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ABSTRACT
The supply of ecosystem services (ES) is commonly assumed to be linked to human wellbeing 
within socio-ecological systems. However, these linkages are seldom assessed using quanti
tative approaches at large scales and low spatial resolution. Here, we investigated the 
complex bidirectional linkages between ES supply and material wellbeing (income) using 
data from 382,199 rural properties in 178 municipalities from Chilean Patagonia. We assessed 
two model groups using structural equation modeling (SEM), wherein the first group 
assumed an impact of ES supply on wellbeing and the second postulated the opposite 
impact, with wellbeing affecting ES supply. For each group we run a separate SEM per ES 
category (i.e. provisioning, regulating, and cultural), making a total of six SEM analyzed. We 
found that neither model group was significantly stronger than the other, as the linkage 
between ES supply and material wellbeing was not significant in any model. Each model 
differed notably in their significant path coefficients, with models for cultural and regulating 
ES showing a better fit than for provisioning ES. We therefore assert that previously assumed 
links between ES and material wellbeing do not necessarily hold at larger spatial scales and in 
contexts where rural economies are more diverse and less dependent on natural capital. 
Understanding ES supply-wellbeing dynamics and how they vary across spatial and temporal 
scales is important for fostering sustainable socio-ecological systems.
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1. Introduction

Social-ecological systems (SES) are nested, multilevel 
systems in which ecological (functions and processes) 
and social elements (beneficiaries and users) interact 
through bidirectional relationships and feedback loops 
(Holling 2001; Folke 2006). These social and ecological 
subsystems are usually interdependent, exhibiting com
plex and dynamic interrelationships (Liu et al. 2015). The 
ecosystem services (ES) framework is one of several SES 
frameworks (Binder et al. 2013), where ecosystem ser
vices (i.e. the contributions from nature to people) con
nect SES subsystems of biophysical processes with 
human wellbeing (Bennett et al. 2015; Delgado and 
Marín 2016; Delgado et al. 2019; Felipe-Lucia et al. 2022).

One of the fundamental premises of any ES frame
work is that ecological elements are essential to main
tain and enhance human wellbeing (wellbeing 
thereafter) (Haines-Young and Potschin 2010; 
Raudsepp-Hearne et al. 2010; Liu and Wu 2021; Liu 
et al. 2022). Ecological elements are underpinned by 

biodiversity, while human wellbeing generally com
prises objective and subjective wellbeing. Objective 
wellbeing includes basic social, economic and envir
onmental needs that can be directly measured, while 
subjective wellbeing refers to what humans can feel 
and think (Summers et al. 2018). A common indica
tor of objective wellbeing is economic welfare and 
individual income, and a suite of studies have 
demonstrated a positive relationship between income 
and wellbeing (Killingsworth 2021). For example, 
Killingsworth (2021) found that experienced well
being increases with income above $75,000 per year.

While this ES-wellbeing nexus underpins several 
ES frameworks such as the Millennium Ecosystem 
Assessment (Millenium Ecosystem Assessment  
2005), the cascade model (Potschin and Haines- 
Young 2011) and the Intergovernmental Science- 
Policy Platform on Biodiversity and Ecosystem 
Services (IPBES 2019), each framework has notable 
constraints. The Millennium Ecosystem Assessment 
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(MEA) encompasses a typology of ES that is linked to 
constituents of wellbeing (Summers et al. 2012). For 
example, an ES such as water supply directly influ
ences the values that people derive from nature and 
their wellbeing (e.g. basic needs, economic needs). 
However, the framework fails to account for the 
interlinkages between the socio-ecological compo
nents of SES as it lacks bidirectional considerations 
and over emphasizes the unidirectional relationships 
(Binder et al. 2013). In turn, the ES cascade shows 
unidirectional linkages between ecosystem structure 
and processes to ES values and wellbeing (Potschin 
and Haines-Young 2011). However, processes are 
likely bidirectional, and some studies have begun to 
incorporate feedbacks from policy and management 
back to ecosystem condition (Spangenberg et al.  
2014a, 2014b; Comberti et al. 2015; Fedele et al.  
2017). The IPBES conceptual framework has been 
extended to incorporate the complexity of interac
tions between anthropogenic assets, institutions and 
other drivers of ES production (Díaz et al. 2015), and 
has also proposed the broader concept of nature’s 
contribution to people to account for a plurality of 
values in relation to nature (IPBES 2019). However, 
there is yet a lack of evidence of the exact nature of 
these bidirectional interlinkages beyond isolated 
cases.

The inherent complexity of the ES-wellbeing lin
kages renders its investigation a great challenge and 
remains poorly understood (Summers et al. 2012; 
Yang et al. 2013; Liu et al. 2022). Beyond the lack of 
empirical studies to support the said relationship 
(Suich et al. 2015; Delgado et al. 2019; Blythe et al.  
2020), recent studies assessing the ES-wellbeing link
age have also shown mixed conclusions including 
positive (Delgado and Marín 2016), negative (Santos- 
Martín et al. 2013; Hossain et al. 2016; Wei et al.  
2018) and non-existent (Yan et al. 2017; Liu et al.  
2022) linkages between ES and wellbeing. In turn, the 
assumption that ES supply can both affect wellbeing 
and vice versa is rarely empirically tested. More 
recently, it has been recognized that ES emerge in 
SES through the interlinkage between biophysical 
structures and processes, and human factors (Reyers 
et al. 2013; Fedele et al. 2017; Wilkerson et al. 2018). 
ES are co-produced by both natural and human- 
made capitals and therefore influenced by human 
decisions regarding financial, knowledge and techno
logical assets (Palomo et al. 2016; Bruley et al. 2021; 
Schröter et al. 2021). For instance, the use of 
machines and human labor to harvest forest products 
such as timber are essential to materialize the benefits 
from forest provisioning ES. Some of these factors are 
further related to the concept of human agency – the 
way in which human agents affect processes signifi
cant to bring about change (Schlosser 2015). 
Specifically, we define human agency as the human 

influence on ES supply through social factors such as 
education and resource access mechanisms. One 
example of human agency are institutional structures 
such as land tenure regime which influences how 
resources are managed and eventually impact well
being (Fedele et al. 2017; Lapointe et al. 2019; Otto 
et al. 2020).

Property area is another important factor that 
impacts the bidirectional linkage between ES supply 
and wellbeing through its effect on land tenure 
regime. Property area refers to the amount of land 
owned by a rural landowner and is an attribute of 
land endowment (Yang and Xu 2019). Properties of 
different sizes have varying capacities to supply dif
ferent types of ES (Nahuelhual et al. 2018; Metzger 
et al. 2021) that contribute directly and/or indirectly 
to wellbeing (Millenium Ecosystem Assessment 2005; 
IPBES 2019). For example, larger properties are most 
likely to present higher productivity of provisioning 
ES like food supply (Yamauchi 2016) and regulating 
ES such as carbon sequestration (Atkinson and 
Ovando 2021).

Research characterizing ES-wellbeing interactions 
have traditionally emphasized four key foci. First, the 
spatial distribution of ES among beneficiary groups 
from an access perspective (Gomes Lopes et al. 2015; 
Lakerveld et al. 2015; Ramirez-Gomez et al. 2020; 
Szaboova et al. 2020; Dade et al. 2022), where studies 
have found that there is an unequal spatial distribu
tion among beneficiary (often marginalized) groups. 
Second, the role of land ownership and distribution 
on ES supply (Nahuelhual et al. 2018; Benra and 
Nahuelhual 2019; Atkinson and Ovando 2021). 
These studies assert that investigating ES in relation 
to land ownership and distribution can help to 
account for ES, develop ES-based policies and specify 
clearer policy targets. In turn, the distributional 
dimension is absent from empirical definitions of 
wellbeing (Lakerveld et al. 2015). Third, how 
a variety of socio-ecological factors can develop on- 
the-ground impacts on wellbeing, including land-use 
/land-cover type (Santos-Martín et al. 2013; Wang 
et al. 2017; Wei et al. 2018), ES bundles (Eigenbrod 
et al. 2017; Hossain et al. 2017), anthropogenic inter
ventions (Delgado and Marín 2016), and manage
ment practices and policies (Zhao et al. 2021). 
Fourth, the development of conceptual frameworks 
(Cruz-Garcia et al. 2017) and indicators that could be 
used to assess interlinkages within those frameworks 
(Daw et al. 2011; Spangenberg et al. 2014). The 
majority of these studies have used case study data 
(local to regional) and/or referred only to theoretical 
frameworks (mainly the MEA), highlighting the cru
cial need to now use empirical evidence to validate 
theoretical claims (Cruz-Garcia et al. 2017).

Despite these advances, there exists a dearth of 
studies assessing the modulating role of human 
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agency and property attributes on the ES supply- 
wellbeing nexus. More recent studies have suggested 
that a clarification of cause-and-effect linkages 
including feedbacks may strengthen predictive mod
els (Fischer and Riechers 2019). They suggest that an 
assessment of ES supply-wellbeing linkages at a low 
level of disaggregation (i.e. the process of understand
ing the multiple, interdependent dimensions across 
which ES benefits are appropriated and distributed) is 
necessary to design and implement policies related to 
ES (Daw et al. 2011; Brück et al. 2022). While local 
data seem to be a good operational extent to analyze 
the complex ES-wellbeing linkages (Fang et al. 2021; 
Liu and Wu 2021), larger scale assessments using 
local data are scarce (Liu et al. 2022). Furthermore, 
assessments concerning property area and human 
agency as dimensions in this nexus are frequently 
aggregated (Atkinson and Ovando 2021; Brück et al.  
2022), and often not considered as key separate fac
tors modulating ES supply (Fedele et al. 2017; 
Atkinson and Ovando 2021). In turn, the study of 
these linkages is underrepresented in countries of the 
Global South; even studies using income as 
a wellbeing indicator are either scarce or missing 
(Cruz-Garcia et al. 2017).

Our study will therefore address four key knowl
edge gaps: i) the lack of empirical evidence used to 
validate theoretical approaches and test the ES- 
wellbeing nexus assumption; ii) the lack of studies 
investigating bidirectional linkages between ES and 
wellbeing; iii) the underrepresentation of studies 
from the Global South, and iv) the lack of studies 
using spatial data at low levels of disaggregation as 
a basis for large scale assessments that could validate 
local case-study findings (Brück et al. 2022; Liu et al.  
2022).

We do so by analyzing bidirectional linkages 
between local ES supply and material wellbeing 
(income), including property area and human agency 
as key modulating factors. Specifically, we use prop
erty-level data from 382,199 properties in Southern 
Chile. This entails social data from 178 municipali
ties, covering nearly half of Chile’s continental area. 
We focus on seven ES, including provisioning (i.e. 
water supply and timber supply from native forest), 
regulating (i.e. water regulation, carbon storage, car
bon sequestration, and sediment retention) and cul
tural services (i.e. recreation potential). We apply 
a Structural Equation Modeling (SEM) approach to 
assess six conceptual models encompassing multiple 
interactions between ES supply, wellbeing (income), 
human agency and property area that account for the 
bidirectional relationship between local ES supply 
and income (i.e. ES supply depending on income 
and vice versa) for each of the three ES categories 
(provisioning, regulating and cultural). We expect 
contrasting ES supply-wellbeing associations across 

ES categories, with data covering a broad range of 
regions, with different property regimes and co- 
production levels (Liu et al. 2022).

We hypothesize that: i) a significant bidirectional 
relationship exists between ES and wellbeing, but 
differs across ES categories; and ii) significant lin
kages exist between property area and human agency. 
This empirical study can contribute towards advan
cing the debate around ES-wellbeing linkages.

2. Methods

2.1. Study area

The study area is located in southern Chile between 
34.7° S and 55° S and 73.7 W and 67.6° W with 
altitudes ranging from 0 to 4,077 m.a.s.l. The region 
stretches for 2,000 km along a north-south axis 
flanked by the Andes mountains on the east and the 
Pacific Ocean on the west. The study area comprised 
seven administrative regions including 178 munici
palities and 382,199 properties (Figure 1).

2.2. Conceptual model

We investigated the bidirectional linkages between ES 
supply and wellbeing (hereafter, the core linkage) as well 
as the interlinkages with property area and human 
agency using an exploratory SEM approach. This core 
bidirectional relationship can be regarded as a type of 
feedback loop specifying causal linkages and can help 
explain socio-ecological dynamics in a cyclical perspec
tive (Fan et al. 2016). This type of assessment including 
bidirectionality has not been empirically explored yet.

We tested a total of six models, two per ES cate
gory (regulating, provisioning and cultural). Each 
pair of SEM comprised the same variables but dif
fered in their organization within the models (i.e. 
direction of the causal effect of ES on income or 
vice versa). We first evaluated the three models that 
specified income as the outcome variable and ES 
supply as predictor (model group 1, Figure 2). We 
then evaluated three additional models that specified 
ES supply as the outcome variable while considering 
income as predictor (model group 2, Figure 2). All six 
models specified human agency as a latent variable, 
which entails three indicators (i.e. indigenous popu
lation, education, and land tenure; Table 1).

All models included the following variables and 
indicators:

Indigenous population refers to the proportion of 
indigenous population in each municipality. It signif
icantly predicts the perception of ES and the actual 
management practices of landowners (Cuni-Sanchez 
et al. 2016; Chanza and Musakwa 2021). Areas with 
a higher proportion of indigenous population often 
have more (better quality) natural capital, as 
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indigenous populations are recognized as custodians 
of many relatively intact areas in the world with high 
ES provision (Garnett et al. 2018; Gadgil et al. 2019; 
IPBES 2019). Yet, this is not necessarily the case in 
Chile where municipalities with highest levels of pov
erty coincide with high proportions of indigenous 
population (Agostini and Brown 2010; Jullian and 
Nahuelhual 2021). In addition, the effect of ethnicity 
on ES supply remains understudied in ES research 
and has focused mostly on urban areas (see 
Wilkerson et al. 2018; Nyelele and Kroll 2020).

Education refers to the proportion of people in 
each municipality with a high education (university) 
degree. It is a key predictor of management outputs 
of farms (Yang and Xu 2019). Education is 
a recognized social factor affecting distribution of 

ES in urban and rural ecosystems (Ernstson 2013; 
Wilkerson et al. 2018; Lima and Bastos 2019).

Land tenure form encompasses both private indi
vidual tenure and private corporate tenure. It refers 
to a set of property rights associated with the land, 
and institutions that uphold those rights (Robinson 
et al. 2014). It is measured as the proportion of each 
tenure type within all municipality’s properties. The 
form of land tenure therefore refers to the rules and 
norms associated with any number of entities, such as 
an individual, a public institution (e.g. national min
istry), a private company, a group of individuals act
ing as a collective, a communal or common property 
arrangement or an indigenous group (Robinson et al.  
2018). As more than 70% of the country’s area is 
privately owned, Chile predominantly comprises 

Figure 1. (a) Study area within Chile, the inset indicates Chile’s location within the South American continent; (b) the seven 
administrative regions and its 178 municipalities, where each color represents an administrative region; and (c) example of 
property distribution in two contrasting locations.1
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private tenure. Within the private tenure form, we 
can find private individual tenure (by private indivi
duals) and private corporate tenure (by companies or 
organizations). In our models, we differentiate 
between the two.

Property area refers to the size of the property in 
hectares, and directly affects ES supply as it deter
mines the physical production barriers for different 
ES (Michalski et al. 2010; Yang and Xu 2019; Paes 
Ferreira and Féres 2020). While the production of ES 

within each property boundary depends on the ES 
category (Atkinson and Ovando 2021), recent empiri
cal evidence suggests that larger properties deliver 
greater regulating and cultural services, whereas 
smaller properties deliver more provisioning ES 
(Benra and Nahuelhual 2019). Globally, larger prop
erties tend to be in an advantageous position of being 
more productive (Otsuka et al. 2016; Yamauchi  
2016). However, for agricultural areas in developing 
countries, a negative relationship between farm area 

Figure 2. Two hypothetical conceptual models of the causal relationships between ES supply and income, where income and ES 
supply are the respective outcome variables in model groups 1 and 2. The exogenous observed variables are represented by 
rectangles. Latent variables are represented by ellipses. A straight arrow represents a structural effect (regression) between 
a predictor and dependent variable.
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and agricultural yields is well supported (Paes 
Ferreira and Féres 2020).

ES supply refers to the potential biophysical pro
duction of ES that can be derived from an area and is 
measured in ES physical units/ha. This is a different 
concept from ES flow, which considers realized or 
actually used ES (Metzger et al. 2021). ES supply has 
been used in ES studies looking at distributive issues 
(Nahuelhual et al. 2018; Benra and Nahuelhual 2019; 
Nyelele and Kroll 2020) and is a fundamental indi
cator for ES accountability.

Income refers to the mean income of 
a municipality measured in the local currency 
(CLP), and is a robust proxy for wellbeing (King 
et al. 2014; Leviston et al. 2018). Specifically, income 
represents the ‘economic needs’ constituent of well
being (Summers et al. 2012). It has been widely used 
in the study of ES and wellbeing interactions world
wide, but less so in Global South countries (Cruz- 
Garcia et al. 2017). While we used income as a proxy 
for wellbeing, we acknowledge that the definition 
could be broader and more complex (See Max-Neef  
1991; Leviston et al. 2018 for a discussion), and that 
other measures might be necessary for a deeper 
understanding of wellbeing effects.

2.3. Data sources

We first mapped seven ES across seven administra
tive regions in southern Chile (Figure 1) using avail
able data from peer-reviewed literature. These 
mapped ES included: water supply, water regulation, 
carbon storage, carbon sequestration, sediment reten
tion, timber supply from native forest and recreation 
potential (Table 2; see Supplementary Material 1 for 
a description of the spatial indicators used). We chose 
this suite of ES as: i) data were available for the whole 
study area; ii) they have been locally (Nahuelhual 
et al. 2018) and globally (Liu et al. 2022) validated; 
and (iii) they are considered key inputs when devel
oping conservation policies and management 
strategies.

We then calculated the total ES supply variable at 
the property scale by computing the cumulative value 
of ES supply (i.e. summing each pixel’s value) within 

the boundaries of each property (Figure 1(c)). 
A property was defined as a single land parcel (unit 
or lot) with varying sizes, which is located within 
a municipality. Each municipality comprised multiple 
properties that varied significantly in size and tenure. 
From a raster layer of each ES, we extracted the sum 
of ES supply for all pixels within each property (30 m 
resolution) using the raster (Hijmans 2020) and rgdal 
(Bivand et al. 2019) packages of the R software (R 
Core Team 2018). We used the mean total ES supply 
value of all properties within each municipality to 
match the spatial scale of the socioeconomic data 
(municipality scale) described below. We conducted 
an additional sensitivity analysis where only median 
values were used in all statistical analyses 
(Supplementary Material 3). As the retained model 
parameters and parameter estimates were very similar 
to the original analysis (which used mean values), we 
did not discuss them further.

*For other references and a complete list of data 
sources, we refer the reader to Supplementary 
Material 1

2.4. Data analysis

2.4.1. Proposed measurement and structural 
model
The measurement model defines how latent variables 
are measured through observed indicators. In provi
sioning and regulating ES models, we included two 
latent variables: human agency (composed of the 
indicators private corporate tenure, private individual 
tenure, indigenous population, education) and ES 
supply (composed of the indicators water supply 
and timber supply for provisioning services and 
water regulation, carbon storage, carbon sequestra
tion and sediment retention for regulating services) 
(Figure 2; Panels a, b, c and d). The presence of 
highly correlated indicators for the latent variable of 
ES supply (>0.8; Appendix A-Figure A1) is accepted 
in SEM analyses, and therefore an appropriate choice 
for inclusion within latent variables (Kang and Ahn  
2021). We did not specify latent variables for cultural 
ES for two reasons: first, the variable human agency 
had only one indicator (recreation potential). Hence, 

Table 1. Description and source of the socioeconomic variables.
Variable Short description Unit Source

Indigenous 
population

Percentage of indigenous population relative to total population 
of municipality

% INE (2018)

Education Percentage of population with a high education (university) 
degree

% INE (2018)

Private corporate 
tenure

Mean area of properties of producers categorized as companies 
or firms

ha INE (2007)

Private individual 
tenure

Mean area of properties of private individual landowners ha INE (2007)

Income Mean municipality income in year 2015 CLP/per capita www.datachile.io; Ministerio de Desarrollo 
Social (2015)

Property area Mean property size for each municipality ha CIREN CORFO (1999); www.geoportal.cl
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we used recreation potential as a stand-alone variable. 
Second, for the development of SEM analyses, which 
include latent variables a minimum of two latent 
variables is required (Fan et al. 2016). We present 
the SEM models for cultural ES in Appendix 
B-Figure B1.

The structural model defines the causal linkages 
and associations between variables (latent or stand- 
alone; Kang and Ahn 2021). We defined six causal 
linkages in our model groups (Figure 2).

For model group 1, human agency had a direct 
effect on ES supply (link 1). We expect indigenous 
population (ethnicity) to be related to management 
options, modulating the production of ES supply 
(Wilkerson et al. 2018). This is because indigenous 
people often live in ways that lead to greater care and 
protection of the land (Garnett et al. 2018). Education 
also affects the management of natural resources pro
ducing different levels of ES supply (Yang and Xu  

2019). Both land tenure forms have a different inter
action with ES supply. While property owners in the 
private individual tenure category tend to make short 
term decisions guided by the need to cover basic and 
financial needs and local demand, they often have less 
leverage capacity to access funds for developing 
extractive and conservation activities in their lands. 
Conversely, property owners in the private corporate 
tenure category manage their lands guided by local, 
regional and international market and demand (of 
ES) fluctuations. These properties have greater lever
age capacity to obtain funds (like credits) and better 
networking capacities than private individual tenure 
type properties.

In turn, human agency is associated with property 
area (link 2). Indigenous populations have historically 
been confined to smaller properties, intensifying the 
atomization process of land sizes (wherein a small 
land area is subdivided from one generation to another 

Table 2. Description and source of the seven mapped ecosystem services.
Ecosystem 
Service Category Description

ES contribution to 
Wellbeing Unit

Data and 
references*

Software and tool 
used

Water supply Provisioning Portion of total water flow 
that is fed from deep 
subsurface and delayed 
subsurface storage 
between precipitation 
and/or snowmelts events 
(Ward and Robinson 
2000)

Direct health benefits, 
restoration and 
recreational benefits 
(Völker and Kistemann 
2011)

m3/ha Benra et al. (2021) InVEST and R; 
Seasonal water 
yield model

Timber supply 
from native 
forest

Provisioning Volume of native tree 
species per hectare

Financial security (Cooper 
and Kainer 2018) 
‘Savings account’ 
function when financial 
resources and fuelwood 
are needed (Reyes et al. 
2016)

m3/ha INFOR (2018); 
www.simef.cl

ArcGIS; 
Geoprocessing 
tools

Water Regulation Regulating Control of the rapid surface 
runoff after a rainfall 
event (Guswa et al. 2018)

Flood regulation control: 
constant water provision 
in dry season (Bravo 
et al. 2017)

m3/ha Benra et al. (2021) InVEST and R; 
Seasonal water 
yield model

Carbon storage Regulating Amount of carbon stored in 
four carbon pools: 
aboveground living 
biomass, belowground 
living biomass, soil, and 
dead organic matter

Soil improvement, possible 
financial gains through 
carbon payment 
programs (Jenkins et al. 
2020). Avoided mortality 
due to climate change 
(Lloret et al. 2012)

tons/ha Cabezas et al. 
(2015); Locher- 
Krause et al. 
(2017); Valdés 
(2012)

InVEST; Carbon 
model

Carbon 
sequestration

Regulating Delta of carbon captured 
by living biomass which 
can be positive and 
negative

Financial gains through 
carbon payment 
programs (Jenkins et al. 
2020) 
Reduced climate-related 
mortality and extreme 
events (Lloret et al. 
2012)

tons/ha Cabezas et al. 
(2015); Locher- 
Krause et al. 
(2017); Valdés 
(2012)

InVEST; Carbon 
model

Sediment 
retention

Regulating Measures the quantity of 
sediments deposited in 
water bodies

Improve agricultural yields 
and soil fertility and 
financial wellbeing 
(Acuña et al. 2013; 
Keesstra et al. 2018)

tons/ha Locher-Krause 
et al. (2017)

InVEST and R; 
Sediment 
Delivery Ratio 
model

Recreation 
potential

Cultural Potential for recreation 
based on tourism use 
aptitude, accessibility 
and scenic beauty

Restorative effects of 
outdoor recreation such 
as psychological and 
physical benefits 
(Puhakka 2021)

unitless Benra and 
Nahuelhual 
(2019); 
Nahuelhual 
et al. (2013)

InVEST and 
ArcGIS; Scenic 
Quality Model 
and 
geoprocessing 
tools
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within a family or for residential purposes as second 
homes). Smaller land sizes, however, may force more 
intensive use and depletion of resources in these com
munities, which would trigger a long-term reduction of 
ES supply. Moreover, larger tracts of land that belonged 
to indigenous people, become larger properties owned 
by other people or companies. While a municipality 
may have a high proportion of indigenous population, 
it is likely that a more intensive use of resources will 
reduce ES supply in the long term. Landowners with 
more years of formal education may know how to better 
invest assets, how to acquire funding, and how to 
extend networks, which in turn grants them a better 
capability to further increase ES supply and wealth (Lau 
et al. 2018; Das et al. 2022). However, this process would 
differ across ES categories, wherein an initial high sup
ply of provisioning ES could be followed by a reduction 
in ES supply for regulating and cultural ES.

Prior studies have demonstrated that human 
agency and its components can influence income 
(link 3), through management actions. For example, 
human agency in the form of agent-based factors 
affects the supply of ES, the property area and income 
(Fedele et al. 2017; Wilkerson et al. 2018; Atkinson 
and Ovando 2021).

In turn, property area directly affects ES supply 
(link 4) (Michalski et al. 2010; Benra and 
Nahuelhual 2019; Atkinson and Ovando 2021). 
A larger property frequently provides greater ES sup
ply (both in mean and total terms), although this is 
also dependent on the ES category (Nahuelhual et al.  
2018). Property area also affects income through 
a more indirect process that can be related to the 
contribution of ES supply or external income sources 
(e.g. off-farm income; Bopp et al. 2020) (link 5).

Finally, in the core linkage, ES supply affects income 
(link 6), together with human agency and property area 
(linkages described above), driving a co-production 
process (Fischer and Eastwood 2016). This means that 
a combination of human factors, the ecosystem’s 
potential to supply ES in arrangement with property 
size form this constituent of wellbeing (income) 
(Carpenter et al. 2006; Daw et al. 2011). Income is 
related to various job-types that have a basic depen
dence on and can be directly related to ES, human 
agency and the size of the property, such as agricultural 
jobs for production of food and animal feed and envir
onmental protection (Summers et al. 2012). While 
many of the contributions to income do not result 
from ES supply, different levels of ES supply can have 
significant effects in the achievement of income.

For model group 2, the same linkages hold. The 
key difference is that income now predicts ES supply 
(Figure B1), based on the assumption that land
owners with larger income have more resources avail
able to maximize the production of some ES (e.g. 
timber, food, water). This linkage modification is 

intended to represent the opposite direction in ES 
frameworks (like the ES cascade) ‘from services to 
ecosystems’ (Comberti et al. 2015).

2.5. Statistical modeling

Prior to the analysis, we normalized and scaled the 
data using the packages bestNormalize (Peterson  
2021) and scales (Wickham and Seidel 2020). Then, 
we evaluated our models using the lavaan package in 
R (Rosseel 2012). We chose maximum likelihood 
parameter estimation as the data were transformed 
for normality. Missing data in all models was < 5% 
which indicated a robust dataset (Hoyle 2011), and 
were automatically excluded from the analysis by 
listwise deletion (Rosseel 2012).

The proposed structural models in Figure 2 were 
assessed using multiple goodness-of-fit indicators usually 
reported in SEM literature such as the comparative fit 
index (CFI) and the standardized root mean square 
residual (SMRM) (Table 3; Supplementary Material 2). 
The explanatory power of the models was evaluated 
through the factor loadings, coefficients of determination 
and significance levels in the measurement model 
(Table 3), while regressions weights and significance 
levels were used for the structural model 
(Supplementary Material 2). We did not conduct any 
post-hoc modifications as the models were well fitted, 
and the suggested relationships from the modification 
indices were not supported by the literature.

3. Results

Our hypothesized SEM models (Figure 2) presented 
a relatively good fit to the data (Table 3). The best 
fitted model corresponded to cultural ES, followed by 
regulating and provisioning ES. All variables com
prising the measurement models of model group 1 
and 2, including water and timber supply (provision
ing), erosion prevention, water regulation, carbon 
sequestration and storage (regulating), potential 
recreation (cultural), private individual tenure, pri
vate corporate tenure, education, property area and 
income were significant at the 0.05 level except for 
indigenous population (Figure 3; Supplementary 
Material 2). The explanatory power of the model’s 
predictors differed between model group 1 and 2 
(Figure 3) when assessing the regression weights 
and significance levels of individual links.

3.1. Model group 1

Model Group 1 shows the model fits using ES supply 
as a predictor of income (link 6) (Figure 3). 
Significant linkages differed across the model fits for 
provisioning, regulating, and cultural services 
(Figure 3(a,c,e); Supplementary Material 2). The 
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model fit for provisioning ES showed two significant 
linkages, the model fit for regulating ES one, and the 
model fit for cultural ES five significant linkages 
(<0.05 level).

The model fit for provisioning ES showed 
a positive linkage between property area and ES sup
ply (link 4) and a negative linkage between human 
agency and income (link 3). The model fit for regu
lating ES showed a positive linkage between property 
area and ES supply (link 4). The model fit for cultural 
ES showed the following positive linkages: private 
individual tenure-total supply recreation, indigenous 
population-total supply recreation (both link 1), and 
private individual tenure-property area (link 2). 
Negative linkages were shown for education-income 
(link 1). Hence, the only common significant linkage 
for all three model fits, was the linkage between 
property area and ES supply (link 4).

3.2. Model group 2

Model Group 2 shows the model fits using income as 
a predictor of ES supply (Figure 3). Again, significant 
linkages differed across the model fits for provision
ing, regulating, and cultural services (Figure 3(d,f); 
Supplementary Material 2).

The model fit for provisioning ES showed three 
significant linkages, the model fit for regulating ES 
two and the model fit for cultural ES five signifi
cant linkages (<0.05 level) (Figure 3(b,d,f); 
Supplementary Material 2). The significant linkages 
were the same as for model group 1. In addition, 
for all model fits of model group 2, the linkage of 
property area and income (link 5) became positive 
and significant.

3.3. Comparing group 1 and group 2

Many of the linkages between the two model 
groups were similar. First, for model groups 1 
and 2, the ‘core’ linkage of ES supply-income (link 
6) was not significant for any of the model fits 
(Figure 3). Second, for both model groups, the 
linkage property area and ES supply (link 4) 

emerged as the strongest linkage with 
a standardized estimate β > 0.8. Third, human 
agency (recreation potential for cultural ES) 
showed significant linkages with income (link 3) 
for provisioning and cultural ES for both model 
groups. Particularly, private individual tenure and 
private corporate tenure showed high and signifi
cant loadings for the latent variable human agency. 
Despite these similarities, some regression weights 
and significance levels of individual links differed 
for the two model groups. For instance, property 
area presented a significant linkage with ES supply 
(link 4) for both model groups but only with 
income (link 5) for model group 2.

4. Discussion

4.1. Evidence on the ES-wellbeing nexus

In our analysis, we tested the linkages between local 
supply of provisioning, regulating and cultural ES 
and wellbeing using a series of SEM. We detected 
no significant relationship between ES supply and 
wellbeing (measured as income) across ES categories 
at the municipality level (i.e. a municipality encom
passes several properties). Therefore, our results do 
not support the ‘environmentalist’s paradox’ 
(Raudsepp-Hearne et al. 2010) and the ‘environmen
tal expectation’ hypotheses (Delgado and Marín  
2016). The former hypothesis postulates a negative 
association between ES supply and wellbeing, (i.e. 
decreases in ES supply are associated with increases 
in income), while the latter hypothesis posits that 
decreases in ES supply would lead to decreases in 
income. One possible explanation is that the ES con
sidered in this study are produced by historical or 
pristine ecosystems (Hobbs et al. 2009), as is the case 
of most of Chilean Patagonia (Inostroza et al. 2016; 
Martínez-Harms et al. 2022). This means that ES in 
these regions are often not traded in markets (includ
ing provisioning ES), and the influence of the human 
contribution in the co-production process of ES 
might be of lower importance for the ES investigated 
in this study (Table 2). Another potential explanation 

Table 3. Goodness-of-fit indices for SEM models. The indices are equal for model group 1 and 2. (CFI=Comparative Fit Index; 
TLI= Tucker-Lewis; PNFI= Parsimony normed fit index; chi²= chi-square statistic; df= degrees of freedom; RMSEA=Root mean 
square error of approximation; SRMR=standardized root mean square residual).

Relative Fit Indices Absolute fit indices

CFI TLI PNFI chi2 df RMSEA SRMR p value

Provisioning 0.82 0.70 0.485 139.62 17 0.221 0.088 0.000
Regulating 0.928 0.898 0.643 117.753 32 0.131 0.069 0.000
Cultural 1 1 0 0 0 0 0 /
Qualitative 

indicator
≥0.90 

acceptable 
fit  

(Whittaker 
2013)

>0.5 (Kline 2010) Values >0 suggests more 
differences between 
data and the models 

(Kline 2010)

Identified 
model ≥ 0 
(Schreiber 

et al. 
2006)

Larger numbers 
above 0 

suggest worse 
fit (Kline 2010)

<0.09 good fit (Hu 
and Bentler 

1999)

If ≤0.05 
raditionally 
considered 
significant 

(Kline 2010)
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of our findings is that despite the general high levels 
of rurality in the municipalities included in our study 
(SUBDERE 2016), their economies have diversified in 
the last decades. For example, none of the municipa
lities in our study had a silvo-agricultural GDP 
greater than 13%, and this figure decreased drastically 

to less than 2% in the southernmost regions of Aysen 
and Magallanes (Figure 1; ODEPA 2019). More 
diversified income strategies, including non- 
environmental and off-farm income could imply 
a lower dependence on ES. For instance, as reported 
by (Liu et al. 2022), the ES-wellbeing link was 

Figure 3. Estimates for the linkages in model group 1 and model group 2 for provisioning (Panels a and f), regulating (Panels 
b and d) and cultural (Panel c and f) ES. The difference between model group 1 and 2 is the direction of the arrow between ES 
supply and income. Black and red arrows represent a positive and negative association, respectively. Arrow width depicts the 
linkage’s strength, where wider is stronger. Significant values at the 0.05*, 0.01** and 0.001*** levels. The models for cultural ES 
do not show latent variables.
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strongest in rural underdeveloped communities in 
comparison to more developed areas in mainland 
China. Additionally, telecoupled effects might explain 
the absence of a strong linkage between ES supply 
and income. Telecouplings refer to the linking of 
local and regional socio-ecological systems to large- 
scale networked socioeconomic and environmental 
drivers operating across greater distances (Liu et al.  
2013; Zimmerer et al. 2018). Increasingly, telecou
pling literature has demonstrated a weakening of ES- 
wellbeing linkages at local levels because contribu
tions to wellbeing are being sourced from distant 
regions (Hull and Liu 2018). For example, raw mate
rials such as timber are in many cases imported by 
local inhabitants to local economies even if the same 
raw materials could be locally produced. This often 
exacerbates inequality issues in two ways: first, 
because local people depend on external sources for 
their material wellbeing (as telecoupled imports), 
thus, their dependency on local ES is reduced 
and, second, distant regions producing ES might suf
fer from an unequal distribution of natural assets and 
ES (e.g. through land grabbing) or the activities in 
terms of labor and management that lead to the co- 
production of ES supply.

Also, it remains controversial in the literature 
whether there is a positive or negative relationship 
between ES and wellbeing. For example, Delgado and 
Marín (2016) assessed material conditions and qual
ity of life in the Cruces watershed in southern Chile 
and reported a positive relationship for regulating ES, 
while provisioning ES showed no relationship with 
wellbeing. Other studies using per capita income and 
GDP, quality of life, health and security indicators 
and the human development index, have reported 
negative (Hossain et al. 2017; Wei et al. 2018) and 
also non-existent (Yan et al. 2017; Liu et al. 2022) 
relationships. Of interest is how there is a widening 
gap between ES and wellbeing at the global level, that 
is, while global level wellbeing continues to increase, 
global ES supply continues to decline (Raudsepp- 
Hearne et al. 2010). The mismatch between ES supply 
and wellbeing could respond to the fact that the 
direct dependence of humans on nature and ES is 
increasingly limited to already vulnerable groups 
(Yang et al. 2013; Liu et al. 2022). Alternatively, this 
could result from the context in which studies are 
situated when identifying the most appropriate ES 
indicators. The growing field of place-based research 
could support the investigation of a weakening ES- 
wellbeing nexus at local scales (Balvanera et al. 2017; 
Norström et al. 2022). To address the complexity of 
the ES-wellbeing nexus, it has been argued that con
text-dependent studies at local scales are needed 
(Lakerveld et al. 2015; Delgado and Marín 2016). 
However, local scale studies are often conducted in 
agricultural and fishing communities (Abunge et al.  

2013; Delgado and Marín 2016; Chettri et al. 2021; 
Rey-Valette et al. 2022) where the evaluated ES 
(usually provisioning ES) have a tangible contribu
tion to income and are therefore specifically relevant 
for local decision-making involving those commu
nities. Studies at this spatial scale might be too con
text specific and conclusions may not necessarily be 
relevant to other SES. Hence, broader spatial-scale 
studies are needed to test the hypotheses that emerge 
from local case studies or from using local scale data 
(Liu et al. 2022). This could be achieved through 
examining approaches that involve (i) studies at fine 
resolution (such as at the municipality scale as per 
this study); and (ii) incorporating broader spatial 
scales (e.g. country level; Liu and Wu 2021; Brück 
et al. 2022).

4.2. The social-ecological nexus modulating ES 
supply

Our results showed differing significance levels for 
other linkages beyond the core linkage of ES supply- 
income. For instance, human agency did not show 
significant associations with ES supply, property area 
and income (links 1, 2 and 3, respectively). We 
found a negative human agency-income linkage for 
provisioning services in model group 1 (Figure 3(a)) 
and model group 2 (Figure 3(d)). These results would 
support the co-production framework, as human 
agency is more influential for provisioning services 
such as timber supply than for regulating and cultural 
ES (Palomo et al. 2016).

Linkages related to property area were significant, 
partly supporting our second hypothesis. In particu
lar, ES supply-property area (link 4) emerged as the 
strongest linkage. This highlights the relevance of 
property size for the supply of ES. Property size is 
an important factor that shapes agricultural 
(Yamauchi 2016), conservation (Robinson et al.  
2018) and ES (Benra and Nahuelhual 2019; Dade 
et al. 2022) outcomes. Our results provide empirical 
evidence to support this recognition. In particular, we 
found that models with income as a predictor (i.e. 
group 2 models) are significantly and directly influ
enced by property area. However, in group 1 models, 
property area was not significantly linked to income 
(Figure 3(d,e)). Property area is entrenched within 
the ability and capacity of individual properties to 
produce ES (i.e. ES supply), or the ‘access to provide’ 
ES. This is mediated by the quantity and quality of 
access to land (Atkinson and Ovando 2021). This 
notion differs from the classic idea of access to ES, 
defined as the capacity to gain benefits from the 
environment (Ribot and Peluso 2003; Dade et al.  
2022). In that sense, we did not evaluate access as 
a prerequisite of the ability to experience wellbeing 
from ES (Szaboova et al. 2020), but rather we 
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evaluated how the ability and capability to produce 
ES from rural properties affected wellbeing (income). 
Understanding this aspect is relevant for assessing 
present and future changes in natural resources and 
ES, particularly considering pressing distributive 
inequality issues (Benra and Nahuelhual 2019).

Overall, we reject the hypothesized high signifi
cance of the ES supply-income linkage in both direc
tions, thus contributing to the current debate within 
the ES literature (Delgado and Marín 2016; Blythe 
et al. 2020). However, our results support the 
hypothesized similarity between these interlinkages 
in both directions, the marked differences between 
ES categories, and the high significance of property 
area and human agency as independent variables 
within the models.

4.3. Policy implications

Our study provides multifaceted policy implications 
considering our main findings: the non-significance 
of the linkage between ES supply and wellbeing 
(income), and the relevance of property area for ES 
supply.

First, ES supply was not significantly linked to 
income. This points to the mismatch between ES 
suppliers and recipients due to the nature of ES and 
their telecoupled effects. For example, carbon seques
tration and carbon storage (which were included in 
our analyses) do not necessarily contribute to the 
wellbeing of local people. The benefits of carbon 
sequestrations are linked to global climate regulation, 
which is beneficial to human wellbeing globally. 
Trying to disentangle the source and the receiver of 
the ES benefits is, however, methodologically challen
ging. It further points out the challenges for policy
makers to manage ecosystems that provide benefits to 
people in other regions or even countries (Wang et al.  
2022). In other words, although the potential of our 
study region to store carbon is relatively high, incen
tives for local authorities to preserve this potential 
may be relatively low because it does not pay off at 
the local level. Policymakers need to reconcile global 
benefits of ES and benefits for local people that sup
ply these ES through equitable and novel institutional 
arrangements such as payment for ecosystem ser
vices, which requires collaboration among institu
tions at different spatial scales (Bennett et al. 2015).

Second, property area was significantly linked to the 
supply of provisioning, regulating, and cultural ES across 
the different models. This result is important for policy
makers as it shows that ensuring property rights can be 
relevant for the preservation of multiple ES (Robinson 
et al. 2014). To provide incentives for the property own
ers, institutions need to be implemented that allow land
owners and local residents to capture ES benefits (e.g. 
income). However, a careful consideration of 

mechanisms needed to achieve that is needed as property 
concentration (i.e. land, natural capital and ES) in few 
properties (Benra and Nahuelhual 2019) might generate 
social inequalities, as these larger properties might only 
conserve or produce commodities, which do not end up 
being reflected in local income (Serenari et al. 2015).

Third, creating markets for ES could provide 
a mechanism to counter the found mismatch between 
ES supply and wellbeing. With these markets, ES would 
pass from not generating income for local people to 
generate income. For example, regulated markets for 
native timber used for construction or firewood, or 
establishing larger schemes of payments for ecosystem 
services could have a significant impact on people’s 
wellbeing (Reyes et al. 2016; Benra et al. 2022).

Last, ES may contribute to other wellbeing dimen
sions such as health, security, or freedom of choice. 
However, if natural capital does not sustain material 
wellbeing, a series of generally considered negative 
events can happen, such as migration to the rural 
areas, a consequent atomization and subdivision of 
rural properties and an incapacity to sustain rural 
ways of living which depend on land productivity (e.g. 
ES) and also conservation. While the vocation of the 
Chilean Patagonia is clearly conservation with a vast 
network of protected areas and legally protected terri
tories (54% of 380,000 km2) (Martínez-Harms et al.  
2022), with some regional centers of economic produc
tivity near urban areas (e.g. dairy industry in Los Rios 
region, Figure 1), conservation policy needs to better 
incorporate local livelihoods into the business model in 
order to make it more successful, accepted and equita
ble for local populations (Serenari et al. 2017; Araos 
et al. 2020; Zafra-Calvo et al. 2020).

4.4. Limitations and future directions

While we focused on investigating the linkages 
between local ES supply and wellbeing (i.e. income), 
we recognize that this is only one measure of well
being among multiple ones. For example, the inclu
sion of non-material wellbeing indicators such as life 
satisfaction and human health could generate 
a different set of results because the way local people 
perceive ES contributions in their local social rela
tions and the more relational meanings of nature 
might be quite different when considering only 
income. Hence, assessing these linkages through 
a broader consideration of indicators is needed.

Our study was also challenged by the availability of 
data at the appropriate spatial resolution. For 
instance, we were unable to obtain income and 
other socio-economic data at the property level (i.e. 
per farm), and therefore we had to aggregate some 
data to the municipality scale (which combines data 
from multiple rural properties). While this reduces 
the diversity of data (Brück et al. 2022), we believe 
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that this represents a first analysis that could be 
strengthened in future studies as new data at 
a higher resolution becomes available. Finally, the 
set of selected ES also influences the results. While 
we analyzed provisioning, regulating and cultural ES, 
most likely the inclusion of provisioning ES more 
readily traded in formal markets (e.g. food provision) 
could generate different results, as a closer linkage 
with material constituents of wellbeing is expected 
(Millenium Ecosystem Assessment 2005).

5. Conclusion

We tested the bidirectional linkages between ES supply 
and material wellbeing (income) by developing two sets 
of models with data from a large-scale investigation in 
Chilean Patagonia. The first model set posited that ES 
supply affects wellbeing, while the second assessed how 
wellbeing affects ES supply, and both covered three cate
gories of ES (provisioning, regulating and cultural). 
Across all models, we found only a weak relationship 
between ES supply and wellbeing, with effect sizes differ
ing within and across models. Our results demonstrate 
that the relationships between ES supply and wellbeing 
cannot always be substantiated, that is, there is a high 
context-dependency sensitive to the choice of ES and 
wellbeing indicators. We therefore conclude that pre
viously assumed links between ES and material wellbeing 
from local case-studies do not necessarily hold at larger 
spatial scales. As such, future studies should investigate 
how ES supply-wellbeing dynamics vary across spatial 
and temporal scales and with a broad set of wellbeing 
indicators. Understanding the linkages between ES sup
ply and wellbeing, local mismatches and possible tele
coupled dependencies will be crucial to foster sustainable 
socio-ecological systems.

Note

1. For data availability reasons the recently created Ñuble 
region (formerly part of Bio-Bio region) was not 
included in the study.
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Appendices   

Appendix A. Correlation coefficients matrix of the variables included in the SEM analysis

Figure A1. Correlations coefficients between explanatory variables of models 1 and 2 (see table 1 for variable description). 
p-value= *0.05, **0.01, *** 0.001.

18 F. BENRA ET AL.



Appendix B. SEM conceptual model for the cultural ES recreation potential

Figure B1. Two hypothetical conceptual models of the causal relationships between ES supply and income for the ES recreation 
opportunities. Income and ES supply are the outcome variables in model group 1 and 2, respectively. The conceptual models do 
not include latent variables.
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