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Abstract:

Feedbacks are an essential eempenent-feature of resilient socio-economic systems, yet the
feedbacks between biodiversity, ecosystem services and human wellbeing are not fully
accounted for in global policy efforts that consider future scenarios for human activities and their
consequences for nature. Failure to integrate feedbacks in our knowledge frameworks
exacerbates uncertainty in future projections and potentially prevents us from realizing the full
benefits of actions we can take to enhance sustainability. We identify six scientific research
challenges that, if addressed, could allow future policy, conservation and monitoring efforts to
quantitatively account for ecosystem and societal consequences of biodiversity change. Placing
feedbacks prominently in our frameworks would lead to i) coordinated observation of
biodiversity change, ecosystem functions and human actions, ii) joint experiment and
observation programs, iii) more effective use of emerging technologies in biodiversity science
and policy, iv) and a more inclusive and integrated global community of biodiversity observers.
To meet these challenges, we outline a 5-point action plan for collaboration and connection
among scientists and policy-makers that emphasizes diversity, inclusion, and open access.
Efforts to protect biodiversity require the best possible scientific understanding of human
activities, biodiversity trends, ecosystem functions, and - critically - the feedbacks among them.
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I. Dynamic feedbacks are causes and consequences of biodiversity change

Increasing recognition of irreversible biodiversity change and unsustainable ecosystem
exploitation has spurred unprecedented collaboration among scientists and policymakers
worldwide to mitigate these ecological crises (1-5). Biodiversity is in crisis as a result of habitat
loss, overharvesting and other pressures associated with humanity’s accelerated use of natural
resources. The diversity of life — from genes to social-ecological systems and-beyond—- plays a
major role #-drivingas both a driver of ecosystem dynamics throughout the biosphere and a
response to changes in ecosystem processes; higher-greater biodiversity can enhances ecosystem
functioning (6—8) and and-services{oralso-referred-te-as-‘nature’s contributions to people’
(Glossary in Box 1), while also responding to human activities such as cultivation or harvesting;
see-Glessary-inBex1). Biodiversity-and, its responses to human activities, and the benefits it can
provide to human wellbeing-ecesystem-serviees- are now at the center of global science-policy
initiatives such as the Intergovernmental Panel on Biodiversity and Ecosystem Services (IPBES)
and the new Global Biodiversity Framework of the Convention on Biodiversity (CBD) (2).

The science underpinning these major initiatives has clearly demonstrated direct effects of
biodiversity on ecosystem functioning and human wellbeing (B-E-H) (Figure 1), as well as
dynamic feedbacks (Section II) that influence how B-E-H system components biediversity;
funetioningand-human-systems-change over time. Direct effects include the positive effect of
species diversity on productivity and nutrient dynamics in plant and animal systems (9,10),
increased productivity and food quality benefitting humans through an ecosystem service such as
food provision (7,11-13), and food management systems that facilitate biodiversity
(14,15)(Figure 1). Direct effects also include the human actors benefiting from nature, while also
engaging in activities that benefit or harm biodiversity. Direct effects alone cannot tell the full
story (16); system dynamics commonly feature feedbacks (Figure 1, Figure 2), and the biosphere
is a system comprising the diversity of life on earth, ecosystems, and human built structures and

systems.

The next generation of biodiversity scholarship will expand-the-seale-and-scope-of-thistopicto

more effectively understand feedbacks as essential features of any focus on biodiversity and how
it changes in relation to human activities and ecosystem functioning (17). This knowledge will
better inform policy platforms and actions taken in compliance such as monitoring biodiversity.
Here, we consider biodiversity, ecosystem functioning and humanity as components of a system,
and in doing so, we highlight the central role that feedbacks play #1-the-generation-and

matntenanee-of biodiversity-and-tsin sustaining dynamic relationships with-ecosystem-serviees
&nd—h&m&n—wel-}bemgamong these components (Sectlon II) W&de—t—ths—beeaﬂs&feedbaele—a

f%L&ﬁeﬁshi-ps—beH%e&peep}%aﬁd—b%edWefsﬁfﬁNext, we brieﬂy review how current leading
policy platforms consider the role of feedbacks and highlight opportunities for strengthening
consideration of feedbacks (Section III). We then identify key scientific knowledge gaps
(Section IV) that we suggest limit the full uptake of scientific understanding into policy
platforms; and we-listsix-grand-chalenges(SeetionV)-that-deserve organized and collaborative
investment for rapid progress. Finally, we outline an agenda for collaborative action (Section V1)
to meet these challenges to support policy-relevant science in a changing world, as our
understanding of that world also changes.
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I1. Feedbacks drive-are essential features of biodiversity — ecosystem functioning — human
relationships

Biodiversity and its relationships to ecosystem functioning and human systems-wellbeing depend
on feedbacks within and between these elements-system components (Figure 1; Bex-Figure 2)
(18-20). The eonceptof-feedback concept is often used to describe specific dynamic interactions
that are considered real and observable in human ecological systems;-. but-alseThe feedback
concept is_-used to refer to interaction networks (21) or dynamics of a complex system that
amplify or dampen an outside signal or effect. Eer-exampleThe concept can be used more loosely
as a communication tool, for example, when a species’ ‘final descent into extinction’ reflects
synergistic effects of multiple stressors, the synergy may be referred to as involving a feedback
(22). Feedbacks between biotic and abiotic processes driving the global carbon cycle have
received great attention in climate science and policy because they cause human-and-natural
systems to change in non-intuitive ways over time (18,20). Additionally, feedbacks between
human and ecological subsystems have become an important area of interdisciplinary research
and for guiding discourse (23-25). These research programs all contribute to the solution we are
addressing here — whieh-is-to better understand feedbacks specifically in the B-E-H system as a
whole (26), and how best to apply this understanding to broad scale policy, communication and
knowledge integration programs.

A simple definition of feedback is when one part of a system affects another part of that system
that in turn affects the first part; in other words, a system output affects the input of the same
system. This definition is consistent with systems biology, recognizing feedback as a control
mechanism in complex systems. Positive feedbacks are self-reinforcing, and can drive rapid
change and even destabilize systems (27) (Figure 2BA).. NNegative feedbacks (Figure 2A2B) are
self-dampening and stabilizing, and can buffer systems against change (28,29). In-contrast;
positive-feedbacks-are-seH-retnforcine-and-can-be-destabihizine- 3 Heure-2B3-Modcling
feedbacks as opposed to direct effects involves approaches such asFe-modelfeedbacks; speeifie
toels{equations)-arerequired that relate the behavior over time of a system to the state of that
same system in some way. It is this self-dependent relationship that distinguishes models with
dynamic feedbacks from models that include direct and indirect effects but do not relate these in
feedbacks (Figure 2).

Eeological{Feedbacks -are-at-the-heart-of the-interdependence-ofexplain change and stability in

systems involving biodiversity-and, ecosystem functioning and human well-being. Among the
processes that maintain biodiversity, feedbacks determine stability and future trajectories of
population, community and ecosystem dynamics (28,30,31), from shallow lakes (32) to tropical
rainforests (33) to coral reefs (34). First order biological processes — growth and reproduction —
are positive feedbacks (35). One of the most pervasive feedbacks in ecological systems is density
dependence of population dynamics-Bensity-dependence-is-afeedbaeck, in which population
density at one time influences population growth at a future time, which in turn influences future
population density (Figure 2). Stronger density dependence within species than among species is
one of the primary explanations for the persistence of biodiversity in nature and for the positive
relationship between biodiversity and ecosystem services (35-37)(Figure 2C). Negative

http://mc.manuscriptcentral.com/prsb
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(dampening) density-dependent feedbacks of predation, disease and pathogens on species’
performance cause diverse systems to maintain diversity and ecosystem functions over time
more than less diverse systems (19,38,39) (though these ecological interactions can also be
involved in positive feedbacks). Density-dependent processes are at the heart of compensatory
dynamics in which a decline in density of a competitive dominant allows competitors to increase
in abundance and maintain ecosystem functions in a negative feedback (35,37,40). In some
cases, we can study the dynamics of part of the system — for example, we isolate feedbacks that
maintain diversity when we study compensatory dynamics — but to fully understand the problems
we now face, we have to continue the research process by expanding our focus from the
dynamics of a subsystem to the more complex B-E-H systems.

There are many examples of change in-natare-that we now understand to depend on feedbacks
between blodlvers1ty, ecosystem processes and human act1V1t1es—"Phesc+melaé%€eedbaeks—that

QﬁeFeedbacks in the polhnator/plant system prov1de a partlcularlv good examolerease&abl—y
c-ts-th 8 & ity (42,43)(Figure 1E).
-llhe&buﬁdaﬂeeof—pPollmators functlonal drvers1tv fs—knewra—tecan increase pollination and the

abuhdanece-of-plant sced production (44.,45).s byfacthtatine-phnt-reproduction-Higher-pothnator
diversity-car-enbanceand plant diversity when-there-are-positve-iteractons-betwveen-ditterent
plant-and-pellinater-speeiesthrough niche complementarity (different pollinators pollinate
different plants) as well as changes in pollinator behavior blatg(46,47). Fhreugh-thisThis creates
a positive feedback: pollinator diversity affects plant diversity which can in turn feedback to
enhance and sustain pollinator diversity (Figure 1E). Further.; humans benefit when the plants
are of cultural or agricultural value. Human-aetivitiessueh-as-sSome agricultural practices-and,
land use change and pollution have dramatically reduced pollinator abundance and diversity
(48,49), potentially contributing to eausing-humans-todose-loss of value in crop yields.; and
mnNegative effects of human activities on pollinator diversity and the recognition of the feedback
of human activities to human benefits through crop pollination have -tarn-motivateding
conservation and management actions_that focus not only on reducing pollution but also on
restoring diversity in plant-pollinator-human systems (50). The inclusion of conservation
activities focused on pollinator diversity creates a feedback involving humans, pollinators and
plant diversity (Figure 1E).

I11. Feedbacks have been under-emphasized in major science-based policy platforms

Major science-based policy platforms guide decisions about a broad range of actions that impact
biodiversity change, including setting targets for sustainability (UN Sustainable Development
Goals SDGs) and the targets in the post 2020 Global BlOleel‘SltV Framework of the CBD

; , 3 % The IPBES framework (1) 62—1—9)
provrdes the broader community a system for understanding how biodiversity, inclusive of
humanity and human diversity (Box 1), are related to a sustainable biosphere (52). This
framework is offered with the purpose of aligning assessments of change and knowledge

development in biological and social sciences with_the policy challenges of the coming decades
peliey-needs-(52,53). These challenges include state-level investments in biodiversity

http://mc.manuscriptcentral.com/prsb
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observation and conservation (51,54), as well as integration of policies to jointly mitigate climate
change and biodiversity change (3,55,56), and to manage food systems for nature positive

outcomes and sustamable food provrslon (57) H—alse—eh&nnels—and—metwates—sehel—aﬁhrp—&nd

The IPBES platform also channels and motivates scholarship and scientific research to fill gaps
and improve methods for modeling scenarios. It relies on synthesis of scientific evidence for the
causes and consequences of biodiversity change--, The-evidenee-is-combined with scientific
models to project and-forecast-future scenarios fer-biediversity-change-and-human-aetivities-(58).
There is little mention of full feedback cycles between biodiversity and ecosystem functioning
(e.g., Figure 1A) in the summary of models used to generate projections and scenarios for the
most recent IPBES report. The few-existing examples are in the integrated assessment models
involving social and economic systems coupled with natural systems (58). The assessment report
indicates that feedbacks are identified as an outcome of integrated system models, rather than an
architectural feature (58). The IPBES approach to scenarios does include qualitative modeling
methods that can capture feedbacks, though these methods are largely restricted to smaller-scale

social- ecologrcal system studres as in ﬁsherles—FerL%e&mleﬂbsets—eﬁmteraetreﬂs—betV%en—ﬁsh

~(e.g., 59),_Hewever—ayet a major gap exists in the

integration between different types of interactions in order to more comprehensively characterize
the major feedbacks between ¢or within, for example.) ecosystems and fisheries. T

he IPBES
methods assessment report notes that ‘Fallure to consrder such [feedback] dynamrcs can
potentially render scenario analysis incomplete, inconsistent or inaccurate’. IBPES authors and
ecosystem modelers also highlight the risks associated with including feedbacks based on wrong
or incomplete understanding. It is recognized thatfeedbacksneed-to-be-included-more,and-that
knowledge gaps - both scientific and in the general understanding and application of science —
are a barrier. As we move to consider feedbacks more, it is important to recognize that there are
many ways to do this, including quantitative modeling and heuristic consideration as illustrated
in the pollinator example (Figure 1E).

IV. Key knowledge gaps_that present grand challenges for biodiversity research

revealed sevenﬁ¥e knowledge gaps in blodlver51tv science when we cons1dered the B-E-H

system as a whole system, rather than take previously prevalent perspectives that emphasize two
of the three components — Biodiversity and Ecosystem Function (BEF) that tends to consider
human activities as outside the system, or socioecological systems (SES) in which biodiversity

and functioning are lumped into one component—that—may—b&&dd—ressed—mﬂa—researehﬂ&genda

SeettonV9. Filling , ence-ba
feedbacks as scientific research eealssubmcts and consrdermg how assessments and policies can
best reflect this knowledge development . Here we outline 6 scientificWe

suggest that these challenges might be used tote prioritize major investment to expand the

http://mc.manuscriptcentral.com/prsb
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239  biodiversity-ecosystem functioning paradigm and enhance our knowledge frameworks to support
240  biodiversity policies and to realize sustainability goals (Agenda for Action, Section V).

241

242

243 1) Hew-doeWe cannot robustly relate current or recent biodiversity-temporal trends in

244 biodiversity influenee-to likely future trajectories of biodiversity change_in most cases.?
245 As we have noted above, future biodiversity, and diversity’s contribution to ecosystem
P46 services, may not be accurately predieted-projected by extrapolating a historical trend in
247 biodiversity forward in time because of feedbacks among biodiversity, ecosystem

P48 function and human activities (16,31,58,60). Consideration of feedbacks highlights that
249 human activities and ecosystem functioning are part of changing biodiversity in the

250 system, and forces us to reframe this question such that we cannot only examine

251 blOleeI‘SItV tra]ectorles %en—feeébaeks—&r%aﬂa%&y;&ajeeteﬂe&eﬁa—sw%m—ebsewed
252

253 ~To p*ed—tet—estlmate long term behaV10r of a
254 B-E-H system_in scenarios that might be used to guide decisions, the dynamics — and in
255 particular, feedbacks such as how biodiversity change and its causes can influence future
256 b10d1vers1ty need to be cons1dered—€H1Hebf&nd—et—al—29%O%(+ae—et—ai—20-l—99

257  Furthermore, we need to distinguish when positive vs negative feedb domin

258 %hey#equﬁel%d-kﬁfﬁem—maﬁagemem—a&teﬁs—

259

260 2) Hew-dWe do not understand the B-E-H system well enough to relate observed recent
261 trends in biodiversity affeet-to likely future trends in-biodiversity; ecosystem function
262 and human wellbeing.? Dynamics of one part of the system (for example, diversity)
263 depend on other parts of the system (humans, ecosystem functions), and vice versa.

264 Because feedbacks determine-characterize how biodiversity, ecosystem functioning and
265 human activities change together over time, projected future trajectories or scenarios of
266 diversity, ecosystem functioning or human wellbeing are-impessible-to-projeet-with-enly
267 ebsewaﬁeﬂs—ef—b*edwelcﬁtyrequlre consideration of all three components. Sm—l—afl-y—

268 ati unetions-such-a netion-carber 3o strienty
269

70 onfidence. eiven the inability to-proj sanaes in the diversity Lecosystem functioning
271 feedbaeks(Isbel-et-al2045)--One pervasive consequence of this knowledge gap is the
272 persistent decoupling of biodiversity and functioning in assessment and monitoring

273 programs; most of the biodiversity observations being assembled for biodiversity change
274 assessments (e.g., BioTIME, PREDICTS, GEO BON) do not systematically include

275 accompanying measures of ecosystem processes or human activities. Though GEO BON
276 is moving in this direction with essential ecosystem variables, such an advance must be
277 made in the context of statistical approaches that can allow detection and attribution of
P78 joint changes in biodiversity, ecosystem functioning and human wellbeing.

279

http://mc.manuscriptcentral.com/prsb
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D80 hallence2: Identifomaio hat-link-biodiversitv-ece
281 functioning and human well-heingB-L-H comgonents depend on ae#oss—sealesscale!
282 yet we still do not understand exactly how, and what feedbacks play in determining
283 scale-dependence. Trends observed at one scale do not necessarily predict trends at

R84 higher or lower spatial resolutions (61), and this gap is a major barrier to synthesizing
285 observations across studies and programs to infer biodiversity change (17). We require
286 new theory to guide experimental tests and observation programs that allow us to more
87 deeply understand feedbacks between diversity change and ecosystem functioning, and
288 how these are linked in coupled human-natural systems across scales of sgace; time and
289 1 1 1 [ a Mnle n H e nino h

290

291

292 ation pfluer - Fstemfy RRG.

293 experimental work would be explicit about temporal patterns in biodiversity and

294 ecosystem functioning, spatial and temporal variation, and would identify links between
295 feedbacks involving ecosystem functioning and multiple dimensions of diversity, and the
296 role that human systems play in these biodiversity-ecosystem functioning linkages.

297

298 334)  Experimental tests for direct BEF effects have omitted feedbacks. The majority
299 of experimental tests of the relationship between biodiversity and ecosystem functioning
300 conducted in the last two decades has employed an experimental design that intentionally
301 disrupts potential feedbacks — for example, by weeding out species that colonize (62) or
302 by replacing species that are lost (63) over the course of the experiment to maintain

303 diversity treatments. Though this approach dees-clearly isolates the-direct effects of

304 biodiversity ean-have-on ecosystem functions (Figure 1A), in doing so these procedures
305 prevent feedbacks between-diversity-and-ecosystem-funetioning-(e.g., Figure 2;-C) from
306 playing out over time. Consequently, the-hundreds of experiments frequently reviewed
307 and synthesized as strong evidence for direct effects of diversity on ecosystem

308 functioning (6,8) (Figure 1A) cannot be used to demonstrate consequences of the

309 feedbacks between diversity and functioning because each system studied was controlled
310 to prevent them from occurring(46;62).

311

312 4—Human-biodiversity feedbacks are still not well understood, allowing to persist a

313 perception within the western science framing that people affect biodiversity but that
314 there is ne-little feedback from biodiversity to people (1,24,26,57,64). The current IPBES
315 framework acknowledges this knowledge gap: in-the-assessment-of methods;-one-of thea
316 high-level messages (Key Finding 3.3) is that scenarios and models ““need to be better
317 linked in order to improve understanding and explanation of important relationships and
318 feedbacks between components of coupled somal -ecological systems” (58) th%h-rgh-
319 chHtreatmen e n-th § A OO

320
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321
322
323
324
325
326
327
328
329
330
331
332
333 :
334 H5) Fhe-goalis-to fully-integrate the multiple human (behavioral, demographic, social,
335 cultural, political, economic, institutional) components of feedbaeks-in-the B-E-H system
336 thatineludesin ways that reflect the dependence of human wellbeing on biodiversity and
337 human-seeietiesas well as the effects of humans on biodiversity (24,65). Meeting this

338 challenge requires transdisciplinary scholarship to identify the mestimpertantdominant
339 feedbacks and feedbacks of particular interest to stakeholders, as well as to develop

340 approaches to model these feedbacks and to communicate their effects on system

341 projections and scenarios.-Fhe-models-and-concepts-must-be-tested-and-explored-with

343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359 _)_Ghallenge—.?—Develop an operatlonal understanding of how different dimensions of

360 blodlversm/ are mvolved in feedbacks over time. —U—&tﬂ—w&meet—thars—eh&ﬂeng%the
361
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biesphere- Much-of-our-cEurrent-and-future-estimates of biodiversity change will-beare
based on observations of some dimension of biodiversity as defined in conventional
scientific concepts: alleles, genes, traits, species (or operational taxonomic units, OTU),
and models of phylogenies. Not only do we still require great investment- in organized
biodiversity sampling and monitoring (66,67), we alse-lack the-scientific knowledge to
relate changes in observed diversity at different levels of biological organization (genes
vs species; Figure 3) to changes in_diversity at other levels, changes in ecosystem
functioning; and feedbacks between biediversity-and-ecosystemfunetioningthem. One
key element of BEF feedbacks is trait expression, which-hnkslinking biediversity
containedinformation in genes and genomes to biediversity-oftraitsdevelopment and
phenotypic variation, and as such BEF feedbacks alse-play-a-rele-ininfluence which genes
and genomes persist in communities (68). We require new theory, models and empirical

understanding ef-hew-to relate the-aspeets-of-diversity-that-arerealized-through-the
expresston-oftraitstrait expression #s-to underlyingrelated to-thegenetic diversity-present
in-genes-and-alleles, and why-to explain variation in patterns of trait expression vary-in
space and time #-the-context-ofand-as-consequences-ofas they relate to ecosystem

functlomng and human actlons —Gha#enge#—émde#standuw—hew—ehalwg

Challenge-5-Develop theory and workflows that explicitly relate information from
emerging technologtes to knowledge that can be used to deepen our understandmg of
feedbacks. ~ h § § o
&s—te—meet—thes&ehal—len«ges—Technologwal tools for observmg biodiversity allow hlgh
throughput and remote sensing of biodiversity at the finest levels of biological
organization (viruses, genes, microbes) as well as some measures of ecosystem functions
(69-71)-. As vast amounts of observational data become available, we face the challenge
of understanding how to interpret them in the context of dynamic feedbacks. Feedbacks
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are difficult to detect from most observational datasets because they require coordinated
observations of several facets of a system (e.g., biodiversity, an ecosystem function such
as biomass production, human use of the biomass, plus any human — biodiversity
interactions) and in nearly all cases, these coupled measurements are not made. New

dymea%b%elateﬂe—eeesyste&%f&ne&o&mg—ye&%es&perspeeﬂa%e& Manv observations

of biodiversity cannot be robustly integrated into models of change over time without
accompanying theory and empirical evidence for relationships between observations and

the system components they represent.bielogical-processes-

V1. Agenda for action.
We have outlined five-keyseven knowledge gaps and-six-assectated-challenges-in B-E-H

scientific knowledge that limit our current capacity to assess changes to the biosphere. Resolving
these knowledge gaps will require investment in scientific research programs worldwide to
employ drverse 1nterd1sc1phnary and even transdrsc1p11nary approaches n the ﬁeld lab, and in
szllco As—yve i : v€ hang

feedbacks and their consequences are not well represented in conceptual diagrams and models
used by policy experts and decision makers to understand biodiversity change and its likely

consequences over time. Greater emphasis on this representation can help minimize overlooking
this 1mportant concept when identifying priorities for biodiversity observatlon or multlfaceted
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aectionable-new-information?AdditienallyFurther, many knowledge systems beyond science —
such as traditional ecological knowledge systems - include knowledge of feedbacks (24.65,72),
and therefore an emphasis on feedbacks may provide another scaffold to integrate biodiversity

understandlng across diverse forms of knowledge Feedbacks-cim-guide-decistons-about-how-to

N1z aY aYar=' on-e O hO a O ayala onsers
v 00U v O o004 o O i O v

Here, we outline five ‘action items’ for implementing the research agenda to maximize benefits
to the science-policy community. This agenda is intended to guide knowledge production, but
does not outline the full process of informing policy; that important process needs additional
consideration beyond the scope of this article.-

1. Collaborate and connect We must convene and support collaborations and knowledge

development that reflects the ways people know and interact with biodiversity. The

action required is to come together to identify knowledge development priorities at local,
regional and global scales that reflect the depth and diversity of how humans and
biodiversity are co-dependent. We must take the time to listen and learn from each other,
and build from these conversations to the observation and solutions programs we call for.
Doing so will result in an inclusion of a broader range of knowledge systems and
perceptions of human-biodiversity interactions (73), benefitting an understanding of
feedbacks that is both globally and locally relevant worldwide. Seren&sts,—pol—rc—yhmakers

nda- People serving
as observers, knowledge keepers and knowledge users, as ecosystem service beneficiaries
and decision makers play critical roles in the actual B-E-H feedback cycles, because
assessment and management are part of the cycles! Scientific and science-policy
collaborations in biodiversity research should strive for cultural, geographic, political and
ethnic dlvers1ty among researchers and within research pI‘O_]eCtS (73) S%rengﬂ&em&g—these

Sﬁeerﬁ&mes%meﬂ{—o#&me—resewees—&ﬂd—ﬁnaﬂeraks&ppoﬂ—We can bulld on ex1st1ng

science-community partnershrps and extendlng these into blOleCI’Slty observation and
assessment networks (74). RS

+—2. Pevelop-Build and sustain multi-scale models to develop and revise scenarioss of the
biosphere change.
Though models exist to produce biodiversity scenarios for the future (35,75), we must

double down on our capital and personnel investments in these models to not only

simulate changes in biodiversity but also the feedbacks between biodiversity change and

changes in human activities and ecosystem functions. To serve the needs of science and
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society, we must be able to update these models as new observations become available,

and to produce scenarios at a range of scales relevant to human decisions — from the scale

of a plot of land to that of a country or the globe. Further, we must be modeling
biodiversity in the context of the full system, which may be achieved by integrating
biodiversity models with other models such as climate models or integrated assessment
models (5,76). These models must be developed and' improved in conjunction with the
increased effort in biodiversity observatories, advancing statistical procedures for
robustly detecting and attributing change, and within the context of the kinds of decisions

that will need to be made. -an-cttortis-larse-sealecomplex-and-wilbmvohee

B
. a a a a 1 a N
Ho a v-a d a

3. Build and sustain national and global observatories for temporal change in Observe
biodiversity, ecosystem functioning and human activitiesy-change-together. Integrated
observations shewld-must be made at different spatial scales with worldwide coverage
(69), going beyond the ad hoc approaches to sampling of biodiversity threughout-the
weotld-that has produced a set of observations ef-diversity-that is highly biased to
developed countries and terrestrial habitats (17,35,77). To meet the-researeh challenges
we outline above, observation programs based on international collaborations and local
investment must jointly and simultaneously observe biodiversity change, ecosystem
functioning change and human activities — such an integrated global biodiversity

observation system goes beyond existing infrastructure for most places (54,66). New

we-are-observing-(Runge-et-al52019)-Further, biodiversity change observatories need to
be comprehensive in their inclusion of areas and biomes on our planet, breaking the
historical pattern of emphasis on developed countries and the socially dominant
communities within them (54,78). New approaches, such as that proposed by Kiihl et al
(2020)(74), must emphasize community involvement and data collection supported by
and integrated within a broader context of biodiversity assessment. To succeed, these

require-the investment and action we-eutline-in-this-agendafor-aetionas called for here
and by others (74,78,79).

4. Experimentally and iteratively test the models and re-evaluate our understanding.-

To understand feedbacks, observational programs_(Action 3) should be guided by theory
that includes feedbacks, and coupled with experimental programs to understand
feedbacks. As with observatories, the experimental and modelling programs must be run
by collaborations of scientists, modelers and end users from a broad range of biomes,
countries and cultural backgrounds, specifically including indigenous and local peoples
from the global north and south. This action item is to increase investment in
experimental programs that help to fill specific gaps in our understanding of biodiversity
change, and to prioritize those programs led by multi-sector and multi-disciplinary
research and data user teams.
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5. Identify and support a-teadership-team sustained organizational structure. A
leadership team must assemble, must be able to draw on existing scientific knowledge
and work with the research community to develop research programs. The leadership
team must facilitate diversity and comprehensive inclusion of nature and people in the
research programs and associated policy development programs, can promote the
research agenda to potential users and supporters, can lead public engagement activities,
and can ensure fully open science practices and data archiving so the findings are
available to everyone in the world. The structure of the leadership team should be
consistent with current values, and consider collaborative networks and other social
structures in its design.

Along the way, the research community will need to confront additional logistical challenges that

currently limit rapid scientific advances. These have received attention elsewhere, and resolving
these challenges is critical the success of the agenda we have outlined here. These include 1) the
current lack of open science and the fact that data for biodiversity and ecosystem functioning
from many places is not curated or made available in a central database (79)ike-GenBanlk), i1)
limited technology integration such that observations from different methods are not spatially
coordinated (54), and ii) the clear need for more balanced engagement from the global

community (73 )-(threughresearch-and-citizen-seience).

VII. Conclusion

Feedbacks between human wellbeing, biodiversity and ecosystem functioning have been
appreciated and understood for millennia. Yet, only in recent decades has sScientific progress
over-the-last 30-years-has-led to recognition of the importance of feedbacks among biodiversity,
functioning and people across scales. Despite this recognition, and major progress with models,
experiments and observations, major challenges remain to integrate this knowledge with new
capabilities to meet the policy challenges of the coming decades. As major policy-guiding
scientific assessments grow in importance, it is essential to keep striving for the scientific
advances, and in particular theoretical advances, that will foster integration of state-of-the-art
scientific understanding with international and local policy objectives. There is no substitute for
knowledge of feedbacks. The effects of feedbacks over time cannot be approximated by static
representations of direct effects (16). Many authors have noted that without a fuller scientific
understanding of feedbacks that link biodiversity change, ecosystem functioning and human
wellbeing, we risk making decisions based on modeled futures that do not capture the full range
of likely possibilities (21,60,65). We cannot afford this just when we need science urgently to
guide our planning for the future. By investing in science and supporting collaborative and
interdisciplinary partnerships (80) we can realize the fullest potential of a collective knowledge
system to project possible futures and act on our understanding of those projects in the best
possible way for our planet.

14

http://mc.manuscriptcentral.com/prsb

Page 16 of 26



Page 17 of 26

569

570
571
572
573
574
575
576

77
78

579
580

Submitted to Proceedings of the Royal Society B: For Review Only

Acknowledgments

We acknowledge support from the Long-Term Ecological Research (LTER) Network
Communications Office and US National Science Foundation (NSF) DEB-1545288. We are
grateful to Dr. Julian Idrobo and Dr. Matthew Whalen for thoughtful and constructive feedback
on a draft of this manuscript. This research was supported by the US National Science
Foundation (NSF) Long-Term Ecological Research (LTER) grants DEB-0620652, DEB-
1234162, and DEB-1831944, Long-Term Research in Environmental Biology (LTREB) grants
DEB-1242531 and DEB-1753859, and Biological Integration Institutes grant NSF-DBI-
2021898. ML was supported by the TULIP Laboratory of Excellence (ANR-10-LABX-41). AG
is support by the Liber Ero Chair in Biodiversity Conservation.

15

http://mc.manuscriptcentral.com/prsb



581
582
583
584
585

586

587
588

589
590
591
592

593
594
595
596
597

98
99
00

601
602
603
604
605
606

ﬁm
08

609
610
611
612

Submitted to Proceedings of the Royal Society B: For Review Only

Box 1: Glossary

Biodiversity: variety of life. We use the concept to include people in the living earth system;
biodiversity is measured at many scales and in many ways, from genetic diversity to
functional diversity to behavioral or cultural diversity.

Feedback: modification or control of a process by the results or effects of the same process.

Ecosystems: joint biotic/abiotic systems of life, characterized by dynamic stocks and fluxes
of energy, materials and information and their feedbacks.

Biodiversity-ecosystem functioning (BEF) relationships: refers to the relationship between
diversity per se and the magnitude and stability of an ecosystem functions. BEF refers to the
role diversity plays in ecosystem functioning that is over and above the importance of total
abundance, biomass or composition of the biological assemblage (67).

Ecosystem functionings: the processes of energy flow (e.g., primary production), material
cycling (e.g., carbon cycling) and information processing (e.g., evolution) carried out by
living systems. Functions are understood to reflect interaction networks involving multiple
genetic and functional elements of biodiversity, and include stocks and pools of biomass,
elements and energy forms.

Ecosystem services: the value of ecosystem functions to people (81), and originally, defined
as ecosystem-based goods and services for human well-being. Although different opinions
exist such as that ecosystem services could be viewed as "rights-based approaches to
biodiversity conservation and sustainable use" (53), it is important to emphasize that the
value can be assessed in a variety of ways, from economic values to cultural values, in
intrinsic, instrumental or relational systems (82,83).

Natures contributions to people (NCP): a notherpluralistic view for the value of
ecosystems and ecosystem functionings to people (82,83). Peterson et al. (83) expect the
view to encourage a recognition of pluralism and the need for a richer process of articulation,
translation, and discussion among many different perspectives on people’s relationship with
nature.
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Figure Legends

Figure 1. ( h odive eee : ORing d-hum
weH—benglrect effects, lndlrect effects and feedbacks in the blodlvers1tv ecosvstem
functioning — human well-being system. A) Direct effects are one-way effects of, for example,
species richness on an ecosystem function; biodiversity — ecosystem functioning (BEF) has
emphasized demonstrating the direct effect of diversity on functioning (dashed arrow). B)
Indirect effects are summed direct effects. C) Feedbacks are iterative and ongoing, often looping,
effects of system components on each other. AD) In Eeedbaeks-an aquatic system-example,
whieh-invertebrate and vertebrate diversity enhance ecosystem functions such as biomass
production enhanece-animal-biomass-that may be harvested for food and livelihood by people.
Harvesting may maintain some fish at high population growth rates by reducing population
densities thereby maintaining biodiversity:: BE) similarfeedbacks-oceurin-agricultural
systems-in an agricultural plant-pollinator system, a full feedback between diversity, plant seed
production and human activities has led to recognition that conservation measures to protect

pollinator diversity may benefit humans by enhancing crop vields.-Within-each-element

Figure 2. Feedbacks in population dynamics (A-B) and community dynamics (C): A) negative
positive and B) pesitive-negative feedback between population growth rate (dN/dt) and
population density (N) in closed systems comprising one population. C) Density dependent
feedbacks among plant populations and species can lead to a positive relationship-between
diversity-and-ecosystem-funetioningeffect of plant diversity on plant productivity (an ecosystem
function). Nutrient supply can modify the relationship between diversity and productivity by
directly enhancing productivity and by changing plant diversity and composition. Whether there
is a feedback between nutrient supply, diversity and productivity is not yet fully resolved (the
grey question mark).

Figure 3. Models, experiments and observation systems are needed that explicitly address
feedbacks and scales of space, time and biological organization. A) Current-observation-or
experimentalMany programs tend to focus in one part of this space — for example, generating
data within the dashed box — and we argue that-we-need-to-developfor approaches for

understandingfeedbacks-that weuld-relate observations at multiple seales—within-the-foeal-system
&h%bea@—and—&ﬁe%hepseale&&h%&ppepﬂghphand—elead}(modlﬁed from Gonzalez et al 2020)

Hypothet1cal data af%copwd from panel A, 1llustrat1ng that we should strlve for observatlons and
understanding of how biodiversity, human activities and ecosystem functions change at the same

levels of spatial and temporal resolution, in the context of other spatial and temporal processes
(panel A).
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Figure 1. Direct effects, indirect effects and feedbacks in the biodiversity — ecosystem functioning — human
well-being system. A) Direct effects are one-way effects of, for example, species richness on an ecosystem
function; biodiversity - ecosystem functioning (BEF) has emphasized demonstrating the direct effect of
diversity on functioning (dashed arrow). B) Indirect effects are summed direct effects. C) Feedbacks are
iterative and ongoing, often looping, effects of system components on each other. D) In an aquatic example,
invertebrate and vertebrate diversity enhance ecosystem functions such as biomass production that may be
harvested for food and livelihood by people. Harvesting may maintain some fish at high population growth
rates by reducing population densities thereby maintaining biodiversity; E) in an agricultural plant-pollinator
system, a full feedback between diversity, plant seed production and human activities has led to recognition
that conservation measures to protect pollinator diversity may benefit humans by enhancing crop yields.
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Figure 3. Models, experiments and observation systems are needed that explicitly address feedbacks and
scales of space, time and biological organization. A) Many programs tend to focus in one part of this space -
for example, generating data within the dashed box - and we argue for approaches that relate observations

at multiple (modified from Gonzalez et al 2020). B) Hypothetical data copied from panel A, illustrating that

we should strive for observations and understanding of how biodiversity, human activities and ecosystem

functions change at the same levels of spatial and temporal resolution, in the context of other spatial and
temporal processes (panel A).
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