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F. J. Arroyave et al .

W e de velop a quan tit ative framework for understan ding the class of wicked problems tha t
emerge at th e intersections of natural, social, and technological complex systems. Wicked
problems reflect our incomplete understand ing of int erdependent global systems and the sys-
temic risk they pose; such problems escape soluti ons because they are often ill-defined, and thus
mis-identified and under-appreciated by communities of problem-solvers. While t here are well-
documented benefits to ta ckling boundary -crossing problems from various viewpoints, t he in-
tegration of diverse approaches can nevertheless contribu te confus ion around the collective
understanding of t he core concepts and feasible solutions. We explore this paradox by analyzing
the development of both scholarly (social) and topical (cognitive) communities - two facets of
knowledge production studies here th at contribu te towards the evolution of knowledge in and
around a problem, termed a knowledge tr ajectory - associated with t hree wicked problems:
deforestation, invasive species, and wildlife trade. We posit that saturation in the dynamics of
social and cognitive diversity growth is an indicator of reduced uncertainty in the evolution of
th e comprehensive knowledge tr ajectory emerging around each wicked problem. In formed by
comprehensive bibliomet ric data capturing both social and cognitive dimensions of each
problem domain, we t hereby develop a framework th at assesses th e sta bilit y of knowledge
trajectory dyna mics as an indicator of wickedness associated with concept ual and solution
uncertainty. Assuch, our results identify wildlife trade as a wicked problem that may be difficult
to address given recent insta bility in its knowledge trajectory .

Keyw ords: Knowledge tr ajectory; knowledge integration; knowledge networks; collabora tion
networks; relatedness; diversity.

1. Int rod uct ion

Scient ific knowledge production is a. necessary input for better responding to t he
direct consequences, downst ream impacts , a.nd syste mic risk associate d with complex
problems [7, 10, 24, 41, 56]. Environment al problems in pa.rtic ula.r, such a.s clim ate
ch a.nge or biodiversit y loss, ha.ppen a.t t he mult idisciplinary int ersect ion of ecological,
socia.l a.nd technologica.l syst ems, a.nd a.re t herefore inherent ly complex [62, 73].
Ma.na.ging such cha.llenging bound a.ry-spa.nn ing proble ms ca.lls on t he convergence
of knowledge a.nd expert ise across disciplines a.nd int er-sectoral orga.niza.t ions [59].
Although differe nt st udies ha.ve a ddressed how knowledge is produced a.nd int egrated
within well--est a.blis hed disciplinary domains (e.g., astronomy), litt le is known re-
garding scie ntific knowledge product ion a.bout emerging environmental proble ms
within the broa.d envelope of susta.ina.bility science (e.g ., [7])-

In part icul a.r, we a.re mot ivated by wicked problem s, typified as untamed,
dyna.mica.lly compl ex, a.nd ill-st ruct ured problems, t ha.t lad clea.r-cut conceptual a.nd
solution definition [1, 15, 36, 65]. Not e tha.t not a.Il problems suffer t he sa.me degree
a.nd type of ill-definit ion, or a.re equa.lly "wicked", a.s we further discuss. These known
but largely unatt ended proble ms [87] are e lusiv e given the multiple inter-
dependencies a.nd the absence of a. " correct" view [6].

In order to fully a.pprecia.te t he na.ture a.nd im plicat ions of wicked problems ,
commu nit ies of problem-solvers a.re needed in convergence to bridge knowledge
across d isciplines, thereby triggering a. common vision regarding t he properties of the
core problems, a.nd the mea.ns to address a.nd ma.na.ge them [1]. Suchknowledge
int egrat ion depends upon blending existing concepts a.nd social st ruct ures (e.g.,
forma.l comm unit ies of researchers) tha.t collectively a.nd intentiona.lly delineat e a.n
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encompassing knowledge trajectory tha.t defines the scope of knowledge a.round a.
given domain [39]. Knowledge trajectories a.re thus defined a.s the cha.ra.cteristic
dynamical pa.thwa.y followed by a. domain in both its cognitive (i.e., ideas and con-
cepts) a.nd social dimensions [11 , 13, 39, 84]. Although the study of knowledge tra-
jectories ha.s advanced towards identifying how knowledge converge, diverge and
eventually stabilize (e.g ., [8, 7, 11, 13, 39]), few studies ha.ve explored how knowledge
trajectories emerge within the scope of ill-defined or wicked problems, where pa.ra.-
doxica.lly, the multiple approaches can nevertheless contribute confusion a.round the
collective understanding of the core concepts and feasible solut ions.

Against this ha.ck.drop, we seek to provide a. better understanding of knowledge
production a.round wicked problems starting with the question: do knowledge tra-
Jectories emerging around wicked environmental problems differ according to their
cognitive and social dimensions? As such, for a. given problem domai n, we seek to
ela.bora.te on the a.ssocia.tion between the emergence and sta.biliza.tion of its knowl-
edge trajectory, a.s it relates to the overall wickedness of the underlying problem.

We develop this framework by constructing a. representation of the knowledge
trajectory for each of three environmental problems - Deforestation, Invasive
Species, a.nd Wildlife tra.de. These three problem domains were selected due to the
grea.t risks for negative ecological and societal impact they pose, owing to manifest
systemic-risk a.ssocia.ted with interdependent natural, social a.nd technological sys-
tems [19, 24, 27, 41, 77]. Specifica.lly, a. common criterion for selecting these three
problems is the lack of technica.lly well- posed objectives, as multiple disciplinary
lenses might prioritize different components of the system a.nd therefore the wa.ys to
address the problem . We argue tha.t these three environmental problems lack cer-
tainty regarding the core concepts and possible solutions, and tha.t such fla.ws a.re
sufficient to give rise to instability in the knowledge trajectory dynamics which
manifests in exacerbating conceptual a.nd solution uncert aint y.

This work contributes to the literature on the emergence and dynamics of col-
lective knowledge production [7, 8, 12, 25, 39, 58, 61, 78]. To assess the emergence
and stability of the knowledge trajectory for ea.ch problem domain, we develop an
empirical da.ta.--driven framework focusing on the diversity of topics, disciplines,
colla.bora.tion, a.nd geographic coordination. We a.ssocia.te each empirical facet with
either (a.) cognitive dimension or (b) the social dimension. By simultaneously com-
paring networks representing (a.) and (b), in a. similar vein to prior research cha.r-
a.cterizing knowledge domains [40, 59, 72], we seek to identify patterns of scientific
knowledge production related to wicked probl ems.

The remainder of this pa.per is structured as follows: In Sec. 2, we describe the
rela.tionship between cognitive a.nd social dimensions of a. knowledge trajectory, in the
pa.rticula.r context of wicked problems. Section 3 introduces the <la.ta. and methodo-
logical framework for a.sse,sing the proposed rela.tionships. Section 4 presents our
analysis on the cognitive a.nd social dimensions of knowledge t ra jecto ries. Fina.lly, we
conclude by discussing how observed (in)sta.bility in the social a.nd cognitive dimensions
relates to the 3-level typology of wicked problems developed by Heifet z and Heifetz [38].
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2 . Conceptual Background

2.1. De finin g the characteristics of wicked problems

"Wicked" is a.concept tha.t emerged from public policy research (a.lso frequently used
in studies of science dynamics) referring to particular characteristics of a. knowledge
doma.in [1, 38]. However, we a.re unaware of literature exploring the relationship
between "wickedness" and its implications on scientific knowledge product ion .
Hence, we seek to develop sta.tistica.l methods for measuring, evaluating a.nd better
understanding wicked problems.

Problems ca.n be defined, a.mong other not ions , by the degree to which related
clea.r-cut concepts a.nd solutions are identifiable. Heifet z and Heifet z [38] propose
tha.t in respect to the baseline of ta.me problems (Type I), wicked problems can be
divided between those with well-defined conceptual definitions but with ill-defined
solutions (Type II); and those la.eking both well-defined conceptual definitions and
solutions (Type III).

In essence, not a.ll wicked problems ha.ve the sa.me degree of wickedness. On the

one ha.nd, Type II wicked problems are conceptually clea.r but a.ppear 'fuzzy' to
problem solvers, as they lack a. single exa.ct solut ion, or a.lterna.tively, a.re faced with
multiple solution pa.thwa.ys characterized by uncertainty [17, 24, 36, 37]. On the other
ha.nd, Type III wicked problems a.re inherently resistant to clea.ra.nd unique definitions

[1,15,24], and are characterized by definition andsolution uncertainty (see, [0, 36,
38,47]). In contra.st to ta.me problems, wicked problems resultin thorny issues for which

common top-down expert-driven a.pproa.ches can be insufficient to cope with their
complexity [24, 30, 38, 65, 69]. In the present context, we acknowl- edge tha.t
environmental problems are not simply differentiated a.s ta.me or wicked, but given
their tendency to be situated a.t the nexus of interdependent complex systems, they a.re
distributed in a. spectrum of ill-definit ion or wickedness [1, 36, 37]. Beyond the issues of
ill-defined concepts and solutions, and the multiplicity of conceptual a.nd solution
a.pproa.ches, wicked problems are also exacerbated by socia.l factors . Indeed, problems
derived from anthropogenic drivers aresocially situated [1, 15]. Hence , addressing
wicked problems facing society and planet requires con- vergent research spanning
traditional disciplinary boundaries tha.t leverages cross- sectoral integration of expertise
[3, 21,47, 48,59, 77]. Consequently, the variety of stakeholders, interests, and objectives
engaged in the social context ma.y involve a. la.rge collection of opinions and ideas
a.bout the problem itself a.nd its ca.uses tha.t can hinder consensus formation a.round a.
sha.red vision [1, 6, 15, 24, 30, 65]. For this reason, it is commonly a.pprecia.ted tha.t the
greater the disagreement a.mong st a- keholders, the more wicked the problem is likely to
be. Confusion , discord, and lack of progress are telltale signs tha.t an issue might be
wicked [15]. However, different studies (e.g ., [8, 57, 84, 85]) also indicate tha.t long-te
rm socia.l interactions between stakeholders a.re critical to the consequential diffusion of
knowledge, second-order lea.ming a.nd co-product ion of sta.ble agreements [69, 70, 76].
And while some scholars argue tha.t the multiplicity of stakeholders is the primary factor
contributing to
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wicked problems, we a.rgue tha.t such multiplicity is not a. sole determina.nt . Instead,
we posit tha.t social a.nd cognitive integra.tion pla.ys a. domina.nt role in fostering the
consolida.tion of knowledge domains, policy agenda.s, a.nd shared vision, which
together ca.n reduce conceptua.l a.nd solution uncerta.inties [7, 24, 34, 39, 61, 76].

We seek to provide clarity a.round this point by a.na.lyzing cognitive a.nd socia.l
dimensions of knowledge tra.jectories [61]. Regarding the first dimension, we posit
tha.t cognitive factors a.re most likely to obfusca.te the cla.rity of problem defin it ions .
Such lack of a.greement a.round concepts a.nd their rela.tionships is cha.racteristic of
endea.vors ca.lling on multi-disciplinary problem-solving. Consequently, wicked pro-
blems ma.y fa.ii to consolida.te into sta.ble tra.jectories beca.use new efforts fa.ii to
constructively leverage a.nd contribute to existing knowledge [13, 39].

Rega.rding the second dimension, socia.l factors tend to contribute uncerta.inty
concerning the set of solution pa.thwa.ys. We posit tha.t the benefits of colla.bora.tion
a.re less potent in research communities lacking clearly delinea.ted pa.thwa.ys forward,
a.nd conversely, tha.t problems lacking identifia.ble pa.thwa.ys forward a.re less likely to
elicit sta.ble community forma.tion . Indeed, esta.blishing a.nd sustaining consequentia.l
lea.dership ma.y be untena.ble in wicked scena.rios if there is a. failure to alert, activa.te,
orient, a.nd incentivize the va.st field of ca.ndida.te problem solvers [65]. Idea.Uy,
critica.l scientific agenda.s become inst it ut ion alized a.s "Gra.nd Challenges" tha.t serve
a.s a. lighthouse bea.con to guide tra.jectories toward a. clearly identifia.ble objective
[41, 59]. Anot her importa.nt considera.tion is tha.t wicked proble ms a.re by definition
int ract a.ble , thereby lacking a. single "closed-form" solution; hence, "better" solutions
a.re converged upon instea.d of a. unique "correct" one. Such a. process is typica.lly
fea.sible when stakeholders itera.tively converge in a.greement on how to institution-
alize a.genda.s tha.t best address the problem [1, 6, 15, 30, 31, 77]. As such, wicked
problems a.re commonly ma.na.ged, a.sopposed to being solved, giving rise to a.situa.tion
tha.t req uires long-sta.nding agreements between stakeholders, robust resea.rch agen-
da.s, a.nd inter- a.nd tra.ns--disciplina.ry a.pproa.ches - e.g., a.s Ma.sterson [50] shows for
the ca.se of ma.na.ging the ma.la.ria. crisis in global tropical a.nd subtropical zones.

2.2. The relation between problems and knowledge trajectories

Va.rious studies ha.ve a.ddressed the knowledge tra.jectories for well-esta.bl ished
domains (e.g., a.strophysics; orga.nic chemistry) identifying tha.t they eventually
reach sta.ble tra.jectories reflecting the stea <ly -st a.te accumula.tion of intellectua.l de-
velopment (e.g., [I1, 39, 40, 85]). Such sta.bility emerges from the incrementa.l ad-
dition of coherent knowledge; in other words, knowledge ba.sed upon the preexisting.
Although emerging fields (e.g., computer sciences) show a. more turbulent pa.ttern
cha.racterized by fluctua.tions owing to disruptive innova.tions, a.nd therefore less
rela.ted knowledge. Such fields nevertheless eventually a.chieve sta.bility in their
richness, e.g., proxied by descriptors like the ra.te of new keywords used - e.g., see
Bona.ccorsi [11]. Simila.rly, research on social dimensions (e.g. , [7, 9, 58]) show tha.t
social cohesion ma.nifesting a.s consolida.ted colla.bora.tion is a. common cha.racteristic
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of synergistic cross-disciplinary integration; alternatively, if persistent colla.bora.tion
is lacking, then it is less likely tha.t consequential blending of concepts and methods
will succeed.

A common theme in knowledge trajectory research is wha.t role relatedness pla.ys
in knowledge diversification [ 13, 25, 39, 40]. Implied in this definition ofrela.tedness is
the strong pa.th dependency regarding the entry and exit of knowledge building-
blocks accumulated in the system [39]. We a.rgue tha.t cognitive relatedness thus
captures to the permanence, continuity, a.nd integration (wit h the preexisting) of
concepts and ideas.

Similar to cognitive relatedness , socia.l relatedness refers to the permanence and
reinforcement of pre-existing associa.tions between partners. Long-te rm colla.bora.-
tions underly established process of academic deba.te [33, 84] tha.t assists in consol-

idating agendas, enables deep lea.ming within and a.cross academic communities |7,

32, 64], is a.ssocia.ted with higher-impa.ct research outcomes [57]. Sta.hie colla.bo-

ra.tion is therefore a.n indicator of social consolidation of knowledge trajectories [7].
Cognitive and social networks provide a. well-established framework for defining
synthetic indices for analyzing the structure a.nd dynamic ofscientific knowledge

production (e.g ., [7, 8, 12, 14, 26, 28, 29,33, 59,61, 76, 81]). Building up on these
efforts, here we focus our analysis a.round the dynamics of two complementary
cha.ra.cteristics - the diversity and the relatedn ess of the entities comprising the
a.ggrega.te knowledge trajectory. This approach issimilar to previous research using
diversity measures to cha.ra.cterize knowledge trajectories and relatedness [13, 39, 40,
61, 76].

To distinguish our approach to measuring diversity, we first define diversity using
the typology proposed by Harrison and Klein [35], which differentiates between three
alternative perspectives: variety, sepa.ra.tion, and disparity. Unlike previous studies,
here we seek to evaluate the emergence of diversity in problem-solving a.pproa.ches by
measuring disparity, as opposed to variety (also referred to as richness) or sepa.ra.-
tion. To be specific, while variety refers to counting the tota.l number of varieties of
entities (or richness of a. system), and sepa.ra.tion measures the characteristic differ -
ences between expressed values (differentiation), here we choose a. measure of dis-
parity because it directly measures the dominance of one or few varieties over the
remaining varieties (i.e., heterogeneity in concentrations of varieties) . We posit tha.t
sa.tura.tion to a. problem-specific diversity level is a.robust indicator of whether or not
a. knowledge trajectory is confounded by conceptual and/ or solution uncertainty.

To develop this assessment framework, we systema.tica.lly ana.lyze disparity levels
for three research a.reas -  Deforestat ion , Invasive Species, and Wildlife tra.de -
motivated by the following postulat ions:

(P1) Invasive Species. Given the clea.r task a.nd conceptual definition of wha.t is a.n
invasive species, we anticipa.te sta.ble knowledge trajectory dynamics for both
cognitive a.nd socia.l dimensions (i.e., closer to a. ta.me problem) .
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(P2) Deforestation. While the definitions regarding deforestation a.re clear, this
problem suffers from a. lack of effective solutions, in pa.rt owing to multiple
global stakeholders, despite being a. problem that is highly localized. Hence, this
problem suffers primarily from solut ion uncertainty (i.e., Type II wicked
problem). As such, we expect such conditions to generate unstable or turbulent
collaboration patterns.

(P3) Wildlife Trade. In contradistinction to Pl and P 2, we suspect that instability
in both cognitive and social dynamics results from relatively high conceptual
and solution uncertainty (i.e., typical of a. Type III wicked problem).

3. Methods

We analyze knowledge trajectory change by assessing structural changes in diversity
(disparity) among the constituent components of the research corpus in and a.round
each problem domain [7, 26, 39]. In what follows we first detail the environmental
problems addressed and then we describe our proposal for assessing structural
changes in a. given research domain, which is sufficiently general to be applied beyond
the three case studies explored in this work.

3.1. Environmental problems

Grand environmental challenges involve high degrees of uncertainty in cognitive,
social, and technical dimensions. By way of example, a. conservation biologist may
have to make decisions or recommendations a.bout ecosystem management before a.
complete theoretical, empirical or met hodological foundation have been established
[1, 36, 37,74, 75]. Therefore, tolerating epistemic uncertainty in terms of what
the best a.va.ila.ble knowledge may be a.n unavoidable component of environmental
science [24,77].

3.1.1. Three environm ental problem exam ples

We focus on three environmental problems of global extent (Deforestat ion, Invasive
species, Wildlife trade) with origins in human development [82]. Since the late 1970s
several studies have suggested that the three problems a.re both drivers and symp-
toms of global change, biodiversity loss and the asymmetric relationship between the
global North and South [5, 68, 86]. These problems a.re therefore incorporated into
political actions through international conventions and accords that deal with the
interconnected nature and boundary crossing aspects of the phenomena. a.t hand;
examples include the Convention on International Trade in Endangered Species of
Wild Flora. and Fauna. (CITES) of 1973, the Convention on Biological Diversity
(C BD) of 1992 , and the Reducing Emissions from Deforestation and Forest Degra-
dation (REDD) of 2008.

The first problem studied is Deforestat ion, which refers to the intentional re-
duction of forest cover in both legal and illegal cont exts. Deforestation has been tied
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to the expansion of commercial a.nd subsistence agriculture frontier , legal and illegal
logging for pa.per and industrial hardwood, urbanization, desertification, and climate
change [4, 49, 86]. The impacts of deforestation on vulnerable populations can be
wide ranging and degrade human wellbeing [4, 16]. Figure | (a.) shows the disciplinary
composition of the scientific research on deforestation, illustrating a. background
context involving both the natural sciences (in the endeavor to assess land cover
change and its im pacts ), as well as the social sciences (rela.ting to forest/agriculture
management, a.swell as efforts to understand the sociocultural a.nd economic impacts
of deforestation) .

The second problem studied is Invasive Species, which refers to biological inva-
sions or the unnatural demographic growth of species. Invasive species a.re frequently
nonnative species introduced to an ecosystem either intentionally (e.g., in an active,
deliberat e ma nner) or unint ent iona lly (e.g., in passive, accidental manner), though
some nat ive species ca.n also become invasive [18, 42]. The mechanisms a.nd con-
sequences of biological invasions differ a.cross species, organisms, and economic set-
tings [42]. The economic impacts of controlling or coping with existing, or prevent ing
new, invasions a.re significant, frequent ly exceeding hundr eds of billion dollars per
year [53]. Biological invasions a.re mostly human-driven, though ecological ly shaped
and filtered which reflect the disciplinary composition of t he research in this problem
that is notably focused on biological sciences, in particular zoology Fig. 1(b). From a.

Deforestation Invasive Species Wildlife Trade
20 IF 15 i 1s,B10M 20 EGleR INGI 20 QORAPH!
OCIFAP UTIR SCUIINCI!! 0>AAS""-0GY ANTHA:IPOL..OGY
0£','aQP PAE NTS TIJtJIE& FIESOURCEI3 PufruC. tINVIAON, ENTA
MARINE: 11, F SHW.-JEA PHYSICAL GEOOAAPH' MARINI! i FFif: SHWAJ9 1
Z0Cc<00Y EIIOTECHNOL0OY & APPL 50C<JL.OOY
15 PLANT SCIENCES 15 G ENETICS-1. MEFIEDITY 15
WATER RESOOF ICES OCEA t|00RAPHY )ei.JSHESS 1. ECONCILI::iL
1PQtG100 SC:IENCI!L P1I C J.IFE S:1Er«:ES& 8IOM. C LEGAL MEHICINE
DJIGIr,11:E RO e MI6TRY &MOLEC U TIOWTTIEIOLOOY.
0 GEOORIIPH'P' 0 Q JFESCIENCES&BICM,
f 0 PHY GEOOIV.PHV * 10 f<»IESTEN I 10 OOTIEfINPJ ENT & 1)/N
BUSINESS0 CONOMt::S. ¢ rucuu une MERHAJICH'E LI IELLTI
fIEM:JT E SEN:SlreJ SCIEN CE &ITECH tiOIL.CIGV. OEN ETJCB& HEFEDITY
SCI:NCE .&. Ttc ttNOt.OG' Z0®IGY VETERII RV SCIENCES
e § PIANTSCieS e s: 5 S.CIENCIIS, Qo
9JQOI-EFISIT'(_ OONS! IENTOMOL.®V CAIMINOL.0G,t (1€Nat..0_
MEITEQAJLOO't J. AIMQSP MARINE is, FRe SHWATf' R ZQoLQo Vv
GEOLOGY LIIOOWEFIS 1TY &00 Nl ENVIAON...EN'Ti1 L a:iEN:
E NVIFKJL,;LIfffIM.SC.:NC ENVJRe» IItEffw.SCE BIOCWERSITV & OONSE.
0 0 0 0 0 g 0 0 0 0 " la 0 0 0
m 3l § § n 51 § § " R [
Frequenc y Frequency Frequency
(@) (b) (©)

Fig. 1. (Color online) Disciplin ary composition of three environmental problems. Disciplinary composi-
ti on of the three environment al problems domains: (a) Deforestation; (b) Invasive Species; (c¢) Wildlife
Tr ade. Shown are the top 20 most frequent WoS categories associated with each. Data point colors
indicate physical sciences (green) and social sciences and humanities (blue).
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disciplina.ry perspective, biological invasion is mostly addressed through the lenses of
natural sciences, with little social sciences imprint despite the known consequences of
invasive species in the livelihoods and economy of the inhabitants of the recipient
ecosystems [71].

Fina.Uy, the third environmental problem is Wildlife Trade, or alternatively
wildlife trafficking, which refers to the legal and extralegal commercialization and use
of wild fauna. and flora., as well as their derived products. Both legal and illegal
wildlife trade frequently suffer from fuzzy boundaries that a.re highly debated in
academia. and practice [19]. Wildlife trade spans through local and international scales
encompassing complex social networks that supply the increasing demand for medi-
cines, souvenirs, pet markets, wild meats, and cultural customs [2, 68, 82]. One aspect
of the problem frequently highlighted is its profound ecological and social impacts [2]
such as biodiversity loss, corruption, and violence. In contra.st to the previous two
problem doma.ins, Wildlife Trade hasprominent research streams in the social sciences.
More specifically, Fig. 1 (c) shows that besides biological sciences, this problem is co-
dominated by human sciences such as criminology and government.

3.2. Data

Mult iple scientific repositories have been widely used for understanding scientific
dynamics. We use Web of Science (WoS), one of the most prominent sources of
indexed literature [45], to collect the scientific literature associated with each one of
the environmental proble ms here st udied. The information was downloaded in No-
vember 2020 using general queries designed to capture each problem (see Supple-
mentary Note 1 (S N.1)). For each publication we extracted various met a<la.ta. fields,
including journal (SO), authors (AU), keywords (DE), year of publicat ion , count ry of
authors' affiliation (C U) and, WoS research subject category (SC, similar to
WoS disciplinary category (WC), both of which a.re journal-specific ontologies). Fur-
thermore, for each source we also tally two co-occurr ence measures, one for co-aut hor
(C-AU) and another for co-keyword (C-DE), in which we tally the fra:i_uency of dyads,
i.e., the number of publications featuring author (alternatively keywords) A & B.

321 Data refinement using co-bibliog raphy networks

Scientific repositories systematically compile, store, and make accessible vast quan-
tities of information regarding scientific productivity. However, these information
search and retrieval engines might be sensitive to misidentifica.tions and synonyms.
To a.void including unrelated publications within our analysis we focus on publica-
tions cognitively related with a.t lea.st pa.rt of the core literature associated with ea.ch
problem domain. We identified such publications by reconstructing the corre-
sponding co-bibliography network [33, 63, 83].

Co-bibliography networks (C BN) synthesize the association of a. pool of
publications through the literature they cited . CBN a.re composed by nodes
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(publications) connected by links tha.t indicate the bibliographic similarity or bib-
liographic coupling between them. Publications with high similarity sha.re a. la.rge
proportion of bibliographic references, thus they a.re expected to address similar
problems, or use similar frameworks [22, 55]. Therefore, links in CBNs represent
cognitive proximity between publications. As such, clusters of densely connected
publications in a. CBN represent groups of topic-specific publications. Note tha.t we
consider publications within these groups as consolidated knowledge since it
underlies communities of researchers where the knowledge is discussed a.nd diffused
[22, 26, 44]. While there a.re other extant methods for mapping publication topics, we
choose CBN being tha.t it produces ma.ps similar to other methods [83] a.nd it is
a.mena.ble to including recent literature tha.t has not yet ha.cl sufficient time to be
itself cited [33].

We assess the bibliographic coupling between pa.irs of publications by using the
bibliographic coupling d.ista.ncea proposed by Kesser [43] a.nd implemented by
Gra.uwin a.nd Jensen [33], which defines the coupling as the normalized intersection
of the cited references, varying from 0 (no coupling) to 1 (identical bibliographies).
Following Ramirez et al. [63], we exclude from the analysis those links tha.t represent
low cognitive proximity between papers (i.e., small coupling) by defining a. threshold
tha.t maximizes the formation of highly cohesive clusters of papers (i.e., network's
modularity). We use the Louva.in algorithm to identify these clusters [33], which we
term knowledge communities (KC) . The threshold is defined by iteratively removing
the links weighted lesser tha.n a. given value, a.nd then measuring general properties of
the resulting network such as the resulting modularity, a.s described in S.N.2. By
removing wea.k links, we seek to reta.in the maximum of information (i.e., nodes a.nd
links) while exposing the structure defined by strong links [32, 57] defined here as
communities forming a.round high cognitive proximity. Consequently, several nodes
might become disconnected a.nd form sma. 11 components corresponding to ta.ngentia.l
research. Note tha.t studies using networks frequently rely on analyzing the gia.nt
component ofthe network a.nd excluding the smaller components (e.g., [54]). Here we
include communities larger tha.n a.n arbitrary threshold of 10 nodes, which ma.iota.ins
our ability to capture emerging topics [63]. As such, we include nascent frameworks
a.nd ideas, but exclude inconsistent, non-related, a.nd isolated publica.tions.

322 Data characteristics

Using threshold values of 0.167 (Deforestation), 0.177 (Invasive Species), a.nd 0.181
(Wildlife Trade), we obta.in core CBN networks comprised of: 12,674 publications for
Deforestation; 15,947for Invasive Species; a.nd 650 for Wild.life Trade. The resulting
networks a.re highly modular (0.88 for Deforestation, 0.95 for Invasive species, a.nd

a Bibliographic coupling similarity wi: is described by ! . It evaluates the distance between pub-

VIRIIR;
lications i and j as the intersection of their references over the length of both list of references.
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0.85 for Wildlife trade) indicating tha.t the communities identified a.re highly cohesive
a.nd well-defined.

Importantly, we note differences in the onset of knowledge consolidation for ea.ch
problem domain, indicated by the yea.r of the first publication a.nd the time to rea.ch
ha.lf maximum, a.s illustrated in Figs. 2{a.) a.nd 2{b). Note tha.t we refer to consoli-
dated knowledge (or strongly connected CBN) rather tha.n publica.tions in general.
Although the three problems a.re relatively contemporary {the earliest observation is
in the 1960-70s for the three cases), consolidated knowledge for Deforestation a.nd
Invasive species emerges in the ea.rly 1980s , whereas for Wildlife Tra.de it emerges in
the la.te 1990s. In Fig. SI{a.)-S I {c), we provide additional network visua.liza.tions
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Fig. 2. (Color online) General characteristics of the source sets defining the three case studies. Defor-
estation (orange), Invasive species (brown), wildlife trade (purple). (a) Cumulative number of sources
including data for &o logy (green) for benchmarking purposes. (b) Cumulative number of knowledge
co=unities emerging through a given year, reported as the proportion of the total in 2020 to better
facilitate comparison. (¢) Author productivity distribution, indicating common scaling despite underlying
differences in research domain size.
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showing the emergence of select knowledge communities. For each case, we observe a.
sigmoidal curve, similar to other studies of colla.bora.tion networks (Bet tencourt
et al., 2008), here indicating the onset of knowledge diversification since each com-
munity represents a. collection of research articles tha.t a.re highly coupled in terms of
their knowledge inputs (see a.lso Fig. 3).

To assess the numerosity and productivity of researchers in ea.ch problem doma.in,
we applied a.simple na.me disa.mbigua.tion method by collecting articles authored by
common surname and first initial, an a.pproa.ch tha.t is rema.rka.bly robust in studies
of this scope [52]. As well documented in the literature [9, 60, 78, 84], we observe a.n
extremely right-skewed productivity distribution Fig. 2(c), indicating tha.t ea.ch
problem supports just few highly productive authors, whereas the va.st majority of
scholars publish just few research art icles. Despite the differences in the publications
abundance for each problem, estimation of t he skew using t he single-para.meter
power la.w distribution model P( x = sources per author) = xa, indicates similar
sea.ling exponents (‘@ = 2.495 for Deforestation; a= 2.494 for Inv asive species;a=
2.246 for Wildlife tra.de). In summary, we show tha.t the 3 case studies a.re not
markedly different in their general characteristics, thus we argue tha.t differences a.re
defining features of the problem domains, as opposed to idiosyncratic differences
a.ssocia.ted with variation in sample size and scholar productivity.

3.3. Analytical approach

In this section, we distinguish research article meta<la.ta. categories used as proxies for
either cognitive or social dimensions. For the cognitive dimension we include the size
of knowledge communities (KC), the frequency of keywords (DE), keywords co--
occurrence or dyads (C-DE), subject categories (SC), a.nd journa.ls (SO) . For the
social dimension we include the frequency of authors (AU), coauthors dyads (C-AU)
a.nd countries (CU) . Then for each va.ria.ble we measure the disparity, using two
measures tha.t both correspond to greater disparity the sma.ller the value: Shannon
Evenness index [51]a.nd the Complementary Gini index (or simply 1 - G, where G is
the traditional Gini index). We measure the diversity over the publications retained
in the CBN.

In more detail, Shannon evennessb is a. normalized version of the Shannon entropy
which measures the a.vera.ge level of information contained in the variable [51]. Al-
terna.tively, the Gini indecx is an inequality coefficient tha.t measures the pairwise
difference between a.Il the <la.ta. values in the sample norma.lized by the value expected
of this quantify for a. uniform distribution. We use the complementary Gini (1 - Gini)
to simplify the comparison with Sha.noon. In general, these two indices measure
diversity according to the disparity within the distribution of distinct varieties. Low

b T he Shannon evenness Eis represented by - log (m-) ! I: 0, log (p;)P;, and is a bounded version of the
traditional Shannon entropy, normalized by the maximum entropy log(m) asoociated with equally fre-
quent varieties.

¢ The Gini inequality index: G is calculated by (2n° x) ' L:f 1 1:7 1 1x; - ¥ | which evaluates the absolute
difference between all the pairs of values (denoted by X), normalized by the mean absolute difference.
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diversity (corresponding to high disparity) is associated with a. system dominated by
few varieties or high homogeneity; while high diversity (low disparity) represents
high heterogeneity in the system since varieties a.re uniformly distributed a. no one
dominates. Both metrics va.ry from O (representing homogeneity, low diversity, high
disparity, high concentration) to 1 (heterog eneity, high diversity, low disparity, low
concentration) .

We evaluate the temporal changes in the diversity in two wa.ys - intra-annually
a.nd inter-annually. In the first case we calculate the intra-annual diversity using just
the varieties tha.t exist in ea.ch given yea.r. Changes in intra.-a.nnua.l diversity indicate
whether the disparity varied in a. particula.r non-overlapping time-fra.me. For in-
st ance, a. decrease in intra.-a.nnua.l authorship diversity indicates tha.t the publica-
tions in a. given yea.r increasingly concentrated on just a.few productive aut hors. Note
tha.t successive intra-annual diversity values might be the sa.me, indicating for
instance certain degree of concentration in a. pa.rticula.r author, but the disparity ca.n
be produced by different varieties (e.g., author « dominates in yea.r 1 and author bin
yea.r 2).

We complement the intra-annual perspective with a. second cumulative perspec-
tive on diversity change, calculated by accumulating varieties from the beginning of
the <la.ta. up through the specific yea.r being analyzed. In this wa.y, a.n increase in the
inter-a.nnua.l diversity indicates tha.t varieties included in yea.r ¢ were marginally
represented in the pa.st, a.nd possibly non-existent. We a.rgue tha.t this inter-annual
perspective accounts for the temporal change in pa.th-dependent or relatedness of the
varieties existing up through yea.r ¢, since variations depend upon the intra.-a.nnual
diversity of a. given yea.r and the previously existing varieties. In other words,
the inter-annual diversity evaluates how varieties in time # fit into the existing
trajectory [29].

Finally, we assess the degree to which a. given disparity value could a.rise from
random configurations of the sa.me empirical varieties, calculated by estimating the
a.vera.ge diversity values obtained through a.random null model. In this wa.y, the null
model captures patterns representing a. baseline for a. particula.r problem, where the
va.ria.bles of interest ha.ve no effect (see, [79]). Our null model is comprised of 5000
random ensembles, where each ensemble of varieties is obtained by shuffling the
publication yea.rs (i.e., intertempora.l resa.mpling), followed by the calculation of the
intra.- a.nd inter-annual diversities. We then represent the estimated null diversities
a.s the mea.n diversity a.cross 5000 realizations along with the corresponding inter-
quartile range. In this wa.y, we conserve the number of research articles analyzed in a.
given yea.r, but allow for variation in their other covariates. The objective of this
compa.ra.tive baseline is to assess to wha.t degree temporal patterns can be explained
by phenomena. in excess of the intrinsic fluctuation level associated with the entry
a.nd exit of varieties, as well as their frequency dynamics.

Note tha.t in cases where there is little difference between the empirical intra.-
a.nn ua.l diversity a.nd the null model suggests tha.t the diversity is a. product of the
number of varieties included, but not of their distribut ion . Moreover, sma.11
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differences between the empirical inter-annual diversity and the null indicate the
absence of temporal sorting and sporadic bursts in the underlying data.. If the tem-
poral distribution of varieties ha.s some order (e.g ., some prolific author only pub-
lished in early yea.rs and then wa.s replaced by new prolific authors) it is unlikely that
the null model captures such order. Note also that in the la.st year of evaluation
differences in the inter-annual diversity between the null model a.nd the empiric data.
a.re not expected since the distribution of varieties in the la.st year is the same for
bot h. All the calculations were ma.de in R 3.6 [80] using the paclcage igra.ph [23].

4. Results

In the previous sections we document the similarities in growth rate, author pro-
ductivity distribution, and modularity of the co-bibliography networks (C BN)
shown in Fig. 2. In what follows, we first further describe the CBNs for each of the
three environmental problems, and then we assess the disparity dynamics, used a.s
proxies for the temporal structure of the cognitive a.nd social dimension of the overall
knowledge trajectory. Importantly, the observed dynamics a.re consistent regardless
of the diversity measure used, a.s indicated by comparing calculations using Shannon
Evenness (Figs. S2-S5) a.nd Complementary Gini indices (Figs. S6-S9). Thus, we
choose to focus the remainder of our analysis on the results obtained using the
complementary Gini index.

Knowledge communities (KC) a.re natural elements for analyzing the structure of
CBNs, given their co-bibliograp hic construction. In Fig. 3, we show a. simplified
representation of ea.ch CBN (for detailed networks see Fig. Sl ) in which nodes
represent KC a.nd links between them represent the number of articles connected
(representing bibliographic coupling) between the papers included in ea.ch pair of
KCs. Note that the number of KC between each problem analyzed vary. Differences
in the sizes of KC (number of papers included) within ea.ch problem a.re evident,
showing that the BCNs a.re composed of a. few very large communities and a. (rela-
tively) large collection of small communities, some of which a.re disconnected from
the network's fully connected (giant) component .

As mentioned, KC a.re clusters of publications cognitively proximal research
publications. Such clusters represent conceptual a.nd methodological frameworks,
developed by scholarly communities incrementally over time for the purpose of
forming a.coherent scientific discourse [14, 33, 61, 63]. By manual assessment of titles
and abstracts we ca.n identify the topics covered in each KC. For example, we find
that Deforestation KC encompass a. variety of topics such a.s the relation between
land cover a.nd water quality, fragmentation and ha.bita.t use, human impacts on
habitat integrity, the role of forest in economic growth and equity, and the rela-
tionship between production of susta.ina.ble energies a.nd deforestation, among other
topics (see Figs. I(a.) a.nd Sl (a.)). KC topics for Invasive Species include the genetic
structure of invasive populations, comparative biology between invasive and non-
invasive species, management of invasions, dispersion a.nd spatial structure of
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invasion , and invasions in hum an-dominated ecosystems (Figs . | (b) and S1 (b)) .
Finally , Wildlife Trade is cha.ra,cterized by KC topics associated with criminology ,
invasive species derived from wildlife t rade , epidemiology and public healt h,
the relationship between wildlife trade and social media, law enforcement and
policy, among other topics (Figs. | (c) and Sl (c)) . Note that the collection of topics
included in each problem reflect the multiple views that resea.rchers develop.
Although many views can be complementary, it is likely each one emphasizes specific
elements (concepts ) of the problem , and therefore also addressing possible solution
pathways.

4.1. Cogni ti ve dimension

We analyze t he cognit ive dimension of ea ch knowledge t raject ory by assessing t he
changes in t he disparity - for both intra. and int er-annual leve Is. First, Fig. 4(a.)
shows the intra.-a.nnua.l variation for knowledge community sizes, which indicates a.
sustained increase in diversit y (increasing parit y) across all problem domains.
However, we note for Inv asive Species and Wildlife Trade that the tr a jecto ries a.re
only slightly greater than the expected values yielded by t he null model. This sug-
gests that the int ra-annual div ersit y for t hese two proble ms is consistent with t he
random expectation and the changes in t he diversity a.re t he product of t he increase
in the volume of publicat ions. In contra.st, the KC diversity for Deforestation prior
2008 can't beexplained by the abundance of publica.tions, suggesting the existence of
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Fig. 4. (Coloronline) Temporal variation in parity in cognitive dimension. Temporal parity measured as
the complementary Giniindex (1- Gini)in knowledge co=unity sizes for three problem domain areas:
Deforestation (orange), invasive species (brown), and wildlife trade (purple). (a) Intra-annual variation.
(b) Cumula tive (inte r-annual) variation. Larger (smaller) parity values (reported as I - Ginilndex)
correspond to lower (higher) concentra tion levels. Shaded intervals denote the interquartile range for data
generated by randomized null model, applied to each domain separately; dashed lines indicate the mean
null model realizat ion value.
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some internal process associated with the temporal distribution of efforts across
multiple KC tha.t lea.cl to such high init ia | diversity.

On the other ha.nd, analysis of inter -a.nnu a.l variation, which better accounts for
inter -tem poral correlations manifesting in burstiness, shows a. ra.pid increase in the
diversity with la.rge deviations from the null model, especia.lly during ea.rly periods
(Fig. 4(b)) . However, Wildlife Tr ade, a.nd a.lso Deforestation to a. lesser degree,
feature prominent decreases in diversity corresponding to higher concentration levels
(i.e., smaller Complementary Gini index values). Additionally, complementary Gini
index values for Wildlife trade a.re consistently sma.ller tha.n the rest of the problems,
indica.ting in general a. lower baseline diversity, which is indicative of higher con-
centration of knowledge within certain KC. We posit tha.t both sa.tura.tion a.round a.
stable va.lue , as well as higher concentration levels, can be a.ssocia.ted with higher
rela.te dness. In such a. case, as more recent publica.tions a.re incorporated, they tend to
disproportiona.lity contribute to the growth of a. few existing KC, as opposed to
creating new KC or being homogeneously distributed across existing KC . As such,
results for KC indicate tha.t topical diversity emerges through diversification of va-
rieties which tend to grow equitably towards a.stable sa.tura.tion point a.t which point
the system of knowledge is coherently rela.ted, as it is the case of Invasive Species.

In addition to KC, we a.lso computed the disparity time series for several other
cognitive dimension variables (Figs. 5(a.) and 5(b)), including subject category (SC),
journal (SO), keywords (DE), and keywords dyads (C-DE); for simplicity we present
only a. subset of these results, and the rest a.re presented in Figs. S2-S 9. Results for
int ra.- a.nd inter -annual va.ria.tion in the diversity of the mentioned variables indicate
tha.t the variables a.re mostly indistinguishable from the null expectation a.t the intra.-
annual level; the inter -annual va.ria.bles follow a. generic increase in diversity tha.t
coincides with the null expect at ion , except for Deforestation which features a. rela.-
tively high initial diversity (Figs. 5(a.) and 5(b)) ; Wildlife Trade features relatively
high concentration levels for inter -annual dynamics (Figs. 5(a.), 5(b), S2-S9). As
such, we corroborate tha.t the ma.in differences in the cognitive dimension between
the problem domains is in the analysis of KC disparities (Figs. 4(a.) a.nd 4(b)) .

4.2. Social dimension

In order to analyze the social dimension of each knowledge trajectory, we present
results for co-author and country disparity, as indicators of the relatedness of social
communities (see Figs . S2-S9 for results derived from other social dimension vari-
ables). In pa.rticula.r, we focus on results corresponding to inter-annual diversity.
Figure Fig. 5(c) shows the results for C-AU (which a.re nearly identical to the
results obtained for the authorship variable), which indicate tha.t colla.bora.tion is a.
variable tha.t la.rgely differs from the expectations of the null model for Deforestation
and Invasive Species, but less so for Wildlife Trade. Although we identify prolific
authors (Fig. 3(c)) in the research doma.in of Wildlife Trade , their impact is di-
minished in the case of inter -a.nnua.l variation where we account for their temporal
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Fig. 5. (Color online) Temporal variation in parity in cognitive and social dimensions. Cumulative (inter-
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intervals denote the interquartile range for data generated by rando mized null model, applied to each
domain separately; dashed lines indicate the mean null model realization value. For comparison, intr a-
annual analysis is provid ed in the SM.

ordering. Interestingly, for Wildlife Tra.de a.nd Deforestation we note a. reversal to-
wards higher concentration during the pa.st decade, indicating a.n increase in the
socia.l rela.tedness possibly owing to a. greater exploitation of existing colla.bora.tions.
This suggests, a.t least for Deforestat ion, tha.t the research activity has recently
concentrated in a. subset of authors a.nd their colla.bora.tors.

Analysis of a.uthor a.ffilia.tion country da.ta. provides a. proxy for diversity in or-
ga.niza.tiona.l (e.g., Universit ies, Research centers, NGOs) a.nd institutional factors
(e.g., na.tiona.l science fund ing) . Results reported in Fig. 5(d) show tha.t empirical
diversity calculated for Deforestation a.nd Invasive Species feature ea.rly excess pa.rity
with respect to null model levels. Over time these differences reduced as parity levels
stabilized a.round steady values, indicating high geographic pa.rity. Wildlife Tra.de
features little deviation from ra.ndom expectat ion, a.nd pa.rity has steadily increased
over t ime , corresponding to a. decreased concentration of geographic leadership. To
further support these results, we also calculated productivity diversity between the
globa.l South a.nd North (Figs. S5(i)-S 9(i)) a.nd a.lso observe inequalities in the
production of knowledge generally decreasing over the long run.

In summary, we identified important differences across the three environmental
problems evaluated . Invasive Species is cha.ra.cterized by a.n increasing diversity in
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both cognitive and collaboration trajectories that saturates in recent times. Such a.
pattern describes homogenous growth across the different topics embodied, and the
community of researchers as well a.s their supporting organizations, in addition to
growth supported by preexisting structures (i.e., topics and researchers) fostering the
recent stabilization of both cognitive and social dimensions.

Similarly, Deforestation is a.lso characterized by high diversity levels, for both
cognitive and social dimensions, and featuring an approach to a.stable diversity level.
However, for some cognitive (KC) and collaboration (CU, C-AU) variables, we ob-
serve a. slight reduction in the diversity indicative of recent increase in concentration
in some varieties (e.g ., topics, aut hors). These suggest changes in the scope of the
research in this problem either by increased emphasis or paucity in some topics and
researchers. We also observe reduced productivity inequa.lities between the global
North and Sout h.

Fina.lly, Wildlife Trade represents the most distinct problem of the three, showing
important changes in cognitive (KC) and collaboration trajectories (C-AU) char -
acterized by strong reduction in the diversity after periods of sustained increase.
Observed parity values a.re typically less than those observed for other problems and
a.re indistinguishable from the null expectation in many circumstances (DE, C-DE,
AU, C-AU, CU). These results indicate that the knowledge a.bout this problem has
grown disproportiona.lly within a. few building blocks (e.g., topics, countries), thereby
reducing the development potential for this wicked problem domain. Moreover,
comparison of int ra.- and inter -annual dynamics shows heterogeneous growth, indi-
cating that the knowledge trajectory is not consolidating into a. stable core of re-
search topics or research leaders (neither individual nor geographic).

5. Discussion

We analyzed the social and cognitive dimensions of knowledge trajectories emerging
a.round three environmental problems - Deforestat ion, Invasive Species, and
Wildlife Trade. Despite the common backdrop of sustainable development and
conservation , we observe differences across the different problem domains that we
attribute to the role of uncertainty associated with problem and solution ident ifi-
cat ion . First, we note different time periods when these problems first emerged
(Fig. 2(b)) along with different subsequent total knowledge production as indicated
by publication volumes in ea.ch problem domain (Fig . 2(a.)) . Together, these obser-
vations illustrate how problem prioritization [20] reinforces the role of pa.th-depen-
dency in the evolution of knowledge production, and consequently also affects the
time required for building a. common understanding and agenda..

Second, we observe a. broad spectrum of topical approaches (Fig . 3), which may
indicate contested spaces where assumptions and knowledge a.re debated [7, 13, 29].
In particular, Deforestation and Wildlife Trade exhibit a. prominent period of de-
creasing parity a.cross knowledge communities (Fig. 4(b)). Third, we do not observe
any indication that Wildlife Trade will achieve stability in the social dimension based
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upon the prominent decrease in parity observed in Fig. 5(c). Yet it remains to be seen
if stability in the cognitive dimension of Wildlife Tra.de will spread into the social
dimension, which is a. potential a.venue for cha.nge [3, 14]. However,stability in the
socia.l dimension ma.y exacerbate solution uncertainty by reinforcing echo chambers
in which a. few highly productive authors (or collectives) dominate the discourse.
Such a. situation could limit the development of alternative leading roles, hampering
the cross-fertilization between researchers and orga.niza.tions, and reducing progress
towards second-order "deep lea.ming " [62, 63,70].

We posit tha.t variability in knowledge trajectory dynamics indicate different
wickedness characteristics [38]. When comparing our results with those previously
reported for more well-establishe d domains [7--9, 11, 13, 40] we identify some ma.rked
differences in the three domains evaluated here, which we associa.te with the char-
acteristic ill-definit ion of ea.ch problem.

First , in contrast with our initial expectation, we found Invasive Species to more
closely correspond to a. Type II wicked problem (i.e., conceptually definable but
without clea.r-cut solution) since cognitive dimensions stabilize in pa.rity, whereas
social dimensions a.re still changing. Until such a. stable community forms, it will be
challenging to settle disagreements concerning ca.ndida.te solut ions. Second, our
initial expectations for Deforestation were a.lso short, as this problem a.ppea.rs to be
closer to a. Type IlI wicked problem when considering the instability of both cognitive
and social dimensions. And finally, in the case of Wildlife Tra.de, our analysis
confirms our initial expectation of a. Type III wicked problems. As such, these two
Type III problems suffer from disparities tha.t negatively a.ffect the development of
an integrated research domai n.

We acknowledge tha.t our a.pproxima.tion to capturing the evolution of these
problem domains is incomplete. For exa.mple, our focus on disparity measures does
not provide insights into knowledge relatedness through the lens of sepa.ra.tion di-
versity, as reported in other work (e.g ., [13, 39, 45]). In addition, while our opera-
tional framework illuminates the structure of research producing fundamenta.l
changes in each problem, it does not provide any additional indication as to how the
pa.rticula.r pa.thwa.ys connecting cognitive and leadership micro-changes tra.nsla.te
into ma.cro-level knowledge t rajecto ries. A better understanding of the ca.usa.l
channels through which these dynamics operate will be critical to steering wicked
problem domains a.wa.y from unconsolidated, unactiona.ble a.nd eventually neglected
research t ra.ps.

To address these extant challenges, we developed a. genera.liza.ble framework tha.t
compares the int ra.- annual to the inter -a.nnu a.l parity dynamics, as a. wa.y to illustrate
the nuances a.ssocia.ted with the growth a.nd sa.tura.tion of diversity. In pa.rticula.r, our
ana.lysis of inter -a.nnual pa.rity indicates tha.t growth and stability a.re not mutually
exclusive . Indeed, cognitive trajectories often follow a. process of diversification fol-
lowed by consolidation and increased relatedness [39, 61], capturing the process
by which multiple voices and meld and trigger a. sha.red vision for moving forward
[3, 14, 31, 32, 40, 64, 76]. Cont ra riwise, locked-in or highly concentrated trajectories,
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as exhibited in the case of Wildlife Tra.de, can inhibit integrat ive , holistic, and post-
normal a.pproa.ches a.nd instead ma.y promote the emergence of conceptual echo
chambers in which disproportionally few topics a.re ma.inly discussed by a. reduced
subset of voices [24, 25, 30, 31, 74].

As such, environmental wicked problems a.ppea.r to necessitate integrated diver-
sification [3, 14, 48] in which multiple voices and approaches can be included while
consolidation of existing research agendas and communities of expertise takes place
[62]. Balancing the tension associated with this pa.ra.dox of cross-disciplinary inte-
gration will help distribute efforts a.nd ca.pa.bilities toward specific solutions tha.t
iterate towards addressing the underlying complexity [1, 24, 47]. Failing to address
the tension ma.y give rise to untenable or unactiona.ble solutions tha.t hinder the
tra.nsla.tion of science-based solutions into societal action, pa.rticula.rly a.t the aca-
demic- indust ry- government interfac e [46], or neglecte d problems as in the case of
some diseases [66,67]. In deed, extremely wicked problems a.re likely to suffer from a.
broader societal disregard for pursuing furt her a.ction owing to the lack of or insuf-
ficient clarity or completeness regarding problem definitions a.nd solutions.
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