability includes two characteristics. First, the summed abundance of
various resource types, such as temperature, sunlight, water, and mineral nutrients, directly affects plant species
richness and productivity by controlling sizes of populations, growth of organisms, and the probability of stochastic
extinction according to SET (9,85). Second, relatively higher quantities of limited resources ensure that weaker
competitors are able to capture the limited resources based on the resource ratio theory for the maintenance of a
population. However, the theory also states that the imbalance in the supply of two or more resources, relative to the
stoichiometric needs of competitors, can dictate the strength of the competition and, in turn, the diversity of
coexisting species (9, 62).

(12) Theory of species’ functional traits and diversity. Species’ functional characteristics strongly influence
ecosystem properties (76, 77). Functional traits operate in a variety of contexts, including the effects of dominant
species, keystone species, ecological engineers, and interactions among species. Relative abundance is not always a
good predictor of the ecosystem-level importance of a species, as even relatively rare species, possibly an especial
species, can strongly influence the pathways of energy and material flow (76). Increasing the diversity of functional
traits and interspecific interactions will ensure different ecosystem properties, ecosystem sustainability, and
ecosystem stability (77).

Integrative explanation of PSRR and SRPR
Points on integration

The above theories, hypotheses, or processes evidently promote the understanding of PSRR and SRPR.
However, they can only explain the dominant shape or a component of PSRR and SRPR. The dominant humped
shape of PSRR and the dominant asymptotic or positive shape of SRPR are always challenged in studies, because
the results from assembly experiments, field investigations, and mathematical modeling have indicated other shapes,
including the negative monotonic, irregular, unrelated, or even U-shaped (10,46). These different shapes are the
main reason why ecologists have been intensely debating the two relationships over the past several decades (5,57,
59, 86). Although ecologists have consistently adopted standardized approaches to reconcile the differences in the
shapes and clarify the underlying causes, the different shapes of PSRR and SRPR have still been reported in recent
studies (1, 46,60, 87,88).

Some authors argue that PSRR and SRPR are variable and complex because they are governed by many abiotic
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and biotic processes and different methods that are scale dependent (1, 13). It may be better if ecologists focus on
studying more shapes of PSRR and SRPR, but for the causes explaining these shapes, an integrative analysis of
various processes over bivariate relationships should be conducted to explain the diversity of PSRR and SRPR
(1,13,89). Ecological processes affecting plant productivity, species richness, and their relationship often have either
a positive or negative effect, and some have even two effects simultaneously (5,9,79). Completely understanding
PSRR and SRPR and their underlying mechanisms would be beneficial if the following steps are conducted: (1) the
identification of the respective effect of each process on PSRR and SRPR from numerous studies; (2) the use of
suitable models to construct and combine the respective effects of these processes into a logical comprehensive
effect on PSRR and SRPR; (3) the derivation of the shapes of PSRR and PSRR based on the integrative models of
processes; (4) the use of observed data to verify the derived shapes and identify underlying mechanisms and roles of
processes (1, 14-16).

Early studies of integration

Early studies were primarily concerned with integrative theoretical methods for predicting the variation in
species richness and coexistence related to PSRR, such as the non-equilibrium interaction model (NEIM),
multispecies patch-occupancy model (MPOM), and resource-ratio model (RRM) (62,78,90). NEIM assumes that
most communities exist in a state of nonequilibrium where competitive equilibrium is prevented by periodic
population reductions and environmental fluctuations; correspondingly, a dynamic balance may be established
between the rate of competitive displacement and the frequency of population reduction, resulting in a stable level of
diversity (78). In MPOM, a pattern of diversity is described with the changes in colonization rates, disturbance rates,
and plant cover—a surrogate of productivity. The model elucidates the effect of disturbance on numerous
competitors that compete for space and exhibit a competitive hierarchy, and quantifies PSRR (90). RRM explains
the coexistence of competitive species based on their differing abilities to compete for pairs of resources where the
ratio of abundance of the resources varies (62, 91).

In a modified neutral model suggested to explain PSRR and SRPR, all species are assumed to be ecologically
identical and lack trade-offs in species characteristics (92). Based on the model, most documented patterns of
disturbance-richness and productivity—richness relationships as well as the observed interactions can be explained
well with the identification of different species responses to productivity and disturbance. In a modified multispecies
patch-occupancy model, the separate effects of productivity and disturbance on species richness are synthesized to
explain identified positive, negative, or humped PSRR (92). When a predicted productivity—diversity relationship is
humped, productivity levels that maximize species richness increase with increasing disturbance; similarly, when a
predicted disturbance—diversity relationship is humped, species richness moves to a high disturbance level with
increasing productivity. A model of plant community for explaining the mechanism of coexistence integrates
resource heterogeneity and recruitment limitation with and without any trade-off between reproductive and
competitive abilities (93). The generated results include different levels of species richness with model parameters,
number of species in a regional pool, degree of recruitment limitation, and level of heterogeneity. Different
diversity—productivity patterns are demonstrated with different coexistence mechanisms, indicating that there is no
reason to expect any general PSRR.

Three models of interspecific competitive interactions containing various numbers of randomly chosen species
predict that, on average, productivity increases asymptotically with the original biodiversity of a community,
ecosystem nutrient retention also increases with biodiversity, and the effects of biodiversity on productivity and
nutrient retention increase with interspecific differences in resource requirements (94). The effect of plant diversity
produces the typical asymptotical shape of SRPR (Fig. 2A). A mechanistic model of a spatially structured ecosystem
in competition for a limiting soil nutrient shows that plant species richness does not necessarily enhance ecosystem
processes, but it identifies two factors that could generate nutrient retention and high productivity: (i)
complementarity among species in the space they occupy belowground and (ii) a positive correlation between mean
resource-use intensity and diversity (95; Fig. 2B). These two factors have important implications for the
understanding of SRPR, and the model also shows that the effect of species richness on productivity or other
ecosystem processes is often masked by the effects of physical environmental factors.

The early integrative models were designed primarily based on the most documented patterns of disturbance—
richness, productivity—richness, and interspecific competition—richness, as well as their interactions, combining the
important factors that researchers suggested (or excluded) to explain these dominant shapes of PSRR and SRPR.
However, among them, once the dominant shape is not supported by the results, theoretical studies shift their focus
from both the dominant PPR shape and the purely bivariate relationship to other issues. This approach shows the
effort revealing the mechanisms of PSRR and SRPR, but the oriented prediction methods might have weakened the
universality of the results.
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Fig. 2. Relationships among plant species richness, resource use, and productivity (A) Productivity
increases and unconsumed resources decrease with increasing species richness [data from reference
(94)]; (B) relationships among productivity, species richness, and resource-use intensity. Continual line:
average resource-use intensity independent of specie species richness; circles and squares: species
added in increasing and decreasing orders of resource-use intensity, respectively [data from reference
(95)].

Recent integration

Grace et al. established a causal network for the humped shape of PSRR, in which the hump was assumed as a
basic shape (1). The influencing processes and shapes of PSRR were quantified using structural equation modeling.
Unexpectedly, this analysis did not support the assumed humped shape of PSRR, but conversely revealed other
shapes and corresponding influencing processes. This exercise shows how causal networks are established by
possible hypotheses and explicit tests to explain PSRR as an abstracting system, providing powerful predictions
beyond bivariate analysis. Based on this idea, further structural equation modeling was used to integrate competing
theories into a multi-process hypothesis and evaluate the hypothesis using the global data of 1,126 plots at grass-
dominated sites around the world (2). The variables measured included plant species richness, productivity, and total
biomass along with many drivers including soil fertility, climate, heterogeneity, soil suitability, and shading. In
contrast to a bivariate model, the modeling explained 61% of the variation in richness at the levels of sites and plots
and quantified the roles of processes and other drivers in the regulation of PSRR and SRPR (Fig. 3).

In an additional integrative study, field observations from 6,098 forest, shrubland, and grassland sites across
China were collected, and the direct effects of climate, soils, and human impacts on soil organic carbon (SOC)
storage versus the indirect effects mediated by species richness, aboveground net primary productivity (ANPP), and
belowground biomass (BB) were integrally quantified with structural equation modeling based on multiple
hypothesized theories (3). The modeling showed a positive SRPR and a positive biomass - SOC relationship.
Favorable climates (high temperature and precipitation) had a consistent negative effect on SOC storage, but a
positive effect on species richness, ANPP, and BB. The positive relationships of species richness with ANPP and
BB offset the negative effect of favorable climate on SOC. Maintaining high levels of diversity can enhance soil
carbon sequestration and help sustain the benefits of plant diversity and productivity (97).
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Fig. 3. Roles of multiple processes in PRR based on a structural equation model and field data.
Solid arrows represent positive effects, and dashed arrows negative effects. Digits beside lines are the
magnitude of effects [data from reference (2)].

On the basis of a previous long-term study of the relationships among productivity, environmental resources, and
species richness, an empirical integrative model P = a - f(X) - S® (P, productivity; X, environmental resources such
as soil and climate; S, species richness, a, constant; 6, the effects of species richness on productivity) was used to
quantify the dependence of productivity on species richness (16). § measures the marginal productivity—the change
in productivity resulting from one unit decline of species richness—and reflects the strength of the effect of tree
diversity on forest productivity, after accounting for climatic, soil, and plot-specific covariates). When 0>1, the
form of SRPR is concave-down; when 0=1, the form of SRPR is positive; when 1>0>0, the form of SRPR is
asymptotic; when 6=0, the form of SRPR is parallel (no effect); when 6<<0, the form of SRPR is negative. Data of
plots taken from 777,126 permanent sample plots and more than 30 million trees across 8,737 species across 44
countries and territories and 13 ecoregions, most of which were taken at two consecutive inventories from the same
localities, were used to explore the effects of species richness on productivity and verify these suggested shapes of
SRPR at a global scale (Fig. 4). It was found that 6 averaged 0.26, indicating a positive effect on productivity, and a
positively asymptotic shape was dominant. Other forms only occupied a small percentage.
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Fig. 4. Five shapes of SRPR and empirical evidence when the effective parameter of species
richness 0 is assigned different values. (Left) Shown are the different shapes of SRPR under different
6 values. 6 ranges from 0 to 1 corresponding to the positive and asymptotic SRPR (blue curve). (Right)
The three-dimensional scatter plot shows the distribution of 6 values estimated from observed data,
indicating the dominance of asymptotic SRPR [data from reference (16)].

After the identification of processes generally widely-accepted by ecologists and their positive and/or negative
effects on plant productivity and species richness in the related literature, a set of differential equations were
established with an analysis of ecological dynamical systems to test the comprehensive effects of all these processes
on PSRR and SRPR (14, 15). These processes were considered as the parameters of the set of the equations affecting
PSRR and were assigned different values to represent the strengths of processes affecting PSRR. The values of the
parameters were also altered to regulate the strengths of these processes in order to derive the shapes of PSRR
richness and were explicitly defined as a dependent variable, with plant productivity as an independent variable, in
the equations to quantify the effects of plant productivity on species richness. Next, the models of SRPR (i.e., the
feedback relationships to PSRR) were derived, in which plant productivity was conversely determined as a
dependent variable and species richness as an independent variable. The five typically documented forms of PSRR
and the dynamics of IICE and species pool effects affecting these shapes with increasing productivity were derived
with the set of integrative equations and verified by field data (14; Fig. 5). The PSRR shapes could change from one
shape into another, with the different values of parameters representing the strength of the processes. As a set of the
same parameters as PSRR was used in the equations of SRPR, the shapes of the two types of SRPR could also be
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derived: (1) SRPR with species richness continually presenting monotonic increases, which has long resulted in
numerous ecologists trying to clarify the effects of species richness on plant productivity by manipulation
experiments, field investigations, and theoretical analyses (11, 12, 26); (2) the SRPR with species richness
continually presenting nonmonotonic increases. Abundant empirical studies (compiled over several decades) on
various terrestrial, freshwater, and marine taxa from different regions of the world have documented all these
derived PSRR and SRPR shapes (1,7,8,10,16). These studies also show that the dominant shape of PSRR is humped,

while that of SRPR is asymptotic, with no exclusion of other shapes (47, 84, 99).
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Fig. 5 Typical shapes of PSRR. A1-E1 represent the humped, asymptotic, positive, negative, and irregular shapes,
respectively, derived by integrative equations combining almost all process affecting PSRR; A2-E2 indicates the
dynamics of IICE (b) and potential species-pool effect (Sp) directly affecting the shapes of PSRR (14). A3—-E3 are
observed species richness along a productivity gradient at local sites in Germany, Czech Republic, Russia (87), the
USA (31), and Australia (98), respectively. Regression curves are fitted based on these observed species richness
and productivity. Fitted curves are the results fitted with the integrative equations based on these observed data.
There was no significant difference between fitted and observed species richness.

The above integrative methods reveal the links between the different shapes of PSRR and SRPR and the roles of
different processes in the real world (2, 14, 16). If there are different strengths of processes to integrally act on
species richness and productivity, different PSRR and SRPR shapes will arise (14, 15). Concretely, when the
integrated positive processes are dominant, the shape of PSRR or SRPR is a positively linear or asymptotic pattern;
when the integrated negative processes are dominant, the shape of PSRR or SRPR is a negative pattern; and when
the integrated positive and negative processes are successively dominant, the shape of PSRR or SRPR is humped.
Integrative methods can explain all observed PSRR and SRPR from dynamical mechanisms. In the integrative
methods, the following three points are clearly indicated: (i) ecological processes that have a positive or negative
effect on PSRR and SRPR vary temporally or spatially; (ii) the processes that have a strongly positive effect at one
productivity or richness level might have a weakly positive or negative effect at another productivity or richness
level (74); and (3) the combination of all positive and/or negative processes into a total effect (it may be positive or
negative) radically determines the shapes of PSRR and SRPR (14, 16).

Conclusions

The respective (or diverse) and integrative research works on ecological processes affecting PRR represent two
types of methods (Fig. 6). Respective research can test if one process has effects on PRR and can further reveal the
underlying mechanisms. Integrative research can test the relative roles and interactions of processes in the regulation
of PRR in the real world, as well as the relationships between the PRR shapes. PRR is considered as a core
ecological issue across populations, communities, ecosystems, and even landscapes. Ecologists have long been
concerned about the ecological processes affecting PRR, which has actually promoted the establishment of a series
of ecological theories and the development of ecology despite a long-term debate on PRR. The relationships among
metabolic rates related to resource availability and productivity, gene mutation rates, and increasing plant diversity
are evolutionarily worthy of emphasis in future studies of PRR. In the integrative effects of processes on PRR, it is
critical to identify the relative importance, scale-dependence, and interactions of processes in natural plant
communities. Remarkable progress in PRR studies has been made despite intense debate. However, ecologists will
need to carefully distinguish the two types of PRR affected by respective and integrative processes, as the confusion
between the two relationships contributes to an additional source of debate.
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integrate different processes to derive the shapes of PSRR. The third and fourth equations reflect the
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