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Reconsidering functional redundancy in biodiversity research

Nico Eisenhauer'?®, Jes Hines'?, Fernando T. Maestre®* and Matthias C. Rillig>®

A key question in ecological research is whether biodiversity is important for ecosystem functioning. After approximately three
decades of empirical studies on this topic, it is clear that biodiversity promotes the magnitude and stability of ecosystem
functioning. However, the majority of early biodiversity-ecosystem functioning (BEF) experiments concluded that there is a
saturating relationship between biodiversity and ecosystem functioning, seemingly supporting the ‘redundancy hypothesis' of
biodiversity. This hypothesis may suggest that many species can be lost from an ecosystem before any changes in functioning can
be detected under the current environmental conditions. Here, we argue that the term functional redundancy (1) may have been
overused from an ecological perspective and (2) can be dangerous and misleading in scientific communication. Rather, we propose
to use the term ‘functional similarity’, which better highlights the unique contributions of all coexisting species to ecosystem
functioning, gradients in niche overlap and has a less negative connotation. In a world where increasing anthropogenic stressors
are accelerating biodiversity change and loss and thus threatening ecosystem integrity, important political and societal decisions
must be taken to combat the joint climate and biodiversity crisis. We should therefore reconsider and carefully choose terminology

in biodiversity science for value-neutral communication.
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BACKGROUND

A key question in ecological research is whether biodiversity is
important for ecosystem functioning. The hundreds of studies
exploring this relationship'? provide convincing evidence for a
positive effect of biodiversity on ecosystem functioning (BEF),
despite some context-dependency in the strength of the effect®.
This work highlights the functional differences among species, i.e.
functional complementarity, as a major mechanism behind the
positive BEF relationship?=*. Functional complementarity entails
dissimilarities among co-existing species in resource partitioning,
abiotic facilitation, and biotic feedbacks”. However, the majority of
early BEF experiments concluded that there is a saturating
relationship between biodiversity and ecosystem functioning'®,
seemingly supporting the ‘redundancy hypothesis’ (or 'rivet-
redundancy hypothesis’) of biodiversity”"'°. This hypothesis may
suggest that many species can be lost from an ecosystem before
any changes in functioning can be detected under the current
environmental conditions'’. As a consequence, the term redun-
dancy has been frequently used to describe a situation where
different coexisting species seem to fulfill the same ecological role
and are exchangeable. For instance, soil microbiologists are often
referring to the functional redundancy of microorganisms for
ecosystem functioning'?'°.

Already more than two decades ago, a comment by Ehrlich and
Walker'" highlighted the nuances of the redundancy hypothesis by
stating that (1) species redundancy is a critical property that
contributes to ecosystem resilience; and that (2) a functional
group approach may be useful to identify very important species
to conserve. They also highlighted that this does not mean that
we can afford losing any species from an ecosystem though.
Moreover, a conceptual paper by Loreau'® used a classical Lotka-
Volterra model to show that stable coexistence is incompatible
with functional redundancy under equilibrium conditions, as
stable coexistence requires differences between species and, thus,

functional complementarity. Nevertheless, supported by some
empirical evidence®, the concept of functional redundancy has
been widely used in the ecological literature until today (Fig. 1). In
this Comment, we argue that the term functional redundancy (1)
may have been overused from an ecological perspective and (2)
can be dangerous and misleading in science communication.
Instead, we propose to reconsider using the term functional
redundancy and use the term functional similarity to offer a
gradient-based alternative for value-neutral communication.

Revisiting ecological theory and evidence for functional
redundancy

Ecological theory predicts that coexisting species should differ in
their traits or environmentally-mediated relative fitness, because
otherwise there would be competitive exclusion'®'%-8, How does
this relate to the concept of functional redundancy of some
coexisting species? Loreau’ concluded that transient non-
equilibrium coexistence can obscure functional complementarity
and allow for functional redundancy only in the short term.
However, for long-term coexistence, species must show different
responses or fitness differences to environmental fluctuations
(temporal niche differentiation) and/or to spatial environmental
heterogeneity (spatial niche differentiation). In contrast to this
theory, by summarizing the available data at that time, Cardinale
and colleagues® found overwhelming support for the redundancy
hypothesis across many terrestrial and aquatic biodiversity
experiments. However, their synthesis mainly included short-
term experiments, and more recent long-term experiments have
shown increasing biodiversity effects over time?°~2 up to almost
linear relationships between biodiversity and ecosystem function-
ing?'%3. This means that the strength of biodiversity effects on
various ecosystem functions in grassland biodiversity experiments
increases from neutral (e.g. Eisenhauer et al.2* for soil microbial
biomass) or weakly positive (e.g. Reich et al.' for plant biomass
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The number of biodiversity papers using the term ‘redundancy’ relative to the number of Biodiversity-Ecosystem Functioning

(BEF) papers. The data stems from Web of Science searches for Biodiv¥ AND Redundan*, and Biodiv¥* AND Ecosystem Function* on 6
September 2022. Five-year intervals are illustrated from 1996-2020. Although absolute numbers of publications are not comparable between
2021-2022 and the 5-year intervals, the proportion of ‘redundancy papers' was also at ~11% in these two years. The reader should note that we
did not explore how the term redundancy was used in this literature, as this was beyond the scope of our Comment.

production) after a couple of years to strongly positive after >4
years of the respective experiment. Stronger long-term BEF
relationships have been shown to emerge from increasing
functional diversity?®> and complementarity effects®>* over time.
Moreover, all of these conclusions were primarily based on one
single function (mostly primary productivity), while a global
synthesis revealed that different plant species promoted different
functions, during different years, at different places, and under
different environmental change scenarios?®. The authors of this
study stated that although species may appear functionally
redundant when one function is considered under one set of
environmental conditions, many species are needed to maintain
multiple functions at multiple times and places in a changing
world?®. This finding is more in line with the singular hypothesis of
biodiversity, stating that each coexisting species has a unique
effect on ecosystem functioning®* because of the predicted spatial
and temporal niche differentiation’®.

Taking a trait-based perspective, Pillar et al.?’ stated that
“functional redundancy is dependent on the traits that are used for
the computation of functional diversity” and that “it is assumed that
the traits are functional for the ecosystem process being considered,
and thus the functional redundancy that is measured refers to
redundancy for the process in hand.” They conclude that “the
question ‘redundancy for what?’ should always be asked”. Accord-
ingly, some authors have defined redundancy as the ‘functional
dissimilarity between those species with similar effect on ecosystem
processes’ (reviewed in de Bello et al.?®), stressing gradients in
functional similarity. A related concept is “response diversity"?°,
since species may be functionally similar for the ecosystem effect
under consideration but may be different in their responses
(based on response traits) to environmental factors. This highlights
the difficulties in distinguishing response traits and effect traits to
properly assess functional redundancy as well as the significance of
gradients in response diversity as key concept for understanding
the role of biodiversity in ecosystem functioning and stability.

Assessing spatial and temporal niche differentiation may be
particularly challenging for soil microorganisms. As a consequence,
the immense diversity of microbial taxa makes an a priori
assumption of functional redundancy more likely as a working
hypothesis3®. However, the concept of competitive exclusion has
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also been documented for microorganisms®'2, and relative fitness

differences have been suggested as a relevant mechanism
explaining the coexistence of ecologically similar soil microorgan-
isms>3, In this context, functional redundancy was defined by Allison
& Martiny'? as the “ability of one microbial taxon to carry out a
process at the same rate as another under the same environmental
conditions”. Accordingly, many studies focusing on broad functions
like nutrient cycling and decomposition3%343> concluded that there
is high functional redundancy in the microbial world'. Again, we
argue that the context-dependent effects described above may
play a crucial role, since researchers have mostly looked at snapshot
assessments of microbial diversity and broad functions, mostly
missing information on relevant subprocesses®*3%3” and on which
taxa are actually really active at that point in time®33°, While
microbial ecologists are relating the diversity and composition of
microbial communities to a wealth of ecosystem functions (e.g.
decomposition, nitrification, denitrification, methanotrophy, metha-
nogenesis) using complex (functional, genomic, phylogenetic)
approaches that shed light on the relationship between biodiversity
and ecosystem functioning, there is the risk of a mismatch in scope
in such endeavors, since the processes we commonly measure (at
the ecosystem scale, such as decomposition) are not easily matched
to the microbial or gene expression or enzyme production scale.
This is because ecosystem processes are a consequence of many
different component processes®’. This scale and process mismatch
may be more pronounced for microbes (with many undescribed
taxa) than for other groups of well-studied taxa like plants. Even if
we only look at a single soil core typically taken to explore soil
microbial diversity and functions, we need to consider that
microorganisms live in and on top of tiny soil aggregates that
represent different ‘universes’ of species assemblages that will
never interact with each other’®*'. So, when mixing these
universes, we also need to adapt our interpretation of BEF
relationships and the contributions of individual taxa. This
awareness has important implications for biogeochemical pro-
cesses and the role of soil microbial community composition3°.
Taken together, we believe that the environmental conditions are
exceptionally challenging to determine at the scales we would
need to measure them to adequately test for functional redundancy.



Dangerous language in communication and outreach

Another important issue with the communication of scientific
findings is the public perception of biodiversity that results from
consuming the scientific literature. The term ‘redundancy’ has a
negative connotation in the sense that it suggests that we can
easily lose species without any detrimental ecosystem effects, since
the word ‘redundant’ in everyday use is equivalent to ‘expendable’
or ‘unnecessary’. As such, this term can be problematic for value-
neutral, objective communication about the functions of biodiver-
sity: the word may easily be misunderstood without further context
and thus requires additional explanation and clarification. This
potential communication problem is exacerbated at the science-
policy interface, where the very conservation of biodiversity is at
stake. Nevertheless, language influences and mirrors our thinking as
scientists, and thus we should be careful with the terms we use, not
just for outreach beyond science, but also when communicating
our research findings within our own community.

Conclusion and way forward

We suggest critically reconsidering the term redundancy in
biodiversity research and any related science communication
with regards to the role of species in ecosystems. An alternative
expression would be referring to the ‘functionally similarity’ (or
dissimilarity) of species. Functional similarity describes a gradient
in potential niche overlap among species or communities that has
been commonly used for variety of taxa, ranging from micro-
organisms to animals'>*>*>, When referring to functional
similarity, it will also be helpful to always clearly define the
function under consideration as well as the environmental
parameter space and context?®, to avoid blanket statements
about general functional similarity (e.g. “there is [high] functional
similarity under certain environmental conditions for the decom-
position of lignin"). Moreover, we believe that the term function-
ality similarity helps highlighting a gradient-based concept, rather
than any binary description of niche overlap. In a world where
increasing anthropogenic stressors are accelerating biodiversity
change and loss and thus threatening ecosystem integrity,
important political and societal decisions must be taken to
combat the joint climate and biodiversity crisis*’. We should
therefore reconsider and carefully choose terminology in biodi-
versity science for value-neutral communication.

DATA AVAILABILITY
Not applicable.

CODE AVAILABILITY

The search term for our literature search is specified in the legend of Fig. 1.

Received: 12 October 2022; Accepted: 4 April 2023;
Published online: 27 April 2023

REFERENCES

1. Cardinale, B. J. et al. Biodiversity loss and its impact on humanity. Nature 486,
59-67 (2012).

2. Tilman, D., Isbell, F. & Cowles, J. M. Biodiversity and ecosystem functioning. Annu.
Rev. Ecol. Evol. Syst 45, 471-493 (2014).

3. Eisenhauer, N. et al. A multitrophic perspective on biodiversity-ecosystem
functioning research. Adv. Ecol. Res. 61, 1-54 (2019).

4. Loreau, M. & Hector, A. Partitioning selection and complementarity in biodiversity
experiments. Nature 412, 72-76 (2001).

5. Barry, K. E. et al. The future of complementarity: disentangling causes from
consequences. Trends Ecol. Evol. 34, 167-180 (2019).

6. Cardinale, B. J. et al. The functional role of producer diversity in ecosystems. Am. J.
Bot. 98, 572-592 (2011).

. Eisenhauer et al.

N

©

0

10.
11.
12.

20.

21.

2

N

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

3

v

36.

37.

38.

39.

Walker, B. H. Biodiversity and ecological redundancy. Conserv. Biol. 6, 18-23
(1992).

Walker, B. Conserving biological diversity through ecosystem resilience. Conserv.
Biol. 9, 747-752 (1995).

Lawton, J. H. & Brown, V. K. Redundancy in Ecosystems. in Biodiversity and Eco-
system Function (eds Schulze, E.-D. & Mooney, H. A.) 255/270 (Springer, 1993).
Loreau, M. Does functional redundancy exist? Oikos 104, 606-611 (2004).
Ehrlich, P. & Walker, B. Rivets and redundancy. BioScience 48, 387-388 (1998).
Allison, S. D. & Martiny, J. B. Resistance, resilience, and redundancy in microbial
communities. Proc. Natl Acad. Sci. USA 105, 11512-11519 (2008).

. Louca, S. et al. Function and functional redundancy in microbial systems. Nat.

Ecol. Evol. 2, 936-943 (2018).

Hannula, S. E. et al. Time after time: temporal variation in the effects of grass and
forb species on soil bacterial and fungal communities. mBio 10, €02635-19
(2019).

. Chowdhury, S. et al. Plants with arbuscular mycorrhizal fungi efficiently

acquire nitrogen from substrate additions by shaping the decomposer com-
munity composition and their net plant carbon demand. Plant Soil 475,
473-490 (2022).

Chesson, P. General theory of competitive coexistence in spatially-varying
environments. Theor. Pop. Biol. 58, 211-237 (2000).

. Mayfield, M. M. & Levine, J. M. Opposing effects of competitive exclusion on the

phylogenetic structure of communities. Ecol. Lett 13, 1085-1093 (2010).
HilleRisLambers, J., Adler, P. B., Harpole, W. S., Levine, J. M. & Mayfield, M. M.
Rethinking community assembly through the lens of coexistence theory. Annu.
Rev. Ecol. Evol. Syst. 43, 227-248 (2012).

Pacala, S. & Tilman, D. The transition from sampling to complementarity. in The
functional consequences of biodiversity: empirical progress and theoretical exten-
sions (eds Kinzig, A. P., Pacala, S. W. & Tilman, D.) 151-166 (Princeton University
Press, 2002).

Eisenhauer, N., Reich, P. B. & Scheu, S. Increasing plant diversity effects on pro-
ductivity with time due to delayed soil biota effects on plants. Basic Appl. Ecol. 13,
571-578 (2012).

Reich, P. B. et al. Impacts of biodiversity loss escalate through time as redundancy
fades. Science 336, 589-592 (2012).

Guerrero-Ramirez, N. R. et al. Diversity-dependent temporal divergence of eco-
system functioning in experimental ecosystems. Nat. Ecol. Evol. 1, 1639-1642
(2017).

Wagg, C. et al. Biodiversity—-stability relationships strengthen over time in a long-
term grassland experiment. Nat. Commun. 13, 1-11 (2022).

Eisenhauer, N. et al. Plant diversity effects on soil microorganisms support the
singular hypothesis. Ecology 91, 485-496 (2010).

Bongers, F. J. et al. Functional diversity effects on productivity increase with age
in a forest biodiversity experiment. Nat. Ecol. Evol. 5, 1594-1603 (2021).

Isbell, F. et al. High plant diversity is needed to maintain ecosystem services.
Nature 477, 199-202 (2011).

Pillar, V. D. et al. Functional redundancy and stability in plant communities. J. Veg.
Sci 24, 963-974 (2013).

de Bello, F. et al. Functional trait effects on ecosystem stability: assembling the
jigsaw puzzle. Trends Ecol. Evol. 36, 822-836 (2021).

EImqyist, T. et al. Response diversity, ecosystem change, and resilience. Front.
Ecol. Environ. 1, 488-494 (2003).

Strickland, M. S., Lauber, C., Fierer, N. & Bradford, M. A. Testing the functional
significance of microbial community composition. Ecology 90, 441-451 (2009).
Siedler, S. et al. Competitive exclusion is a major bioprotective mechanism of
lactobacilli against fungal spoilage in fermented milk products. Appl. Environ.
Microbiol. 86, €02312-e02319 (2020).

Wilhelm, R. C, Pepe-Ranney, C., Weisenhorn, P., Lipton, M. & Buckley, D. H.
Competitive exclusion and metabolic dependency among microorganisms
structure the cellulose economy of an agricultural soil. mBio 12, e03099-20
(2021).

Goberna, M. & Verdd, M. Phylogenetic-scale disparities in the soil microbial
diversity-ecosystem functioning relationship. ISME J. 12, 2152-2162 (2018).
Gessner, M. O. et al. Diversity meets decomposition. Trends Ecol. Evol. 25, 372-380
(2010).

Schimel, J. P. & Schaeffer, S. M. Microbial control over carbon cycling in soil. Front.
Microbiol. 3, 348 (2012).

Fierer, N. Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat. Rev. Microbiol. 15, 579-590 (2017).

Hall, E. K. et al. Understanding how microbiomes influence the systems they
inhabit. Nat. Microbiol. 3, 977-982 (2018).

Kuzyakov, Y. & Blagodatskaya, E. Microbial hotspots and hot moments in soil:
concept & review. Soil Biol. Biochem. 83, 184-199 (2015).

Eisenhauer, N. et al. The dark side of animal phenology. Trends Ecol. Evol. 33,
898-901 (2018).

npj Biodiversity (2023) 9



npj

N. Eisenhauer et al.

40. Rillig, M. C. et al. Interchange of entire communities: microbial community coa-
lescence. Trends Ecol. Evol. 30, 470-476 (2015).

41. Erktan, A, Or, D. & Scheu, S. The physical structure of soil: determinant and
consequence of trophic interactions. Soil Biol. Biochem. 148, 107876 (2020).

42. Heemsbergen, D. A. et al. Biodiversity effects on soil processes explained by
interspecific functional dissimilarity. Science 306, 1019-1020 (2004).

43. Jousset, A, Schmid, B., Scheu, S. & Eisenhauer, N. Genotypic richness and dis-
similarity opposingly affect ecosystem functioning. Ecol. Lett 14, 537-545 (2011).

44. Eisenhauer, N., Schulz, W., Scheu, S. & Jousset, A. Niche dimensionality links bio-
diversity and invasibility of microbial communities. Funct. Ecol. 27, 282-288 (2013).

45. Coulis, M. et al. Functional dissimilarity across trophic levels as a driver of soil
processes in a Mediterranean decomposer system exposed to two moisture
levels. Oikos 124, 1304-1316 (2015).

46. Garland, G. et al. A closer look at the functions behind ecosystem multi-
functionality: A review. J. Ecol. 109, 600-613 (2021).

47. Portner, H. O. et al. Scientific outcome of the IPBES-IPCC co-sponsored workshop
report synopsis on biodiversity and climate change. Zenodo https://zenodo.org/
record/5101125 (2021).

ACKNOWLEDGEMENTS

We acknowledge support by the German Centre for Integrative Biodiversity Research
(iDiv) Halle-Jena-Leipzig, funded by the German Research Foundation (FZT 118). The
Jena Experiment is funded by the German Research Foundation (FOR 5000). F.T.M.
acknowledges support from the Spanish Ministry of Science and Innovation
(EUR2022-134048) and Generalitat Valenciana (CIDEGENT/2018/041). We acknowl-
edge constructive comments by Valério Pillar and three other, anonymous reviewers.

AUTHOR CONTRIBUTIONS

N.E. and M.C.R conceived the idea of the manuscript and led the paper writing; N.E.
wrote the first draft of the paper; J.H. performed the literature analysis; all authors
contributed to discussions and to revisions of the paper.

npj Biodiversity (2023) 9

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS

The authors declare that they have no competing interests as defined by Nature
Portfolio, or other interests that might be perceived to influence the results and/or
discussion reported in this paper. More specifically, the authors declare no competing
financial or non-financial interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Nico Eisenhauer.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023


https://zenodo.org/record/5101125
https://zenodo.org/record/5101125
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Reconsidering functional redundancy in biodiversity research
	Background
	Revisiting ecological theory and evidence for functional redundancy
	Dangerous language in communication and outreach
	Conclusion and way forward

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




