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Abstract: Designing agroecosystems that are compatible with the conservation of biodiversity is a top conser-
vation priority. However, the social variables that drive native biodiversity conservation in these systems are
poorly understood. We devised a new approach to identify social–ecological linkages that affect conservation
outcomes in agroecosystems and in social-ecological systems more broadly. We focused on coastal agroforests
in Fiji, which, like agroforests across other small Pacific Islands, are critical to food security, contain much of
the country’s remaining lowland forests, and have rapidly declining levels of native biodiversity. We tested the
relationships among social variables and native tree species richness in agroforests with structural equation
models. The models were built with data from ecological and social surveys in 100 agroforests and associated
households. The agroforests hosted 95 native tree species of which almost one-third were endemic. Fifty-eight
percent of farms had at least one species considered threatened at the national or international level. The best-fit
structural equation model (R2 = 47.8%) showed that social variables important for community resilience—
local ecological knowledge, social network connectivity, and livelihood diversity—had direct and indirect
positive effects on native tree species richness. Cash-crop intensification, a driver of biodiversity loss elsewhere,
did not negatively affect native tree richness within parcels. Joining efforts to build community resilience,
specifically by increasing livelihood diversity, local ecological knowledge, and social network connectivity,
may help conservation agencies conserve the rapidly declining biodiversity in the region.

Keywords: adaptive capacity, agroforestry, Fiji, livelihood diversity, local ecological knowledge, social ecolog-
ical systems, social networks, structural equation models

Conexiones entre las Medidas de la Biodiversidad y la Resiliencia Comunitaria en los Agro-Bosques de las Islas del
Paćıfico

Resumen: El diseño de agro-ecosistemas que sean compatibles con la conservación de la biodiversidad es una
prioridad de suma importancia para la conservación. Sin embargo, se entiende muy poco sobre las variables
sociales que conducen a la conservación de la biodiversidad nativa en estos sistemas. Diseñamos una nueva
estrategia para identificar las conexiones socio-ecológicas que afectan los resultados de conservación en los
agro-ecosistemas y de manera más general en los sistemas socio-ecológicos. Nos enfocamos en agro-bosques
costeros en las islas de Fiyi, los cuales, similares a los agro-bosques de otras pequeñas islas del Paćıfico,
son de mucha importancia para la seguridad alimentaria, contienen la mayoŕıa de los bosques de tierras
bajas que aún permanecen en el paı́s, y tienen niveles de declinación rápida de la biodiversidad nativa.
Evaluamos las relaciones entre las variables sociales y la riqueza de especies nativas de árboles en los agro-
bosques con modelos de ecuaciones estructurales. Los modelos se construyeron con datos de censos ecológicos
y sociales en 100 agro-bosques y hogares asociados. Los agro-bosques incluyeron a 95 especies nativas de
árboles, de las cuales casi un tercio son endémicas. El 58% de las granjas tuvieron al menos una especie
considerada como amenazada a nivel nacional o internacional. El modelo de ecuación estructural mejor
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adecuado (R2 = 47.8%) mostró que las variables sociales que son importantes para la resiliencia comunitaria
– el conocimiento ecológico local, la conectividad en redes sociales, y la diversidad de sustentos – tuvieron
efectos positivos directos e indirectos sobre la riqueza de especies nativas de árboles. La intensificación del
cultivo comercial, un conductor de la pérdida de la biodiversidad en otras partes, no afectó negativamente
a la riqueza de especies nativas de árboles dentro de las parcelas. La unión de esfuerzos para construir
una resiliencia comunitaria, espećıficamente al incrementar la diversidad de sustentos, el conocimiento
ecológico local, y la conectividad en redes sociales, puede ayudar a las agencias de conservación a conservar
la biodiversidad que declina rápidamente en la región.

Palabras Clave: agro-silvicultura, capacidad adaptativa, conocimiento ecológico, Fiyi, diversidad de sustentos,
modelos de ecuaciones estructurales, redes sociales, sistemas socio-ecológicos

��: ����������������������������������,����������
�������������	
�����������������������������——�
�������������——�������������� (Fiji) �����, ����������
����,��������������������������,����������������
����������������������������������,������� 100����
����������������������� 95�����,�����������������
������������������	������������������� (R2 = 47.8%)��,
�������������� (���������������������) �����������
��������������	���������������	,����������������
��
��������������������������������,�����������,�
��	���	��������������������: ���; ��: ����

���:����,���,��,�������,�����,������,����,������

Introduction

Designing and promoting agricultural practices compat-
ible with the conservation of biodiversity is widely rec-
ognized as a top priority for conservation (Chazdon et al.
2009; Perfecto & Vandermeer 2010; Tscharntke et al.
2012). Growing human populations are expected to in-
crease forest clearance for agriculture, especially in the
tropics (Tilman et al. 2001). Protected areas play a critical
role but will not be sufficient to stem this tide (Pimm &
Raven 2000; Kremen 2015). Traditional agroforestry sys-
tems, where crops are grown within shifting mosaics of
forests and fallows, are widespread globally, have been
practiced for millennia, and are capable of producing
food while maintaining high levels of native biodiversity
and ecosystem function (Bhagwat et al. 2008; Clough
et al. 2011; Quazi & Ticktin 2016). Because they tend
to focus on locally adapted crops, can be biodiverse at
multiple ecological scales, and require low inputs, agro-
forests are also thought to be more resilient to climate
change than other agricultural systems (Mijatović et al.
2013; Nguyen et al. 2013). As such, there are growing
calls from governmental and nongovernmental agencies
worldwide to promote these systems (e.g., FAO 2010;
Bell & Taylor 2015).

However, traditional agroforests do not all conserve
biodiversity equally. Factors such as proximity to sur-
rounding forests, soil type, and slope can affect species
richness (Scales & Marsden 2008; Anand et al. 2010;
Quazi & Ticktin 2016). As farmers intensify their cash
crops, species richness often decreases (Philpott et al.

2008; Scales & Marsden 2008; Hariyadi & Ticktin 2012).
However, there is little information on other social
variables that may influence differences in biodiversity
outcomes (Valencia et al. 2016). This is surprising be-
cause agroforests are social-ecological systems (SES),
where social systems pertaining particularly to gover-
nance and knowledge shape and are shaped by eco-
logical structure and dynamics (Berkes et al. 2008).
For example, local worldviews and values influence for-
mal and informal social institutions and the latter guide
decisions on resource management, which in turn have
ecological outcomes. Similarly, the structure and dy-
namics of local ecosystems can influence social systems
through feedbacks from communal learning and adap-
tation (Berkes 2012). In SES that are adaptive, such as
traditional resource management systems that have per-
sisted over millennia, linked social and ecological com-
ponents foster social-ecological resilience (i.e., the abil-
ity of the SES to buffer or absorb disturbance while
maintaining essentially the same function (Berkes et al.
2008). For example, social characteristics that strengthen
adaptive capacity such as social learning, social net-
works, and diversification of livelihood strategies both
lead to, and are linked reciprocally to, resource man-
agement practices that can foster ecological resilience—
such as maintaining or increasing ecological diversity at
multiple scales (e.g., genes, species, functional traits,
and landscapes) (Berkes et al. 2008; Berkes 2012;
Bergamini et al. 2014). Despite the need to understand
social–ecological linkages for designing conservation
strategies (Rissman & Gillon 2017) and the existing
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information on social characteristics that are hypothe-
sized to lead to resilient social-ecological agroecosystems
(Cabell & Oelofse 2012; Bergamini et al. 2014), there
are few empirical tests of whether and how they link to
biodiversity outcomes, especially in the context of global
change. In a review of social-ecological studies, Rissman
and Gillon (2017) found that <1% of social–ecological
connections assessed had a biodiversity variable as the
independent variable.

We devised an approach to identify and quantify
social–ecological linkages important to biodiversity out-
comes. We focused on coastal agroforests in Fiji, which,
like small Pacific Island lowland forests more broadly,
represent priority systems for identifying social drivers
of biodiversity conservation. Natural lowland forests in
Fiji are rare, vascular plant endemism is high (about 50%;
Department of Forests 2010), and there are few terres-
trial formally protected areas (Keppel et al. 2012). In-
stead, lowland agroforests, which include patchworks of
managed areas with crops and forests in different stages
of succession, have effectively protected much of the
region’s remaining diversity (Thaman & Clarke 1993).
However, this diversity has declined rapidly with global
and local socioeconomic changes, which have led to an
increased emphasis on monoculture cash crops and in-
troduced timber species (Thaman 2014). Pacific Island
agroforests also make critical contributions to the food
security of local communities (Thaman & Clarke 1993;
Thaman 2014), and these contributions are expected to
increase with climate change as food resources from coral
reefs decrease (Keener et al. 2012).

We tested the relationships among 3 indicators of adap-
tive capacity, local ecological knowledge (LEK), social
network connectivity, and livelihood diversity, and an
indicator of ecological resilience in agroforest systems
and biodiversity, native tree species richness. The latter
has been declining rapidly (Thaman 2014). Richness of
native canopy trees is also an important predictor of avian
species richness (Harvey & Gonzalez Villalobos 2007;
Quazi & Ticktin 2016) and of some insect groups (Bos
et al. 2007; Philpott et al. 2008; Tscharntke et al. 2008)
in multiple types of agroforest systems. Fiji’s terrestrial
birds, half of which are endemic, are a conservation
concern because they are increasingly threatened by de-
struction of native forests, and many play important roles
as seed dispersers (Watling 2013). Because increasing
native tree species richness can increase the potential for
ecological self-regulation and for diversity of responses
to disturbance, such as cyclones, it is also an indicator
of resilience in agroecosystems (Cabell & Oelofse 2012).
We also examined the effects of cash-crop intensification
on these relationships.

We used structural equation modeling (SEM) to test
our hypotheses. Structural equation models allow for
correlations among predictor variables and for testing
both direct and indirect effects (Grace 2006). As such,
SEM is increasingly used to model ecological systems and
provides an approach to quantitatively model SES.

We tested the following hypotheses (Table 1, Fig.
1a). First, LEK is positively correlated with native
tree species richness. Local ecological knowledge
encompasses knowledge-practice-belief systems about

Table 1. Hypothesized linkages between indicators of adaptive capacity and biodiversity conservation.

Variable
Contribution to adaptive

capacity
Hypothesized link to biodiversity

conservation outcome

Studies showing
social–ecological

linkages∗

Local ecological
knowledge
(LEK)

strengthens cultural identity
and collective long-term
memory needed to
understand, learn from, and
adapt to change

Use of culturally important plants and
associated knowledge of ecological
processes can motivate conservation
of culturally and ecologically
important species and landscapes.

1–3

Social network
connectivity

provides support network
across time and space

Increased access to planting resources
for and knowledge of species can
increase species richness. Species
that provide resources for exchange
may be maintained to support social
networks.

4–5

Livelihood
diversity

spreads risk to hedge bets
against climatic and
economic uncertainty

A greater diversity of agricultural
landscapes can provide more
ecological niches for native species
and lead to more associated LEK.

2

Cash-crop
intensification

NA As cash-crop intensification increases,
there may be less interest and space
for noneconomic plants and
therefore decreased species
richness.

6–8

∗
References: 1, Ticktin et al. 2002; 2, Berkes 2012; 3, Reyes-Garćıa et al. 2016; 4, Ban & Coomes 2004; 5, Dı́az-Reviriego et al. 2016; 6, Philpott

et al. 2008; 7, Scales & Marsden 2008; 8, Hariyadi & Ticktin 2012.
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Figure 1. (a) Hypothesized social correlates of native tree species richness in Fijian agroforests (plus and minus
signs, hypothesized positive or negative correlations, respectively) and (b) best-fit structural equation model
(values, standardized path coefficients representing expected change in one variable as a function of change in
another in SD units; arrow thickness proportional to strength of path coefficients).

relationships between people and their natural environ-
ment and is adaptive (Berkes 2012). Farmers who use cul-
turally important native plants and have more associated
knowledge of their ecology may be more likely to plant
or maintain them than farmers with less knowledge. Sec-
ond, social network connectivity, measured as network
centrality, is positively correlated with native tree species
richness and with LEK. Individuals who exchange more
resources (food, propagules, and information) may have
more species-rich agroforests and more associated LEK.
Measures of social network connectivity for medicinal
plant knowledge and materials can be correlated with
medicinal plant species richness in home gardens (Dı́az-
Reviriego et al. 2016). Third, livelihood diversity is pos-
itively correlated with native tree species richness and
with LEK. Farmers with multiple livelihoods may work
with more agroecosystem types, which may support a
wider range of species; therefore, farmers may also have
greater knowledge of more species. Fourth, the propor-
tion of crops sold is negatively correlated with native
tree species richness and LEK. As farmers sell more cash
crops, this may leave less time and space to plant or
maintain native trees and lead to less LEK.

Methods

We surveyed 100 coastal agroforests in 20 villages across
5 districts of the Fiji Islands (Fig. 2). These locations repre-
sented a range of socioeconomic conditions and, except
for the 2 villages in Malolo, were sites where we had
carried out preliminary research and developed rapport
with communities. The agroforests ranged from dry to
wet, with mean annual precipitation ranging from 1536
to 3554 mm (Barker et al. 2006). Like many traditional
agroforests across the Pacific Islands (Thaman 2014),
these agroforests consisted of mixed species plantings

of understory root crops such as taro, cassava, yams, or
sweet potatoes, interspersed with other crops and trees,
including native trees and introduced fruit trees. Parcels
are established from forests and fallows by clearing vege-
tation, sometimes with fire. In the process of establishing
a parcel, farmers may decide to spare or to plant individ-
uals or patches of native or aboriginally introduced tree
species, especially those perceived to provide ecosystem
goods (e.g., foods, medicines, and timber) and services
(e.g., shade, nitrogen fixation, and erosion control). As
such, the presence of native trees is directly linked to the
decision-making process of the farmer.

Like most coastal villages in Fiji’s larger islands, the 20
villages are mixed subsistence economies, where agro-
forests and fishing provide food for both subsistence and
sale. Although there is variation within and across vil-
lages, agroforest products are frequently among the top
3 sources of household income. Generalized reciprocity,
in which there is not necessarily an expectation for an ex-
change in return, is culturally important across the Pacific
Islands (McMillen et al. 2014), and a substantial portion
of resources from agroforests is often shared with family
and friends.

We obtained permission from Fiji national and dis-
trict governments, village headmen and the University of
Hawaii Institutional Review Board (CHS-20991) to con-
duct surveys and interviews. We then interviewed the
head of each village and obtained a list of all households
in the village. We randomly selected 5 households per
village for agroforest surveys to obtain a total sample
size of 100. Villages ranged from 12 to 115 households
(mean = 34). With each farmer, we carried out a partici-
patory mapping exercise to understand the number, size,
and location of agroforest parcels and other resources.
Then, we surveyed the main agroforest parcel of each
farmer such that they represented the parcel where the
farmer grew most of his subsistence crops, included
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Figure 2. Study sites in the Fiji Islands
(black, 5 study districts; numbers,
number of villages surveyed). Villages
ranged from 12 to 115 households
(mean = 34).

active cropping areas, and were within an hour’s walk
of the village. Parcels ranged from 0.25 to 5.00 ha and
were located under 100 m elevation, except for 1 parcel
with an elevation of 196 m.

With each farmer, we recorded all tree species ob-
served in the parcel (including in crop, forest, and fal-
low areas) and understory crops. Because some resource
areas are shared within family groups and clans, we in-
cluded all adjacent areas where farmers had access to
resources. Species unidentified in the field were iden-
tified at the South Pacific Regional Herbarium. During
each agroforest survey, we carried out semistructured
interviews with each farmer on management practices.

We also carried out household semistructured inter-
views with all but 2 of the farmers whose agroforests we
surveyed. These lasted 45 min to 1 h. We asked questions
on socioeconomics, LEK, livelihoods, and resource shar-
ing (Table 2 & Supporting Information). For livelihoods,
participants were asked to name all the on-farm and off-
farm livelihoods, including nonincome-generating liveli-
hoods that their household participated in (subsistence
use or sale of taro, kava, handicrafts, livestock, vegetables,
fishing, remittances, etc.). To conduct the social network
analysis, we asked at least 80% of households in each
village to identify the other households from which they
received or gave resources (e.g., fish, crops, and prepared
food) within the previous 2 weeks.

Focus group discussions and village-level participatory
mapping exercises were conducted to triangulate infor-
mation. All interviews were conducted in Fijian language.
Field surveys and interviews took place from August to
December 2014, and follow-up interviews were carried
out in September 2015 and January to April 2017.

We calculated native tree species richness directly
from the parcel counts. Based on a pilot survey in 2013,
we developed 10 questions on Fijian cultural-ecological
knowledge and practice relevant today to create an index
of LEK (Table 2 & Supporting Information). All questions
were asked as part of the larger, semistructured inter-
view and concerned generalist as opposed to specialist
knowledge, and practice (e.g., known only by specialists
such as healers). We used responses to questions about
knowledge of crop varieties, medicinal plants, and famine
foods as indicators of knowledge. We used responses to
questions about preparing for cyclones, responding to
disturbance events (cyclones, fire, drought, etc.), adapt-
ing new crop species or varieties, and the presence or
absence of weaving practices (from Pandanus leaves)
in the household as indicators of practice. Practice is of
course directly linked to associated knowledge. We con-
sidered whether respondents reported that they formally
or informally pass on LEK to the young as an indicator of
knowledge transmission (Table 2).

Responses to the 10 questions were scored and then
standardized (Supporting Information). We weighted
scores as follows to create the index: responses to ques-
tions about plant knowledge (40%), practice (40%), and
transmission (20%). These scores provide an index of LEK
but not a comprehensive measure (Zent & Maffi 2009).
Because small differences in the index are not meaning-
ful, we grouped the scores from low to high based on 3
broader groupings.

To measure social network connectivity, social net-
work maps were created in Visone software (Brandes
& Wagner 2004). We used degree centrality (sum of
the number of households the respondent’s household
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Table 2. Description of and methods used to quantify 3 indicators of adaptive capacity and cash-crop intensification.

Variable Description Survey method

Local ecological
knowledge
(LEK)

index of local cultural-ecological
knowledge, practice, and innovation
(Supporting Information)

household, semistructured interviews; score
created by weighing standardized scores
from responses to questions about plant
knowledge (40%), practice (40%), and
transmission of LEK (20%); LEK grouped
into 3 levels based on scores

Social network
connectivity

social network centrality: sum of the
number of households the respondent’s
household shares with or receives shared
resources from

survey of structure of household social
network; �80% of households in
community interviewed

Livelihood
diversity

number of livelihood sources in the
household, including sources of income
and livelihoods that procure food or
handicrafts for cultural offerings

household, semistructured interviews

Cash-crop
intensification

proportion of cash crops sold household interviews: proportion of taro and
kava sold

gave or received resources from) to indicate the house-
hold’s connectedness (Table 1) (Borgatti et al. 2013).
We calculated degree from an undirected graph because
we did not need to distinguish between giving and re-
ceiving resources. Livelihood diversity was calculated as
the number of different livelihoods mentioned during
the household interview (Table 2). Our analyses were
therefore all carried out at the household level. The ex-
ception was LEK, information on which was obtained
from individuals responsible for managing the house-
hold agroforest. To control for potential variation in self-
reporting among participants, social network centrality
and livelihood diversity values were grouped into 4 and 5
broader categories, respectively. However, results of all
our analyses remained consistent with or without these
groupings.

We used general linear mixed models (Zuur et al. 2009)
to regress indicators of adaptive capacity against native
tree species richness per farm. Models included village
nested within district as a random effect to account for
potential spatial autocorrelation. Model residuals were
examined for normality and homogeneity of variance,
and variables were examined for multicollinearity. We
used single-variable regressions because our predictors
were not independent. Then, we used SEM (Grace 2006)
to identify how social variables correlate directly and in-
directly with native tree species richness. To account
for spatial autocorrelation, we used a nested structure
of parcels within village within district. Starting with a
model of hypothesized links (Fig. 1a), we used modifi-
cation indices to identify missing paths grounded in the-
ory or existing knowledge (Grace 2006). Nonsignificant
correlations were sequentially eliminated, and the best-
fit model was determined by comparing all models with
Akaike’s information criterion. We carried out the SEM
in the lavaan package (Rosseel 2012). All analyses were
done in R version 1.0.136.

Results

The 100 coastal Fijian agroforests hosted a total of 149
tree species, including 95 native species (Supporting In-
formation). Nearly, one-third (29) of the native species
were endemic and 15 were threatened, either nationally
(11 species [Department of Forests 2010]) or interna-
tionally (5 species [IUCN 2017]). Fifty-eight percent of
farms had at least 1 species considered threatened at
the national or international level. The number of native
tree species per farm ranged from 0 to 26 (Supporting
Information). Most species were recorded from a small
number of farms (Fig. 3).

Parcel size, LEK, social network centrality, and liveli-
hood diversity (Supporting Information) were all signif-
icantly positively correlated with species richness (p <

0.01) (Fig. 4). The number of livelihood sources, which
included income and nonincome-generating resources,
ranged from 6 to 19. Income-generating livelihoods in-
cluded both agricultural (sale of taro, kava, livestock, and
vegetables) and marine (fish and invertebrates) resources
and handicrafts, remittances, and, for those villages close
to town, salaries from jobs in town. The proportion of
cash crops sold ranged from 0% to 75% and was not
correlated with native tree species richness (Fig. 4).

The best-fit structural equation model (χ2 = 0.782)
explained 47.8% of the variation in native tree species
richness (Fig. 1b). The path coefficients represent the
expected change in one variable as a result of change in
another while holding all other variables constant (Sup-
porting Information). The standardized path coefficients
(Fig. 1b) represent predicted change in SD units and allow
comparisons among variables. Bigger parcels and those
with higher rainfall had higher native tree species rich-
ness. Holding those variables constant, LEK and social
network centrality had direct positive effects on native
tree species richness. Livelihood diversity had an indirect
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Figure 3. Distribution of native tree species across agroforests in 5 districts of Fiji (proportion is of agroforests
containing those species found in that district).

positive effect on species richness and was positively
correlated with LEK and social network centrality and
farm size. The proportion of crops sold had indirect pos-
itive effects on native tree richness through increased
livelihood diversity.

Discussion

In Fiji and across many small Pacific Islands, conservation
of lowland forest biodiversity, especially coastal forest di-
versity, has depended on agroforests that have dominated
the landscape for over a millennium (Thaman 2014).
However, biodiversity in these systems has rapidly de-
clined due to socioeconomic and other changes (Thaman
2014). Although there are no similar unmanaged coastal
lowland forests with which to compare our findings, our
results suggest that agroforests still contain substantial
levels of native tree biodiversity and clearly are not pro-
tecting only widespread, common species. Nonetheless,
the low frequency of most native trees at both parcel and
village levels suggests that further declines are likely.

Today, Pacific Island governmental and nongovern-
mental agencies are investing in strategies to enhance
and maintain community resilience in the face of climate
and socioeconomic changes. At the same time, there
are increasing calls to develop more culturally appro-
priate and integrative approaches to conservation (Kep-
pel et al. 2012; Jupiter et al. 2014), but there is little
information on which kinds of integrated approaches

may be most effective. By identifying significant link-
ages among social variables and levels of biodiversity,
our SEM approach provides insight on the kinds of in-
tegrated conservation strategies that may be most effec-
tive. In the case of Fiji agroforests, our results indicated
that strengthening specific components of Pacific Island
community resilience may also foster positive outcomes
for biodiversity conservation. Three indicators of adap-
tive capacity (part of community resilience)—social net-
work centrality, LEK, and livelihood diversity—were pos-
itively correlated with the conservation metric native tree
richness.

Although we are unaware of other research that has
quantified these social–ecological linkages, our findings
are consistent with theory and findings at the system
(e.g., Berkes et al. 2008; López-Angarita et al. 2014) and
individual variable levels (Table 1). Strengthening LEK in-
creases adaptive capacity by strengthening both cultural
identity and the collective long-term memory needed to
understand, learn from, and adapt to change (Berkes et al.
2008; McMillen et al. 2014; McMillen et al. 2016). In Fiji,
LEK is founded on native species and aboriginal intro-
ductions from about 3000 years ago. However, LEK is
dynamic, and non-native species are highly culturally and
economically important. The correlation between LEK
and richness of all taxa recorded in the parcels (trees and
understory crops) is likely stronger than that for native
trees only.

Complex social networks have formed the backbone
of Pacific Island resilience for millennia (Thaman 2008;
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Figure 4. Correlations of social variables and native tree species richness in Fijian agroforests (plots with
regression lines, significant correlations, p < 0.01; plots without lines, no significant correlation). All models
include district or village as a random term.

McMillen et al. 2014). Measures of social network con-
nectivity can be positively correlated with cultivated
plant diversity in home gardens (Ban & Coomes 2004;
Dı́az-Reviriego et al. 2016), but to our knowledge this
is the first test of the role of social networks in main-
taining native forest biodiversity. Our social network
questions focused on exchange of resources. Had they
also included exchange of information, we would have
expected a correlation between LEK and social network
centrality.

Although livelihood-diversification programs have
been promoted as conservation strategies for decades,
many have been unsuccessful because they tend to be
based on faulty assumptions (Wright et al. 2016). Our SEM
showed that in the context of Fiji agroforests, livelihood
diversity contributes to native tree species richness, but it
does so indirectly by increasing LEK, social network cen-
trality, and farm size. The correlations between livelihood
diversity and LEK and social network centrality are likely

due to farmers who use a relatively wider variety of pro-
duction strategies and have more knowledge and more
products to exchange with community members. Other
research has demonstrated the role of off-farm livelihood
activities and associated social networks in maintaining
agrobiodiversity (Zimmerer 2014). Our results highlight
the importance of approaches like SEM to understanding
social–ecological linkages because effects may be both
direct, such as the effect of LEK on native tree species
richness, or indirect, such as the effect of livelihood di-
versity on native tree species richness.

Parcel size was the strongest predictor of native tree
richness. Although we expected this because patch or
fragment size is a strong ecological correlate of species
richness (e.g., MacArthur & Wilson 1967; Laurance et al.
2011), here parcel size was in turn a function of social
variables. In the villages where we worked, land is com-
munally owned and abundant relative to population size.
Therefore, parcel size does not reflect access to financial
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or other resources; rather, it reflects management deci-
sions farmers make, such as the use of traditional long-
rotation fallows, multiple crop species, and multiple
habitat types (larger parcels) or of short or no fallows,
few crop species, and more intensive plantings (smaller
parcels). Farmers with more livelihood options, both agri-
cultural and others, had larger, less-intensive plantings.
Farmers whose primary income was salaried income such
as tourism, tended to have fewer livelihoods and smaller
parcels. Decreasing parcel size has had additional nega-
tive consequences for conservation as abandoned fallows
provide prime habitat for invasive species, now one of the
region’s most important drivers of native species declines
(Thaman 2014). In this context, maintaining diverse agro-
forests by increasing livelihood options, and supporting
LEK and social networks, conserves biodiversity better
than options that lead to abandoned fallows.

Although the contribution of parcel size to native tree
richness was much stronger than that of LEK and social
network connectivity, our findings are very likely under-
estimates of the latter 2. The variation we captured in LEK
within villages was limited because our sampling did not
capture the low and high ends of the spectrum. Although
much LEK has been lost (Thaman 2014), each village or
district still had keepers of LEK, but we often missed
them in the random sampling of 5 households. Informal
observations of the agroforests of some of the keepers
of LEK revealed them to be invariably highly diverse. We
also undersampled households with the lowest LEK lev-
els because they tended to work exclusively outside the
village. In terms of social networks, we captured most of
the variation within villages because we sampled at least
80% of households in each. However, we expect much
greater variation in both social network centrality and
LEK in larger and more heterogeneous villages. We also
expect that a higher sample size would yield more social–
ecological linkages; our sample size of 100 was relatively
small for SEM with multiple variables. These findings offer
clear directions for future studies. Other nonsocial vari-
ables we did not measure may influence species richness,
such as composition of the surrounding matrix (Anand
et al. 2010) and soil type and fertility among others. How-
ever, the variables we examined explained nearly 50% of
the variation in native species richness, highlighting their
importance.

Linkages between social and ecological resilience may
change over time because socioeconomic and environ-
mental changes may decrease or uncouple linkages. In-
tensification of cash crops often decreases biodiversity
(Philpott et al. 2008; Scales & Marsden 2008), and we ex-
pected it would decrease both LEK and its correlation to
native tree richness because farmers would dedicate less
time and space to native species. In other Pacific Islands,
cash cropping of kava in upland forests has been a major
contributor to forest destruction (Merlin & Raynor 2005).
Some farmers in our study also grew commercial kava and

taro monocultures in upland forests. Although we did
not sample upland sites, we found that the proportion
of crops sold by the household (from all parcels) did not
negatively affect native tree conservation in agroforests
that farmers used for both subsistence and sale. This is
consistent with findings elsewhere that agricultural inten-
sification can be compatible with agrobiodiversity con-
servation when cash crops are grown in separate fields
(Zimmerer 2013).

We examined the effects of indicators of adaptive ca-
pacity on ecological outcomes because agroforests are
dominated by human actors, but we emphasize that these
variables are likely linked through feedback loops. For
example, farmers with more LEK may conserve more
trees because they have more knowledge of their cul-
tural and ecological values. But having more trees may
also allow farmers to better retain, learn, and pass down
LEK. Understanding the nature and strength of these
feedback loops is an important next step. An SEM ap-
proach with time series data makes this possible (Grace
2006).

Although native tree richness is an important indicator
of richness of other taxa in multiple types of agroforestry
systems (e.g., Bos et al. 2007; Philpott et al. 2008; Quazi &
Ticktin 2016), testing these relationships in the context
of other Pacific Islands is a next step. For example, bats
play a critical role as pollinators in the Pacific Islands,
and 5 out of Fiji’s 6 bat species are threatened (Scanlon
et al. 2014a). The large overlap (96%) between forest tree
species valued by bats and people in Fiji (Scanlon et al.
2014b) suggests that increasing native tree richness may
also benefit bats and their pollination services.

Our results suggest that increasing livelihood diversity
can increase social network centrality, LEK, and parcel
size, all of which can contribute to biodiversity conser-
vation. Programs that expand livelihood options while
integrating economically valuable native species and abo-
riginal introductions (e.g., sandalwood among others)
should be prioritized. One challenge not unique to Fiji is
that administration of agroforestry spans multiple govern-
ment units, including agriculture, horticulture, forestry,
and culture. Increased cooperation is essential. Initiatives
to teach LEK in the modern context (e.g., through hands-
on activities in schools) must also be strengthened. The
cultural renaissance across the Pacific Islands provides a
timely opportunity to do so. Important precedents have
been set in Hawaii and New Zealand from which much
can be learned (Sterling et al. 2017).

After over a millennium of management, most Fiji
coastal forests, like many across the globe, are in ef-
fect SES. Identifying the nature of the social–ecological
linkages in these systems can inform new strategies to
improve conservation outcomes. By joining forces with
efforts to build community resilience, conservation agen-
cies can develop additional and effective ways to con-
serve biodiversity in the region.

Conservation Biology
Volume 32, No. 5, 2018



1094 Community Resilience

Acknowledgments

We thank the members of the 20 villages in which we
worked who generously offered their time, knowledge,
and insight, as well as K. Rosi Batibasaga, U. Wasa Vuli,
M. Tuiwawa, A. Whistler, S. Jupiter, and the Wildlife
Conservation Society Fiji. We also thank M. Reed and
3 anonymous reviewers for comments on a previous
version of this manuscript. This study was approved by
the University of Hawaii IRB (CHS-20991) and funded by
NSF CNIC Award #OISE-1160830 and NSF Coastal SEES
Award #SES-1325874, as well as NSF GRFP #1329626
to R.D. and Fulbright U.S. Student Research Fellowship
to A.M.

Supporting Information

Local ecological knowledge interview questions (Ap-
pendix S1), the list of native tree species found in agrofor-
est parcels (Appendix S2), a description of social and eco-
logical variables measured (Appendix S3), and results of
the SEM (Appendix S4) are available online. The authors
are solely responsible for the content and functionality
of these materials. Queries (other than absence of the
material) should be directed to the corresponding author.
Supporting Information

Literature Cited

Anand MO, Krishnaswamy J, Kumar A, Bali A. 2010. Sustaining biodi-
versity conservation in human-modified landscapes in the Western
Ghats: remnant forests matter. Biological Conservation 143:2363–
2374.

Ban N, Coomes OT. 2004. Home gardens in Amazonian Peru: diversity
and exchange of planting material. Geographical Review 94:348–
367.

Barker GM, Price RJ, McGree S. 2006. Climate surfaces for Fiji. LandCare
Research, Hamilton, New Zealand.

Bell J, Taylor M. 2015. Building climate-resilient food systems for Pacific
Islands. Program Report: 2015-15. WorldFish, Penang, Malaysia.

Bergamini N, et al. 2014. Toolkit for the indicators of resilience in socio-
ecological production landscapes and seascapes. Policy report. UN
University Institute for the Advanced Study of Sustainability, Tokyo,
Biodiversity International, Rome, Institute for Global Environmental
Strategies, Japan, and the UN Development Programme, New York.

Berkes F. 2012. Sacred ecology: traditional ecological knowledge and
resource management. 3rd edition. Routledge, New York.

Berkes F, Colding J, Folke C. 2008. Navigating social-ecological systems:
building resilience for complexity and change. Cambridge Univer-
sity Press, New York.

Bhagwat SA, Willis KJ, Birks HJB, Whittaker RJ. 2008. Agroforestry:
A refuge for tropical biodiversity? Trends in Ecology & Evolution
23:261–267.

Borgatti SP, Everett MG, Johnson JC. 2013. Analyzing social networks.
Sage, Thousand Oaks, California.

Bos MM, Steffan-Dewenter I, Tscharntke T. 2007. The contribution of
cacao agroforests to the conservation of lower canopy ant and beetle
diversity in Indonesia. Biodiversity and Conservation 16:2429–2444.

Brandes U, Wagner D. 2004. Analysis and visualization of social net-
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Reyes-Garćıa V, Guèze M, Dı́az-Reviriego I, Duda R, Fernández-
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