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INTRODUCTION

Biodiversity–ecosystem functioning (BEF) research has 
provided strong evidence and mechanistic underpinnings 
to support positive effects of biodiversity on both sin-
gle-ecosystem functions and multifunctionality (Gamfeldt 
et al., 2008; Hautier et al., 2020; Hector & Bagchi, 2007; 
Lefcheck et al., 2015; Meyer et al., 2018). Multifunctionality 
refers to the extent to which multiple-ecosystem functions 
are provided simultaneously (Byrnes et al., 2014; Manning 
et al., 2018). However, most of the reported positive BEF 

relationships are the results of research at the alpha or 
within-ecosystem scale (Müller et  al.,  2023). Such a nar-
row focus ignores the effects of landscape homogeni-
zation in the Anthropocene due to increasing land-use 
intensity and the movement of species (Blowes et al., 2019; 
Dornelas et al., 2014; Gossner et al., 2016; Muthukrishnan 
& Larkin, 2020; Olden et al., 2004). Hence, there is an in-
creasing demand for understanding what drives multifunc-
tionality at larger, landscape scales (Manning et al., 2018; 
van der Plas et al., 2016). A key question is whether multi-
functionality at these scales is driven mostly by high local 
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Abstract

Biodiversity–ecosystem functioning (BEF) research has provided strong evidence 
and mechanistic underpinnings to support positive effects of biodiversity on 
ecosystem functioning, from single to multiple functions. This research has 
provided knowledge gained mainly at the local alpha scale (i.e. within ecosystems), 
but the increasing homogenization of landscapes in the Anthropocene has raised 
the potential that declining biodiversity at the beta (across ecosystems) and gamma 
scales is likely to also impact ecosystem functioning. Drawing on biodiversity 
theory, we propose a new statistical framework based on Hill–Chao numbers. 
The framework allows decomposition of multifunctionality at gamma scales into 
alpha and beta components, a critical but hitherto missing tool in BEF research; 
it also allows weighting of individual ecosystem functions. Through the proposed 
decomposition, new BEF results for beta and gamma scales are discovered. Our 
novel approach is applicable across ecosystems and connects local- and landscape-
scale BEF assessments from experiments to natural settings.
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multifunctionality due to high local biodiversity or by the 
spatial turnover in biodiversity and ecosystem functions 
that are provided by different localities within a larger spa-
tial unit (Mori et al., 2016).

Biodiversity is a hierarchical multidimensional con-
cept, which generally aims to quantify the variety, num-
bers and characteristics of living organisms present in a 
community. Despite a wide variety of biodiversity met-
rics, a consensus among ecologists seems to have emerged 
about the use of Hill numbers (Hill, 1973) for quantifying 
species diversity in ecological communities (Ellison, 2010 
and papers that followed it). Hill numbers integrate spe-
cies richness and species relative abundance into a contin-
uum of measures, parameterized by a diversity order q ≥ 0, 
a parameter that determines the measures' sensitivity to 
species relative abundance. Hill numbers of orders q = 0, 1 
and 2 unify three well-established indices of biodiversity: 
species richness (q = 0), Shannon diversity (q = 1, the expo-
nential of Shannon entropy) and Simpson diversity (q = 2, 
the inverse of the Gini–Simpson concentration index). 
Hill numbers have also been generalized to phylogenetic 
diversity and functional diversity, and the generalized 
framework is referred to as the attribute diversity or the 
Hill–Chao numbers (Chao et al., 2014, 2021). Because Hill 
numbers and their generalization form the fundamental 
basis of our methodology, we briefly review Hill and 
Hill–Chao numbers later.

Similar to the concept of biodiversity, the concept 
of multifunctionality also aims to encompass some-
thing that is inherently multidimensional: the overall 
functioning of an ecosystem (Manning et  al.,  2018). 
Multifunctionality includes a myriad of ecological 
processes that characterize and sustain ecosystems. 
Considering these processes simultaneously and deriving 
rigorous measures are therefore challenging. Since the 
foundational paper by Hector and Bagchi (2007), a num-
ber of multifunctionality measures have been proposed, 
discussed and debated. Previous measures include the 
overlap method (Hector & Bagchi, 2007), the averaging 
approach (Maestre et al., 2012), multivariate modelling 
(Dooley et al., 2015) and the threshold method (Byrnes 
et al., 2014; Gamfeldt et al., 2008; Meyer et al., 2018; Mori 
et al., 2023). Each of these different approaches has its 
strengths and limitations.

Some desired properties of an ‘ideal’ multifunction-
ality measure, as also discussed in Byrnes et  al.  (2014, 
2023), should include (i) correcting for strong correla-
tions between ecosystem functions to avoid redundancy; 
(ii) a flexible approach to quantify multifunctionality 
of different magnitudes based on low-, moderate- and 
high-performing functions; and (iii) the ability to quan-
tify multifunctionality across spatial scales. An addi-
tional criterion is to provide weightings to functions to 
capture their priority or monetary service valuations 
depending on how we look at an ecosystem from an 
economical, societal or ecological perspective (Allan 
et al., 2015; Manning et al., 2018).

In biodiversity science, partitioning gamma diver-
sity into alpha and beta components is well established; 
see Whittaker  (1960, 1972) for pioneering decomposi-
tion work based on species richness, and Chao, Chiu, 
Wu, et al. (2019) for decomposition based on Hill num-
bers. These partitioning approaches have revealed that 
changes in beta diversity represent a strong signature 
of the Anthropocene (Beaumelle et al.,  2020; Dornelas 
et  al.,  2014; Gamfeldt et  al.,  2013; Gossner et  al.,  2016; 
Magurran et al., 2018; McGill et al., 2015). However, it is 
still poorly known whether beta diversity is also import-
ant in driving the average levels or the spatial turnover 
of different ecosystem functions across localities, and 
hence larger-scale multifunctionality (Mori et al., 2018; 
van der Plas et  al.,  2023). Measuring the effect of beta 
diversity on multifunctionality is therefore critical for 
a more comprehensive understanding of the conse-
quences of biodiversity change on ecosystem function-
ing (Eisenhauer et al., 2019; Gonzalez et al., 2020; Mori 
et al., 2018; Müller et al., 2023; van der Plas et al., 2016, 
2019). A major reason why multifunctionality research 
has not been extended beyond the local scale is the lack 
of a statistical framework to decompose gamma mul-
tifunctionality into alpha and beta components (Mori 
et al., 2018).

Recently, Byrnes et  al.  (2023) made an important 
advance by introducing Hill numbers (Hill,  1973) to 
quantify multifunctionality, and to develop a class of 
multifunctionality measures that account for non-in-
dependence between functions using the method de-
rived by Chao, Chiu, Villéger, et al. (2019). Byrnes et al. 
(2023) also suggested that decomposition and turnover 
in multifunctionality across space and time would be a 
worthwhile extension. In this paper, we show that a novel 
modification of their framework is needed to decompose 
multifunctionality across scales; see later text for more 
details.

Drawing upon well-established approaches commonly 
employed in biodiversity research, we propose a general 
framework to quantify multifunctionality in such a way 
that all the above criteria are met, using a generalization of 
Hill numbers (Chao, Chiu, Villéger, et al., 2019; Hill, 1973). 
We first modify the approach of Byrnes et al. (2023) and 
consider function weights based on Hill–Chao numbers. 
For a single ecosystem, we propose a class of weighted 
multifunctionality measures for given function weights. 
Then, a class of measures that adjusts for correlations 
between functions is presented. One advantage of using 
Hill–Chao numbers instead of the original Hill numbers 
is that we can draw on biodiversity decomposition theory 
to obtain a meaningful decomposition of our proposed 
multifunctionality measure. Specifically, multifunctional-
ity at larger spatial gamma scales can be decomposed into 
a within-ecosystem alpha component and an across-eco-
system beta component, and the correlations between 
functions can also be corrected for. Our suggested mul-
tifunctionality measure and decomposition approach are 
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applied to published data on tree species diversity and 
ecosystem functions collected in six European countries 
(Baeten et al., 2013). An R package ‘MF.beta4’ and online 
software are available to facilitate all computations and 
graphics (see Data Availability Statement).

A BRIEF REVIEW

Hill numbers (species diversity)

In the context of community ecology, assume that there 
are S species in a community, indexed by i = 1, 2, …, S. Let 
zi represent the raw abundance (number of individuals) 
of species i, or other metrics of species' dominance, such 
as biomass, coverage of corals or basal area of plants. 
The total abundance in the community is expressed as 
z+ =

∑S

i=1
zi. Here, pi = zi ∕z+ denotes the relative abun-

dance of the individuals of species i in the community, 
∑S

i=1
pi = 1.

Hill number or taxonomic diversity (TD) of order q 
is defined as the following function in terms of species 
richness and species relative abundances:

which is interpreted as the effective number of species. The 
parameter q (diversity order) determines the sensitivity of 
the measure to the relative abundance of species. As in-
dicated in the introduction, the concept unifies different 
approaches, with Hill numbers of order q = 0, 1 and 2 rep-
resenting three well-established indices of biodiversity: (i) 
TD of q = 0 reduces to species richness, which is sensitive to 
rare species; (ii) TD of q = 1 reduces to Shannon diversity, 
which can be interpreted as the effective number of com-
mon or abundant species; and (iii) TD of q = 2 reduces to 
Simpson diversity, which can be interpreted as the effec-
tive number of dominant or highly abundant species. By 
adjusting the diversity order q, we can shift the focus from 
rare species to dominant species and assess their respective 
impact on diversity changes.

Hill–Chao numbers (attribute diversity)

Chao et  al.  (2021) integrated the three dimensions of 
biodiversity: taxonomic diversity (TD), phylogenetic di-
versity (PD) and functional diversity (FD) into a unify-
ing framework called attribute diversity or Hill–Chao 

numbers. A taxonomic attribute means a species in TD, 
a phylogenetic attribute means a unit-length branch seg-
ment in a phylogenetic tree in PD and a functional at-

tribute means a functional group in FD. In the unified 
framework, all measures can be formulated as Hill num-
bers of a hypothetical community which is decomposed 
into M subsets: the i-th subset consists of vi attributes, 
and all attributes within the i-th subset have the same 
abundance ai, i = 1, 2, …, M. The total abundance among 
all attributes is denoted as V =

∑M

i=1
v
i
a
i
. Thus, the rela-

tive abundance of any attribute in the i-th subset is ai ∕V  . 
The attribute diversity (AD) or Hill–Chao numbers of 
order q is defined as the Hill number of order q for the 
hypothetical community:

For q = 0, we have 0AD =
∑M

i=1
v
i
, which represents the 

total number of attributes (i.e. attribute richness). For 
q = 1 and q = 2, AD can be interpreted as the effective 
number of abundant and dominant attributes respec-
tively. See tab. 1 of Chao et al.  (2021) for the formulas 
of TD, PD and FD and their corresponding values of 
M, vi and abundance ai; i = 1, 2, …, M, as special cases of 
Hill–Chao numbers.

The definition of ‘attribute’ in the formulation of Hill–
Chao numbers in Equations  (2a) and (2b) is generic and 
depends on the research questions and goals. For example, 
in the special case of TD, the research focus is to quantify 
richness/diversity of species; each species is then defined 
as a taxonomic attribute. Consider a hypothetical commu-
nity in which there are S subsets and each subset consists 
of only one species. That is, letting M = S, vi = 1 and ai = zi 
(raw abundance of species i) for i = 1, 2, …, S, we have total 
abundance V = z+ and ai ∕V = pi (relative abundance of 
species i). Then, Equations (2a) and (2b) reduce to the or-
dinary Hill numbers in Equations (1a) and (1b). Similarly, 
an ‘attribute’ can also be a unit-length branch segment (for 
PD) to assess richness/diversity of lineages, or a functional 
group (for FD) to assess richness/diversity of functional 
groups. Here, we propose a novel extension by treating an 
ecosystem function as a multifunctionality attribute, so 
that biodiversity quantification can be applied to measure 
multifunctionality, as detailed in the next section. Under 
the mathematical frameworks of Hill numbers and Hill-
Chao numbers, quantification of the diversity of species 

(1a)

qTD=

(

S
∑

i=1

(

zi

z+

)q
)1∕(1−q)

=

(

S
∑

i=1

p
q

i

)1∕(1−q)

, q≥0, q≠1;

(1b)1TD= lim
q→1

q
TD= exp

(

−

S
∑

i=1

zi

z
+

log
zi

z
+

)

, q=1,

(2a)

qAD=

(

M
∑

i=1

vi

(

ai
∑M

j=1
vjaj

�q�1∕(1−q)

=

�

M
�

i=1

vi

� ai

V

�q
�1∕(1−q)

, q≥0, q≠1;

(2b)1
AD= lim

q→1

q
AD= exp

(

−

M
∑

i=1

vi
ai

V
log

ai

V

)

, q=1.
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(for TD), lineages (for PD), functional groups (for FD) and 
ecosystem functions are conceptually similar (Figure 1).

M U LTI  FU N CTI ONA 
LITY M EASU RES IN A 
SINGLE ECOSYSTEM

Weighted multifunctionality measures 
(uncorrected for correlations)

Assume that there are L functions in an ecosystem and 
let f

i
 be the performance level of function i, i = 1, 2, …, 

L. Here, fi is a normalized function between 0 and 1. 
For positive functionality (i.e. high function value is de-
sirable, such as productivity or carbon sequestration), 
ecosystems with the highest raw value in the data are 
transformed to the maximal value of 1, and those with the 
lowest raw value are transformed to the minimum value 
of 0; for negative functionality (i.e. low function value is 
desirable, such as nitrate leaching, herbivore damage or 

greenhouse gas emission), the normalization is reversed. 
As indicated in the introduction, we can assign a weight 
wi to function i, i = 1, 2, …, L, to take into account the fact 
that there might be reasons for different functions to be 
assigned different importance values to align with policy 
priorities or economic valuation. Let a ‘multifunction-
ality attribute’ be an ecosystem function in the frame-
work of Hill–Chao numbers in Equations (2a) and (2b). 
Consider a hypothetical ecosystem that is decomposed 
into L subsets: the i-th subset consists of vi = wi fi attrib-
utes (ecosystem functions), and the performance levels 
(analogous to abundance) for all attributes within the i-
th subset are the same with level fi , i = 1, 2, …, L. That is, 
letting M = L, vi = wi fi and ai = fi in Equations (2a) and 
(2b), we obtain the following proposed weighted multi-
functionality measure (MF measure of order q):

(3a)qMF=

⎛⎜⎜⎝

L�
i=1

wi fi

⎛
⎜⎜⎝

fi∑L

j=1
wj f

2
j

⎞
⎟⎟⎠

q⎞⎟⎟⎠

1

1−q

, q≥0, q≠1;

F I G U R E  1  A schematic figure showing conceptual similarity between biodiversity research and ecosystem functioning research. In both 
research fields, the mathematical frameworks of Hill numbers and their generalization (Hill–Chao numbers) can be used to measure diversity 
and multifunctionality.
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The measure qMF  of order q ≥ 0 quantifies the ef-
fective weighted sum of the (normalized) performance 
levels, where all functions perform at the same level. 
For the special case of q = 0, the measure reduces to 
0MF =

∑L

i=1
wi fi, which is the actual weighted sum of 

the (normalized) levels in the data. The measure qMF  
of q = 1 can be interpreted as the effective weighted sum 
of levels based on moderate-performing functions; the 
measure qMF  of q = 2 can be interpreted as the effec-
tive weighted sum of levels based on high-performing 
functions.

Note that if all functions perform at the same level 
f , then qMF = f

∑L

i=1
wi for all q ≥ 0. Thus, if for an ac-

tual ecosystem, we obtain a numerical value qMF = x, 
then the measure qMF  of order q in the actual ecosys-
tem is the same as a simple reference ecosystem with all 
L functions performing at the same level at x∕

∑L

i=1
w
i
 . 

See Appendix S1 for a simple numerical example to il-
lustrate the meaning of effective weighted sum of func-
tion levels. Because the measure qMF  of all orders q ≥ 0 
are in the same units, we can depict a multifunctionality 

profile by plotting qMF  as a continuous function of the 
parameter q. This profile conveys all the information 
in the function performance levels and thus completely 
characterizes multifunctionality in an ecosystem. The 
interpretation of the profile via numerical examples is 
provided in Appendix S1.

The unweighted case corresponds to the special case 
that all weights are the same. For example, (i) if all weights 
are the same with wi = 1, then 0MF =

∑L

i=1
fi, which is the 

sum of all function levels. (ii) If all weights are wi = 1∕L, 
then 0MF = ( 1 ∕ L)

∑L

i=1
fi, which is the simple average of 

all function levels. The latter has been used in the litera-
ture as the averaging method (Maestre et al., 2012).

Our proposed multifunctionality measure (in 
Equation 3a) and Byrnes et al.'s (2023) measure are both 
based on the framework of Hill numbers. Nevertheless, 
there exists a theoretical difference between the two 
approaches. In biodiversity research, an important 
weak-monotonicity property for Hill numbers is that 
adding a very rare species to a community should in-
crease Hill numbers of order q > 0. The corresponding 
property in multifunctionality is that adding an addi-
tional very low-performing function should increase 
the multifunctionality value. In Appendix S1, we prove 
that our measure does satisfy this weak monotonicity, 
whereas Byrnes et al.'s measure does not. For example, 
suppose we have four uncorrelated functions with per-
formance levels (0.3, 0.5, 0.1 and 0.2) and all weights = 1; 
by adding one additional low-performing function (say, 
0.01), we then have five functions with levels (0.3, 0.5, 

0.1, 0.2 and 0.01). For q = 1, Byrnes et  al.'s measure de-

creases from 0.951 (for four functions) to 0.799 (for five 
functions). Our measure increases from 1.0047 to 1.0059, 
signifying that the sum of performance levels slightly in-
creases due to adding an additional function. For q = 2, 
our measure increases from 0.9447 to 0.9452, whereas 
Byrnes et al.'s measure decreases from 0.853 to 0.701; see 
Appendix S1 for details.

Multifunctionality measures (corrected for 
correlations)

Byrnes et  al.  (2023) applied Chao, Chiu, Villéger, 
et  al.‘s  (2019) method to propose a multifunctionality 
measure, which takes the non-independence of corre-
lated functions into account. When two functions are 
correlated, they become ‘redundant’ in the sense that 
one can predict a function from the other one to some 
extent. To correct for redundancy, we also follow Chao, 
Chiu, Villéger, et al. (2019) to group functions into vir-
tual ‘clusters’ (as independent functions) and then quan-
tify multifunctionality based on the resulting clusters. 
Let the correlation between functions i and j be r

ij
. We 

first transform r
ij
 to a distance d

ij
 in the interval [0, 1]. 

The choice of this transformation depends on contexts 
and objectives.

We adopt a simple transformation: dij =
√

1 − ∣ rij ∣; see 
later text for a justification for our choice. The intuitive 
concept of Chao, Chiu, Villéger, et al.  (2019) is the fol-
lowing: imagine that ecosystem functions are placed in a 
space with specified pairwise distances and are grouped 
into virtual clusters. As in most clustering algorithms, 
one must first determine a threshold level of distinctness, 
such that any two functions with distance greater than 
or equal to the specified threshold level are in different 
function clusters and vice versa. This approach requires 
a parameter τ (tau), which for the current context defines 
the threshold for distinctness between any two functions; 
τ can be chosen to be any positive value between 0 and 1.

Following Chao, Chiu, Villéger, et al. (2019), for any 
specified threshold level of distinctness τ, we define 
dij(�) =min

(

dij, �
)

. Because of correlation between any 
two functions, the performance level of function i is in-
creased from fi to ai(�):

The attribute contribution of function i becomes

In Equation (2a), we let M = L, vi = wivi(�) and ai = ai(�) 
to obtain the following multifunctionality measure of 
order q when correlations are corrected for:

(3b)

1MF= exp

⎛
⎜⎜⎝
−

L�
i=1

wi fi
fi∑L

j=1
wj f

2
j

log
fi∑L

j=1
wj f

2
j

⎞
⎟⎟⎠
, q=1.

(4a)ai(�) = fi +
∑

j≠i

(

1 −
dij(�)

�

)

fj =
∑L

j=1

(

1 −
dij(�)

�

)

fj .

(4b)vi(�) = fi ×
fi

ai(�)
.
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6 |   MULTIFUNCTIONALITY DECOMPOSITION

The measure qMF∗(�) quantifies the effective weighted 
sum of performance levels based on the resulting clusters 
of functions. When the threshold is set to be very low, 
we have ai(�) = fi, and each function forms a cluster; the 
measure qMF∗(�) reduces to Equation (3a) for any order 
q. In contrast, if we use a very high threshold, then nearly 
all functions are classified into a single cluster. Instead of 
using a single level of threshold, we consider all plausible 
thresholds in the interval [0, 1] and depict the measure 
qMF∗(�) as a function of τ. In the analysis relying on real 
ecological data presented in the Application section, we 
compute the area under the τ-curve (AUC) in [0, 1] to 
obtain an overall, integrated measure.

Regarding the transformation from correlation to dis-
tance for any pair of functions i and j, note that when all 
correlations are 0 (i.e. r

ij
 = 0 for all i ≠ j), only under the 

condition d
ij
 = 1 can the formula qMF∗(�) reduce to qMF  

(for uncorrelated functions) for any specified thresh-
old level. Thus, to ensure the coherence of the theory, a 
premise for a legitimate transformation between correla-
tion and distance is that the pairwise distance for any 
two uncorrelated functions should attain the maximum 
distance of 1. Byrnes et al.  (2023) transformed the cor-
relation to a distance via d

ij
 = (1 − r

ij
)/2. When all func-

tions are uncorrelated, d
ij
 ≡ ½, i ≠ j; unless the threshold 

level is ≤½, their formula cannot lead to the uncorrelated 
one.

There are many functions that satisfy the above 
premise. Consider an additional criterion: suppose an 
ecosystem function is measured in terms of a normal-
ized value f1 (e.g. percentage of foliage not damaged by 
insects or normalized volume of deadwood that was 
decomposed), the same function can also be measured 
by 1 − f1 (percentage of foliage damaged by insects or 
normalized volume of deadwood that was not decom-
posed). Because the correlation between f1 and any 
other ecosystem function f2 has the same magnitude 
of correlation (but different sign) as the correlation 
between 1 − f1 and f2, an additional criterion could be 
that a positive correlation and a negative correlation 
of the same magnitude lead to the same distance. We 
thus adopt the transformation dij =

√

1 − ∣ rij ∣  to ful-
fil this additional criterion. In particular, the trans-
formation leads to d

ij
 = 0 when r

ij
 = 1 or −1. Under the 

above-specified premise, ecologists can choose any 
other transformation to adapt to different criteria, de-
pending on research questions and goals. For exam-
ple, if the additional criterion is to incorporate only 

positive correlations and treat negative correlations as 
uncorrelated, then a proper transformation would be  
dij =

√

1 −max
(

rij, 0
)

 or genrally dij = [1 −max(rij , 0)]
k   

for any k > 0.

DECOM POSITION OF M  U LT  I F  U  N 
CT  ION  A LITY M EASU RES

In biodiversity research, two major theoretical frame-
works have been proposed and applied to quantify beta 
diversity: variance-based frameworks (e.g. Legendre & 
De Cáceres,  2013) and diversity decomposition (e.g. 
Whittaker, 1960, 1972). Chao and Chiu (2016) bridged 
the two frameworks by proving that they converge to 
the same classes of species compositional (dis)similar-
ity measures. Thus, without losing generality, in this 
study, we focus only on the diversity decomposition 
scheme, which multiplicatively decomposes the gamma 
diversity into its within-assemblage component (alpha 
diversity) and across-assemblage component (beta di-
versity), and we develop an analogous framework to 
partition gamma multifunctionality into alpha and 
beta components.

Assume that there are N ecosystems: we first extend 
the one-ecosystem notation to multiple ecosystems. Let 
fik be the performance level for function i in ecosystem k, 
i = 1, 2, …, L, k = 1, 2, …, N. Our following decomposition 
is based on the weighted measure qMF  (Equation  3a). 
For the unweighted case, we can simply substitute wi = 1 
or 1/L in the following formulas. For the gamma scale, 
the performance level of function i can be measured by 
the average

Based on Equation (3a), gamma multifunctionality can 
be expressed as:

The gamma measure quantifies the effective weighted 
sum of performance levels in the pooled ecosystem or 
meta-ecosystem (Loreau et al., 2003). The corresponding 
alpha multifunctionality can be expressed as (Chao, Chiu, 
Villéger, et al., 2019):

qMF∗(�) =

(

L
∑

i=1

wivi(�)

(

ai(�)
∑L

j=1
wjvj(�)aj(�)

�q�
1

1−q

(4c)=

⎛⎜⎜⎝

L�
i=1

wi
f 2
i

ai(�)

⎛
⎜⎜⎝

ai(�)∑L

j=1
wj f

2
j

⎞
⎟⎟⎠

q⎞⎟⎟⎠

1

1−q

, q≥0, q≠1.

f i = (1∕N)
∑N

k=1
fik.

(5a)

qMF
�
=

⎛
⎜⎜⎝

L�
i=1

wi f i

⎛
⎜⎜⎝

f i∑L

j=1
wj f

2

j

⎞⎟⎟⎠

q⎞
⎟⎟⎠

1

1−q

=

⎛
⎜⎜⎝

L�
i=1

wi f i

⎛
⎜⎜⎝

N�
k=1

1

N

fik∑L

j=1
wj f

2

j

⎞
⎟⎟⎠

q⎞
⎟⎟⎠

1

1−q

, q≠1.

qMF
�
=

1

N

⎛⎜⎜⎜⎝

L�
i=1

N�
k=1

wi f i

⎛⎜⎜⎜⎝

fik∑
j,m

wj f j fjm

⎞⎟⎟⎟⎠

q⎞
⎟⎟⎟⎠

1

1−q
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   | 7CHAO et al.

See Appendix  S2 for the corresponding gamma and 
alpha formulas of q = 1. The alpha multifunctionality 
can be interpreted as the effective weighted sum of per-
formance levels per ecosystem. Then, beta multifunc-
tionality is defined as the following ratio of gamma 
and alpha:

In Appendix S2, we proved that for all q ≥ 0 gamma 
multifunctionality is always greater than or equal to 
alpha multifunctionality, and the gamma measure is 
always less than or equal to N times alpha measure for 
any q ≥ 0. That is, the beta multifunctionality ranges be-
tween 1 and N. The beta measure attains the minimum 
value of 1 if all N ecosystems have identical performance 
levels for each function; that is, effectively, there is only 
one ecosystem. The beta measure attains the maximum 
value of N when there are no shared functions among 
the N ecosystems; that is, effectively, all N ecosystems 
are needed to provide all functions that are delivered at 
the gamma scale. Thus, beta multifunctionality can be 
interpreted as the effective number of multifunctional 
ecosystems.

The above decomposition is readily extended to the 
multifunctionality measures for correlated functions (in 
Equation 4c). Details are given in Appendix S2, where 
we derived gamma, alpha and beta multifunctionality 
measures to correct for correlations. All interpretations 
and properties that hold for the uncorrelated case are 
also valid for the correlated case.

A N APPLICATION

We applied our proposed new multifunctionality meas-
ure and its decomposition to a study on the effects of 
tree species diversity on ecosystem functioning, col-
lected as part of the FunDivEUROPE project; see 
Baeten et al. (2013), van der Plas et al. (2016), Ratcliffe 
et al. (2017) and Scherer-Lorenzen et al. (2023) for data 
and detailed description. In the data, a total of 209 
plots (each with 30 m × 30 m) were established in ma-
ture forests in six countries, representing six major 
European forest types: boreal forest (Finland); hemi-
boreal (Poland); temperate deciduous (Germany); 
mountainous deciduous (Romania); thermophilous de-
ciduous (Italy); and Mediterranean mixed (Spain). In 
each country, three to five common tree species were 
selected for the species pool; each of the 209 plots con-
sisted of one to five tree species. The basal area of each 

tree species within each plot was used as a proxy for 
species abundance to compute tree species diversity of 
orders q > 0. In our hierarchical framework, there are 
six countries. Within each country, there are 28–43 
plots (see Table S3.1, Appendix S3), where each plot is 
designated as an ecosystem. In our following analysis, 
all functions are equally weighted (with weight = 1), 
although our approach can be used for any weight of 
functions.

Local within-plot BEF relationship (Figure 2)

In each plot, a total of 26 ecosystem functions or proper-
ties were measured; see Table S3.2 of Appendix S3 for a 
list of the 26 functions (with brief description) and their 
pairwise correlations. Because the six countries repre-
sent different ecosystems, all functions were normalized 
to the range of [0, 1] within a country. Figure 2 shows the 
scatter plots between tree species diversity of order q and 
a within-plot multifunctionality measure of the same 
order q for q = 0, 1 and 2 when the correlations between 
any two functions are not incorporated (Equations  3a 
and 3b) or corrected for (Equation  4c). For the latter 
analysis, we adopted an overall, integrated measure by 
considering all plausible threshold levels in [0, 1]. We 
could also use different q values for species diversity and 
multifunctionality; see Appendix  S3 (Figure  S3.2) for 
the corresponding patterns with respect to tree species 
richness.

For each value of q, the relationship between tree spe-
cies diversity and multifunctionality was modelled using 
a linear mixed-effects model with random slopes and 
random intercepts for each country. Figure 2 reveals the 
overall fixed-effect slopes (bold red lines) and each coun-
try's relationships (thin lines) estimated from the same 
linear mixed model. All the fitted results and the associ-
ated test of significance for the overall slopes were based 
on the output using the function ‘lmer’ in the R packages 
‘lme4’ (Bates et  al.,  2015) and ‘lmerTest’ (Kuznetsova 
et al., 2017).

Regardless of whether correlations between func-
tions are incorporated or not, the measure qMF  based 
on the overall fits across the 209 plots exhibits a pos-
itive relationship with diversity for each fixed value 
of order q. The slopes are significant for q = 1 and 2. 
The magnitude of the slope of the fitted linear trend 
increases with order q, signifying that the effect of 
species diversity on multifunctionality is stronger for 
high-performing functions than for low-performing 
functions.

Based on Figure 2, for a local within-plot scale, our 
analysis confirms a positive effect of biodiversity on 
multifunctionality in line with many previous theo-
retical and empirical studies (Lefcheck et  al.,  2015; 
Meyer et al., 2018). Our current data are not sufficient 
to model a causal relationship between biodiversity 

(5b)=
1

N

⎛
⎜⎜⎜⎝

L�
i=1

N�
k=1

wi f i

⎛
⎜⎜⎜⎝

fik

N
∑
j

wj f
2

j

⎞
⎟⎟⎟⎠

q⎞⎟⎟⎟⎠

1

1−q

, q≠1.

(5c)
qMF� =

qMF� ∕
qMF�.
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8 |   MULTIFUNCTIONALITY DECOMPOSITION

and multifunctionality (e.g. Dee et  al.,  2023); more 
data should be collected and further work on statisti-
cal modelling should be done to validate a potentially 
causal relationship.

When analysing the measures that account for cor-
relations between functions, we again consistently 

found positive relationships between tree species diver-
sity and multifunctionality. As expected, due to cor-
relation between functions, which induces redundancy 
among functions, the multifunctionality value (and 
slope with species diversity) based on our measure that 
accounts for correlations between functions is lower 

F I G U R E  2  The patterns of within-plot multifunctionality measure of order q = 0 (left panels), q = 1 (middle panels) and q = 2 (right panels) 
with respect to tree species diversity of the same order q based on 26 ecosystem functions collected in a total of 209 plots in six European 
countries, with species pool size in parenthesis after each country name in the legend, when all functions are assumed to be independent (upper 
panels, see Equations 3a and 3b), or when the correlation between any two functions is accounted for (lower panels, see Equation 4c but based 
on an integrated measure by considering all possible threshold levels). The relationship between tree species diversity of order q and within-
plot multifunctionality values of the same order (data points in the background) was modelled using a linear mixed-effects model with random 
slopes and random intercepts for each country. This figure shows the overall fixed-effect slopes (bold red lines) and each country's relationships 
(thin lines) estimated from the same linear mixed model. A solid line in the overall fixed-effects fit is significant (p < 5%) and a dashed line is not 
significant.
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10 |   MULTIFUNCTIONALITY DECOMPOSITION

than the corresponding value when functions are as-
sumed to be independent. Nevertheless, the multifunc-
tionality value and slope in the two cases (uncorrected 
and corrected for correlations) differ to a limited ex-
tent due to generally weak correlations among func-
tions; see Appendix  S3 for the magnitudes of all the 
pairwise correlations.

BEF relationships across spatial scales 
(Figures 3 and 4)

Because our gamma and alpha formulas can be applied 
to any hierarchical structure, we demonstrate the de-
composition of our measure qMF  based on all pairs of 
plots separately within each country. Due to sparse data 
in Finland, with richness levels of only one or two spe-
cies in 90% of the 28 plots, our following analysis is based 
on the five other countries. For each pair of plots, we 
computed alpha, beta and gamma for tree species diver-
sity as well as the corresponding alpha, beta and gamma 
multifunctionality values for q = 0, 1 and 2. Here, alpha 
scale refers to individual plots, whereas the gamma scale 
refers to the two collective plots.

The empirical BEF relationships for alpha, beta and 
gamma scales are presented in Figure 3 (uncorrected 
for correlations between functions) and Figure 4 (cor-
rected for correlations). To examine the effect of alpha/
beta/gamma species diversity on the corresponding 
alpha/beta/gamma multifunctionality value, as we did 
in the within-ecosystem analysis, the BEF relation-
ship for each scale was modelled using a linear mixed 
model with random slopes and random intercepts for 
each country. Based on the overall (fixed-effect) slopes 
(bold red lines in Figures 3 and 4) and each country's 
relationship (thin lines in each figure), our results 
showed positive relationships between tree species di-
versity and multifunctionality, irrespective of the scale 
(alpha, beta or gamma) at which tree species diversity 
and multifunctionality are quantified, and irrespective 
of whether correlation between functions is incorpo-
rated or not. In other words, for any fixed diversity 
order q, alpha multifunctionality is positively related 
to alpha species diversity; beta multifunctionality 
(i.e. the turnover in ecosystem functions and perfor-
mance level across plots) is positively related to beta 

diversity (i.e. the turnover in species composition and 
abundance across plots), which is consistent with van 
der Plas et al. (2016); gamma multifunctionality is pos-
itively related to gamma diversity. Multifunctionality 
can be enhanced at the gamma scale by increasing 
alpha tree species diversity and beta diversity because 
both scales jointly contribute to higher gamma diver-
sity and gamma multifunctionality. Such conclusions 
are valid not only for species diversity but also for spe-
cies richness; see Figures S3.3 and S3.4 in Appendix S3. 
However, more data are needed and further modelling 
should be done to validate a potentially causal rela-
tionship (Dee et al., 2023).

The patterns in Figures  3 and 4 are generally sim-
ilar, except that gamma and alpha multifunctionality 
values (and slopes with species diversity) for incorpo-
rating correlations in Figure  4 are slightly lower than 
the corresponding values in Figure 3. In contrast, beta 
multifunctionality values (and slopes) are similar in 
the two figures. Analogous to the findings in Figure 2, 
Figures 3 and 4 also reveal that the slope is generally 
stronger with higher values q, that is, the effect at each 
scale (alpha, beta and gamma) is stronger when com-
mon/abundant species and ecosystem functions pro-
vided at high levels are considered, than the effect when 
rare species and low-performing functions are consid-
ered. This conclusion is valid not only for the overall 
fits but also for the fits in each country.

For both gamma and alpha scales, Figures 3 and 4 re-
veal for each country's fit that positive BEF relationships 
for all orders q = 0, 1 and 2 are weaker (i.e. the magnitude 
of the slope in each panel is relatively lower than any of 
the other countries) for the data from mountainous decid-
uous forest in Romania than any of other countries. The 
weaker relationship in Romania is in line with an earlier 
study on the data, which did not detect a positive bio-
diversity–productivity relationship in Romania (Jucker 
et al.,  2016 Suppl.). Furthermore, Ratcliffe et al.  (2017) 
found that relationships between tree diversity and eco-
system functioning and multifunctionality are weaker 
in countries with relatively small functional diversity in 
their tree species pool, like Romania. However, for the 
BEF relationship between beta multifunctionality ver-
sus beta species diversity, the fitted results in Romania 
exhibit comparable positive slopes as the other four 
countries.

F I G U R E  3  Biodiversity–multifunctionality relationships across spatial scales when the correlation between any two functions is not 
incorporated (see Equations 5a–5c). The patterns of (a) alpha multifunctionality versus alpha species diversity, (b) beta multifunctionality 
versus beta species diversity, and (c) gamma multifunctionality versus gamma species diversity, of order q = 0 (left panels), q = 1 (middle panels) 
and q = 2 (right panels), based on any two chosen plots within each of the five European countries (Finland was not included). For each scale, 
the relationship between alpha/beta/gamma multifunctionality values of order q (data points in the background for all possible pairs of plots) 
and diversity of the same order was modelled using a linear mixed-effects model with random slopes and random intercepts for each country. 
This figure shows the overall fixed-effect slopes (bold red lines) and each country's relationships (thin lines) estimated from the same linear 
mixed model. A solid line in the overall fit is significant (p < 5%) and a dashed line is not significant. All linear fits for overall fixed-effects 
slopes are significant.
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F I G U R E  4  Biodiversity–multifunctionality relationships across spatial scales when the correlation between any two functions 
is incorporated; see Equations (S2.3)–(S2.5) in Appendix S2. (a) Alpha multifunctionality versus alpha species diversity, (b) beta 
multifunctionality versus beta species diversity, and (c) gamma multifunctionality versus gamma species diversity. Other legend is the same 
as in Figure 3, except that the pairwise correlation between any two functions is incorporated, and alpha/beta/gamma multifunctionality for 
correlated functions is based on an integrated measure by considering all possible threshold levels.
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CONCLUSIONS

Since at least Mori et al. (2018), the BEF science commu-
nity has recognized the urgent need for a rigorous theo-
retical framework and the collection of more large-scale 
empirical evidence to expand research on the effects of 
biodiversity on ecosystem multifunctionality beyond the 
local alpha scale. This research development is essential 
to address pressing questions about the consequences of 
biodiversity change in the Anthropocene and is of great 
fundamental as well as applied importance. Our study 
proposes a generalized framework based on Hill–Chao 
numbers which allows decomposition of multifunction-
ality at gamma scales into alpha and beta components. 
The framework can be adapted to the specific needs of 
users by adjusting the sensitivity of the measure from 
rare to dominant functions, and by weighting individual 
functions from an economical, societal or ecological 
perspective. Figure  1 shows that our framework opens 
novel avenues for comprehensive analyses of biodiversity 
in three dimensions (taxonomic, functional and phy-
logenetic), as well as multifunctionality across scales. 
Although this paper only considers two levels of biodi-
versity (alpha and gamma), our approach potentially can 
be extended to accommodate more complex hierarchical 
structures.
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