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a b s t r a c t

Striving for long-term sustainability in catchments dominated by human activities requires development
of interdisciplinary research methods to account for the interplay between environmental concerns and
socio-economic pressures. In this study, we present an integrative analysis of the Lake Simcoe watershed,
Ontario, Canada, as viewed from the perspective of a socio-ecological system. Key features of our analysis
are (i) the equally weighted consideration of environmental attributes with socioeconomic priorities and
(ii) the identification of the minimal number of key socio-hydrological variables that should be included
in a parsimonious watershed management framework, aiming to establish linkages between urbaniza-
tion trends and nutrient export. Drawing parallels with the concept of Hydrological Response Units, we
used Self-Organizing Mapping to delineate spatial organizations with similar socio-economic and
environmental attributes, also referred to as Socio-Environmental Management Units (SEMUs). Our
analysis provides evidence of two SEMUs with contrasting features, the “undisturbed” and “anthropo-
genically-influenced”, within the Lake Simcoe watershed. The “undisturbed” cluster occupies approxi-
mately half of the Lake Simcoe catchment (45%) and is characterized by low landscape diversity and low
average population density <0.4 humans ha�1. By contrast, the socio-environmental functional proper-
ties of the “anthropogenically-influenced” cluster highlight the likelihood of a stability loss in the long-
run, as inferred from the distinct signature of urbanization activities on the tributary nutrient export, and
the loss of subwatershed sensitivity to natural mechanisms that may ameliorate the degradation pat-
terns. Our study also examines how the SEMU concept can augment the contemporary integrated
watershed management practices and provides directions in order to promote environmental programs
for lake conservation and to increase public awareness and engagement in stewardship initiatives.

© 2016 Published by Elsevier Ltd.
1. Introduction

The worldwide degradation of shared natural resources, in
general, and receiving water bodies, in particular, has led to the
development of a concept related to their management, known as
common-pool resources (CPR). Lakes and adjacent watersheds in
the CPR concept are perceived as resources providing numerous
services to multiple stakeholders with diverse background
(Ostrom, 2008). CPR's shared status also implies that resource users
belong both to present and future stakeholder generations, which
underscores resource sustainability as one of the primary man-
agement goals (Mayer et al., 2014; Ostrom, 2009). In lake
honditsis).
conservation, the integrated watershed management (IWM) prac-
tice is conceptually on par with a comprehensive CPR management
framework - establishing a balance between the stakeholders' so-
cial and economic activities, while minimizing the environmental
impact on CPR integrity (Lagutov, 2011). In human-dominated
catchments, which are heavily affected by intensive farming or
urbanization, achieving long-term ecosystem sustainability re-
quires the development of interdisciplinary research methods to
account for long-term evolution of social and economic pressures
(Bowen and Riley, 2003). Thus, restoration programs should not
solely revolve around environmental perspectives, but should also
consider human population dynamics, social and economic con-
ditions, and cultural traditions (Bowen and Riley, 2003; Liu et al.,
2007). However, the implementation of IWM strategies are
driven by technocratic principles and often considers the socio-
economic factors as a post-hoc feature, with more emphasis
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placed on the environmental aspects (Lagutov, 2011). The present
study, by contrast, works on leveling off this misbalance and rec-
ommends an advance on IWM that considers the feasibility of
incorporating social and economic inputs on a more level playing
field with environmental science and technology.

The contemporary practice of investigating cause-effect re-
lationships between anthropogenic stressors and undesirable
ecosystem changes follows the Pressure-State-Response (PSR)
methodology proposed by the Organization for Economic Co-
operation and Development (OECD, 1993) (Fig. 1). Models in so-
cioeconomics, hydrology, biogeochemistry, agriculture and ecology
are an integral part of this framework aiming to replicate the real-
world coupling of human and environmental subsystems within a
catchment of interest. Nonetheless, the rising complexity of these
decision-support systems (DSS) affects their ability to identify
model parameters, accentuates the problem of model equifinality
(Beven, 2006), and ultimately undermines the credibility of pro-
jections of management plan outcomes (Lagutov, 2011). This
technical challenge underscores the demand to control model
complexity and minimize sources of uncertainty in resource man-
agement (Polasky et al., 2011). From this point of view, a parsi-
monious modelling strategy gradually capitalizes upon
advancements in understanding of CPR dynamics and ensures that
any increase in model complexity adds explanatory power
(Gudimov et al., 2012). Indeed, Walker and Salt (2006) showed that
socio-environmental systems could be adequately described using
a small number of key controlling variables. A characteristic
example is the IPAT model, in which environmental impact/pollu-
tion (I) is dependent on driving forces of population (P), affluence
(A), and technology (T) (Chertow, 2000). Likewise, our study at-
tempts to identify a minimal number of controlling variables,
directly or indirectly responsible for lake impairment, and then to
associate them with forecasted rates of catchment urbanization.

In this study, we present an integrative analysis of the Lake
Simcoewatershed, Ontario, Canada, as viewed from the perspective
of a socio-ecological system or SES (Ostrom, 2009). Key features of
our analysis are the equally weighted consideration of
Fig. 1. Conceptual diagram of the Lake Simcoe wate
environmental values with socioeconomic parameters, and the
identification of the minimal number of key variables that should
be included in a parsimonious watershed management framework,
aiming to establish linkages between urbanization trends and
ecosystem response with respect to nutrient export. Finally,
drawing parallels with the concept of Hydrological Response Units,
our study uses Self-Organizing Mapping to delineate spatial orga-
nizations with similar socio-economic and environmental
attributes.
2. Methods

2.1. Case study

Lake Simcoe is the largest inland dimictic lake in Southern
Ontario (44.44�N, �79.34�W) with a watershed area of 3400 km2

and a relatively small catchment-to-surface area ratio of 5:1 (Fig. 2).
The lake as a popular fishing destination contributes ~$200M Ca-
nadian Dollars (or CAD) year�1 to the local economy. The lake
sediments have revealed a historic record of continuous anthro-
pogenic pressure since the first European immigrants settled in the
lake catchment in the 17th century (Vovik, 2014). In the pre-
settlement period, the lake had provided habitat for precious
cold- and cool-water fish species, including lake sturgeon (Aci-
penser fulvescens) and lake trout (Salvelinus namaycush). With hu-
man population growth, the lake watershed experienced severe
pressure arising from massive deforestation, followed by expo-
nential urbanization after 1945, from 60,000 to (the current)
350,000 residents. The resultant watershed export of phosphorus
(P) to the lake increased from the pre-settlement baseline of
27e33 T P year�1 to 300 T P year�1 in the 1960s, which triggered
excessive algal growth and hypolimnetic oxygen depletion, lethal
for cold-water fish species. As an indicator of the severity of lake
ecosystem impairment, the sturgeon fish population experienced a
collapse, from 62,000 kg of commercial catch in the 1880s, to a total
disappearance by 1956 (OMNR, 2009). Similarly, lake trout repro-
duction capacity has been affected due to hypolimnetic hypoxia,
rshed studied as a socio-environmental system.



Fig. 2. (a) Lake Simcoe basin subdivided in 824 sub-watersheds with a mean area of 350 ha; (b) Lake Simcoe basin subdivided into sub-catchments based on pour points of the main
tributaries. The sub-catchments are defined as the land draining to a tributary of the main watercourse.
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such that its current population has to be artificially maintained
through stocking with hatchery-reared yearlings (Palmer et al.,
2011). Recent P loading to the lake has varied between 72 and
115 T P year�1 in 2007e2011 (LSRCA, 2013; MOECC, 2014),
compared to a protection plan reduction goal of 44 T P year�1 by
2045 (MOECC, 2010). The Canadian government has invested
$58.5M CAD in 2007e2012 in P reduction, with an additional $29M
allocated until 2017. Complicating the issue of the lake restoration
program, projected population growth in the catchment of 30
percent over the next 20 years raises concerns as to whether the
Lake Simcoe watershed (LSW) can sustain this urbanization rate,
meet and maintain the P reduction target in future, thereby
returning to a sustainable cold-water fish habitat (Jin et al., 2013). In
this context, our study pursues an interdisciplinary analysis of the
LSW, explicitly accommodating the non-linear nature of
hydrological-human interactions.

2.2. Environmental data

In this analysis, we examined the Lake Simcoe watershed as a
system of hydrologically connected 824 subwatersheds with a
mean area of 350 ha (~0.1% of total basin). We imported and
“burned-in” the stream network layer from the Ontario integrated
hydrology dataset into the Provincial Digital Elevation Model
(DEM; 10 � 10 m resolution) to account for flat topography and
multiple braided channels in agricultural plain polders (Luo et al.,
2011). We acquired the soil characteristics from Agriculture and
Agri-Food Canada's Detailed Soil Survey (1:50,000; http://sis.agr.gc.
ca/cansis/nsdb/dss/index.html) for the upper soil layer, with an
average depth (SOL_Z) of 262 mm. The list of soil characteristics
included moist bulk density (SOL_BD, g cm�3), available water ca-
pacity (SOL_AWC, mm H2O mm�1 soil), saturated hydraulic con-
ductivity (SOL_K, mm hr�1), organic carbon content (SOL_CBN, %
soil weight), andmoist soil albedo (SOL_ALB, ratio of solar radiation
reflectance).
For the land use/land cover (LULC) information, we relied on the
Lake Simcoe Watershed Land Cover dataset (2013), which required
reclassification from codes of the provincial Ecological Land Clas-
sification (Lee, 1998) to definitions of the Phosphorus Budget Tool
(MOECC, 2012). The latter document offered regionalized P export
coefficients (Ei, kg P ha�1 year�1), which were used to estimate
Baseline Annual Phosphorus Tributary Loading (LBAPTL, kg P year�1)
at pour points into the lake by integrating Ei coefficients over up-
stream subwatershed areas Ai (ha) occupied by a specific LULC type:

LBAPTL ¼
X

EiAi

where LBAPTL values were estimated twice (i) by integrating fine-
resolution LULC information; (ii) by considering only a dominant
LULC; i.e., the most common LULC within each subwatershed,
which allowed us to identify the optimal LULC characterization
strategy. Shannon diversity index (H-LU) was used to determine
landscape diversity (or potential patchiness) on a subwatershed
scale (Eiden et al., 2000).

2.3. Socio-demographic data

Census records for the 1996e2006 period were extracted from
Statistics Canada (www.12.statcan.gc.ca) for the smallest spatial
resolution of data collection; namely, geographic areas with
400e700 persons in the 2006 census (dissemination areas, DA) and
125e650 dwellings in the 1996 census (enumeration areas, EA). We
used socio-economic variables from the IPAT model with total
population counts and average family income (in CAD). Examina-
tion of the social dynamics of the studied systemwas also based on
the number of immigrants (cumulative for out-of-province and
out-of-country over the past 15 years), age-group demographics,
total labour-force counts by industry for the age group 15 years and
older, average value of dwellings (CAD), and number of houses per
different types of dwelling structures. The subwatershed census
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data were aggregated from census to subwatershed boundaries, in
proportion to areas of DA or EA within each subwatershed.

2.4. Data reduction and clustering

We applied Self-Organizing Map (SOM) analysis as an amal-
gamation algorithm to characterize dominant patterns of data by
synthesizing multidimensional socio-environmental variables.
SOM is an efficient un-supervised artificial neural-network algo-
rithm to identify and visualize patterns in multidimensional data-
sets (Kohonen, 2013). SOM analysis provides more flexibility to
analyze non-linear dependencies in complex systems, compared to
the linear limitations of standard statistical tools, such as Principal
Component Analysis (Giraudel and Lek, 2001; Frey and Rusch,
2013). SOM framework has been widely applied to environmental
assessment and ecosystem analysis exercises (Chon, 2011; Ha et al.,
2015), as well as to demographics and political science research
(Skupin and Hagelman, 2005; Niemel€a and Honkela, 2009). In this
paper, the multivariate data ordination was mapped onto a two-
dimensional lattice, whereby subwatersheds with similar socio-
environmental characteristics occupied adjacent cells after model
training. Subwatershed characteristics for soil, LULC, nutrient
export, and socioeconomic parameters comprised the 21 � 824
(n � N ¼ input variable � data sample) size of the SOM input space.
Land-use inputs were defined in relative terms as a percentage
contribution of a specific LULC in a subwatershed area. The nutrient
export parameters were normalized based on the catchment area
to eliminate the effect of subwatershed size. All the input data have
been log-transformed. SOM output layer was arranged by a hex-
agonal lattice, rather than by a rectangular one, as it impartially
considered the distances to the neighboring neurons (Kohonen,
2001). We opted for 135 lattice cells to be close to 5√N, accord-
ing to the recommendations of Vesanto and Alhoniemi (2000). The
map size was optimized (9 � 15 cells) by minimizing both quan-
tization and topological errors (Park et al., 2014). Similar to a pre-
vious watershed analysis by Kim et al. (2016), we applied a
Gaussian neighborhood function. The weight vector was linearly
initialized using its greatest eigenvectors of the covariance matrix
of training data. We also applied a post-hoc hierarchical cluster
analysis to summarize the dominant patterns of data more quan-
titatively using weight vectors of U-matrix (Kohonen, 2013). As a
result, SOM served to downsize the complexity of the studied SES
by assigning subwatersheds with overall similar socio-
environmental characteristics to neighboring cells, in contrast to
subwatersheds with the greatest differentiation, which were
separated by the largest distances in a 2D lattice. The SOM analysis
was performed in a SOM Toolbox 2.0 forMatlab 5.0 (www.cis.hut.fi/
somtoolbox; Vesanto et al., 2000).

2.5. Statistical modelling for phosphorus export

We used structural equation modelling (SEM) to delineate the
key causal relationships underlying the interplay among nutrient
export at pour points in Lake Simcoe and socio-environmental
control variables (i.e., socio-economic census data, LULC, sub-
watershed latitude, and landscape diversity coefficient) from up-
stream watersheds within the identified SOM clusters. SEM is a
multivariate statistical method that encompasses both factor and
path analysis, which allows decomposing multiple causal pathways
and quantifying direct and indirect relationships among variables
(Arhonditsis et al., 2006; Ullman, 2006; Arbuckle, 2013). Another
advantage of SEM is that it can explicitly incorporate uncertainty
due to measurement error and/or accommodate the discrepancy
between conceptual ecosystem properties and observed variables
that can be directly measured. SEM is also an a priori statistical
method whereby a hypothetical structure of the system studied,
reflecting the best knowledge available, is tested against the
observed covariance structure. Drawing parallels with the reverse-
engineering approach (Lobo and Levin, 2015), we tested multiple a
priori models until an optimal fit was achieved with minimal re-
siduals when comparing hypothesized and observed covariance
structures (Arhonditsis et al., 2006). Box-Cox power trans-
formations were implemented to stabilize variance of data and
effectively linearize the bivariate relationships examined within
the SEM structure (Box and Cox, 1964).

3. Results

3.1. Self-organized map analysis

SOM maps enable the comparison of the spatial clustering of
subwatersheds based on different watershed input parameters
(Fig. 3a). For example, subwatersheds with rich organic carbon in
the top layer (SOL_CBN) became concentrated in the upper-left
corner of the grid lattice. The same aggregation pattern was
found with wetland-dominated subwatersheds (WETLAND) char-
acterized by minimal patchiness (H-LU), while a negative correla-
tion exists with soil bulk density and albedo (SOL_BD and
SOL_ALB). Watersheds with steeper slopes (SLOPE) also associated
with soils of light colors and high irradiation reflectance (SOL_ALB),
low available water capacity (SOL_AWC), and high values of satu-
rated hydraulic conductivity (SOL_K); all of which suggest soil
instability consistent with a history of intense erosional processes
(Howard et al., 1995). Areas with low values of saturated hydraulic
conductivity partly overlap with high density residential areas
(RESIDEN-HD). This combination typically exacerbates the in-
tensity of surface run-off, thereby increasing nutrient export
(P_EXPORT) from urbanized watersheds (Scalenghe and Marsan,
2009). Soils with higher-than-average available water capacity
(SOL_AWC) only partially overlap with cropland and hay/pasture
locations, indicative of potential vulnerability to water stress in
subwatersheds with high quality agricultural soils during summer
(Harrison et al., 2014).

Anthropogenically transformed landscapes, primarily located at
the bottom of the SOM lattice, overlap with areas of high intensity
of socio-economic attributes. In particular, subwatersheds domi-
nated by high-density residential areas, lower left corner of
RESIDEN-HDmap on Fig. 3a, correspond to high population records
(POP). COM/IND cells representing commercial/industrial areas in
terms of similarity of their socio-environmental parameters occupy
the same cells as highly urbanized areas in the SOM lattice. Inter-
estingly, both urbanized LULC types (RESIDEN-HD and COM/IND)
are characterized by relatively low landscape fragmentation (H-LU
index), which bears resemblance to the single-use, homogeneous
land use features of the urban sprawl in Toronto region (Hess and
Sorensen, 2015). Finally, several residential low-density sub-
watershed nodes (URB-LD), located in the right part of SOM lattice,
partially overlap with areas of protected natural heritage wood-
lands (FOREST in the lower right corner), areas with high slope and
the highest family-income. These subwatersheds meet the criteria
for Toronto exurbia, defined as areas beyond the suburbs of the city,
inhabited by wealthy professionals and executives who seek nat-
ural “wilderness” and equestrian life styles, in contrast to middle-
class suburban areas (Cadieux and Taylor, 2013).

Based on second-level SOM training, we have identified two
distinct SES groups (Fig. 3bec), each consisting of four socio-
environmental subwatershed clusters (Table 1). The first group,
consisting of clusters #1,4,5, and 8 (Table 1), is primarily occupied
by significant portions of woodland (10e63%), permanently or
seasonally flooded wetlands (15e47%), and reservoirs
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Fig. 3. Self-organizing maps (SOM) for Lake Simcoe watershed parameters in log-transformed scale, where SOL_BD - soil bulk density (g cm�3); SOL_AWC - available water capacity
of the top soil layer (mm H2O mm�1 soil); SOL_K - saturated hydraulic conductivity (mm hr�1); SOL_CNB - organic carbon content (% soil weight); SOL_ALB - moist soil albedo;
SLOPE - slope; CROPLAND - various crop types (henceforth LULC as % of subwatershed); HAY/PAST - hay and pasture areas; GRASSLAND - grassland areas; FOREST - all types of
forests; WETLAND - wetland areas including bogs and marsh areas; QUARRY - excavated quarry areas; WATER - all water bodies including lakes and ponds; COM/IND - commercial
and industrial areas; URB-LD - urban low density areas; SOD/GOLF - sod farms and golf courses; RESIDEN-HD - residential high density areas; POP - population census (2006);
INCOME - family income before taxes (2005); P_EXPORT - phosphorus export coefficient (kg P ha�1 year�1); H-LU - Shannon index of land use diversity; b) resultant map of 8 SOM
clusters; c) dendrogram of SOM clusters based on Euclidean distances.
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characterized by stagnant waters (0.9e4.6%). Furthermore, this
group reflects the low end of population density (<0.4 humans
ha�1), modest land use diversity (H-LU ¼ 0.9e1.3), highest organic
carbon content in the top soil (3.3e12.0%), and below-average
family income in the context of the Lake Simcoe watershed
($52,700-$79,000). Alongside with their common characteristics,
there is also a unique mix of cluster-specific features. Namely,
subwatersheds in cluster #4 represent a mix of wetland (36%),
forest (19%), farmland (18.5%), and grassland (8%), with the highest
proportion of land allocated to sod farms and golf clubs (7.7%).
Cluster #4 also has relatively extensive urban, low-density terri-
tories (3.4%), and highest family income ($79,000) in the group,
which can be important for considering stewardship initiatives and
implementation of best management practices. Cluster #8 is
strongly homogenous (H-LU ¼ 0.9), with woodland and wetlands
(63% and 21%, respectively) comprising the majority of the area.
Nearly half of cluster #1 encompasses wetlands (47%) with
extremely high organic matter composition (12% of organic carbon
in soil weight) and lowest bulk density (0.6 g cm�3). Finally, non-
intensive farming dominates cluster #5, with 49% of the cluster
dedicated to hay/pasture and the rest occupied by wetlands and
forests (15% and 10%).

The second group of clusters, #2,3,6, and 7 (Fig. 3bec), in-
corporates landscapes mostly affected by anthropogenic trans-
formation; i.e., highly urbanized areas (1e51% of a subwatershed),
commercial/industrial land use (2e24%) and farmland with inten-
sive or non-intensive agriculture (2e51% and 5e23%, respectively).
Two additional, unifying features of these subwatersheds are their
noticeable high landscape diversity (H-LU¼ 1.2e1.7) and, naturally,
their elevated population density (�0.4 person ha�1). Regarding



Table 1
Spatial clusters derived by Self-Organizing Map analysis in Lake Simcoewatershed. Variables are input used for data-learning, while darkest cell shade andwhite font numbers
indicate the highest value for each variable among the eight clusters.
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the cluster-specific characteristics, cluster #7 is comprised mostly
of agricultural areas with row crops and hay/pasture (51% and 16%,
respectively). Small communities with the highest family income
across the entire Lake Simcoe watershed ($100,500) occupy 6% of
cluster #6, whereas another 23.2% are hay/pasture areas, a neces-
sary source of forage for equestrian properties in this cluster. In
contrast, cluster #3, with maximum population density of up to
18.5 person ha�1, represents urbanized cores, whereby an average
of 51% and 24% of the subwatersheds LULC belongs to RESIDEN-HD
and COMM/IND, respectively. Cluster #2 represents suburban
areas, which are adjacent to cluster #3, both in terms of SOM lattice
positioning after neural-network training and actual spatial loca-
tion in the catchment (Fig. 4). Cluster #2 demonstrates moderate
population density of 3.4 person ha�1 and the second-highest
average annual family income among the clusters; $85,700. As a
transient zone between clusters #4,6,7 and the highly urbanized
cluster #3, subwatersheds in cluster #2 incorporate a mix of
different LULC types, such as farmland (28%), forest (20%), and
wetlands (11%).

Overall, the SOM classification provides a convenient framework
for visual detection of land cover patterns (Skupin and Hagelman,
2005; Arribas-Bel et al., 2011). Specifically, the intensively farmed
agricultural lands (CROPLAND) and pastures (HAY/PAST) are
expectedly associated with the low end of slope range, in contrast
to the concentration of low-density urban areas (URB-LD) in high
slope regions (Figs. 2 and 4). Notably, SOM classification of bio-
physical and socio-economic data assigned subwatersheds to
neighboring lattice nodes based on their overall parametric simi-
larities as an integrated SES unit, although their actual locations
may not be in adjacent areas. As such, croplands demonstrate
socio-environmental similarities with hay/pasture land cover
characteristics, whereas high-density residential areas resemble
commercial, institutional and industrial locations (COM/IND). With
the same reasoning, grassland areas are positioned in SOM lattice
nodes close to forested areas, while subwatersheds with natural or
artificial reservoirs (WATER) resemble territories dominated by
wetlands.
3.2. Phosphorus export analysis

We examined the accuracy of P-export estimates based on
multiple and dominant LULC strategies against the reported P
tributary loadings at the pour points of 17 LSRCA watersheds
(MOECC, 2014; Fig. 5aed). The correspondence was evaluated for
2009 as the baseline year, with multi-year average catchment
runoff of 0.8 km3 year�1 between 1990 and 2009 (MOECC, 2014).
While similar agreement was found for multiple LULC (r2 ¼ 0.92,
Fig. 5a) and dominant LULC (r2 ¼ 0.90, Fig. 5c), we note that the
dominant LULC approach provided better fit in Barrie Creek and
East Holland watersheds, while the multiple LULC characterization
provided better results in Black River, Pefferlaw Brook, and Ramara
Creeks watersheds; the areas with the largest mix of LULC (Louis
Berger and LSRCA, 2010, Fig. 5d). Along the same line of
reasoning, the corresponding root mean square error values for
multiple and dominant LULC characterizations were 1.39 and
1.60 T P year�1, respectively, which favors the former (more
detailed) specification of watershed landscape diversity. It should
be noted that the LRSCA spatial delineation of Lake Simcoe



Fig. 4. LULC in Lake Simcoe watershed: (a) based on Ecological Land Classification in Ontario; (b) based on dominant LULC within each subwatershed; (c) according to SOM
clustering; (d) comparison of multiple LULC vs SOM clustering within LSRCA subwatersheds: upper West Holland classified in cluster 7 due to the dominant agricultural LULC;
Ramara Creek classified to cluster 5 due to the predominance of hay/pasture LULC; encircled area in the wetland-dominated Black River classified in cluster 1 due to the very high
carbon content; encircled area in East Holland assigned to the exurban cluster 6 due to the high income of the local residents; Hewitt Creek classified to the suburban cluster 2
because of the high land use diversity in the area .
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catchment was based on a hydrological approach, mainly driven by
the local priorities such as the protection of drinking sources
(surface and ground water), storm water and flood management,
watershed-based fisheries management and less so the nutrient
export mitigation. Fig. 6a summarizes the annual P export from
individual watershed clusters as a function of the corresponding
occupied area and residing population. Among the LSRCA man-
agement watersheds, East Holland, West Holland, Black River, and
Pefferlaw Brook are predominantly included in the “anthropogen-
ically-influenced” clusters (Fig. 4ced), while the former two sites
are also responsible for the highest P export (Fig. 6b). By contrast,
Beaver River and Talbot River are the LSRCA watersheds with the
highest areal contribution to the “undisturbed” clusters (Fig. 6c).

To elucidate the functional relationships between nutrient
export from watershed and socio-environmental catchment char-
acteristics, we identified two distinct structural equation models
(SEMs) for the undisturbed cluster (Fig. 7a) and anthropogenically-
influenced cluster (Fig. 7b), according to the dendrogram classifi-
cation on Fig. 3c, with acceptable goodness-of-fit statistics
(Table S1). The first cluster group connected areal nutrient export
rates (kg P ha�1 year�1) with the proportion of the subwatersheds
occupied by different LULC types, i.e., primarily commercial/in-
dustrial and high density residential areas, followed by lakes and
ponds, and then all types of forests, wetland areas including bogs
and marsh areas, and various crop types. In the second group, the
absolute rates of nutrient fluxes (kg P year�1) were controlled by
actual area sizes of human-associated LULC (m2 subwatershed�1),
such as hay and pasture areas, various crop types, residential high
density areas, commercial and industrial areas, and then the
number of residents (persons subwatershed�1), latitude, and
landscape diversity index.
3.3. Temporal trends of census data in SOM clusters

Aggregation of socio-economic data into subwatershed bound-
aries allowed us to identify clear temporal changes, between 1996
and 2006, and differences between SES clusters regarding the age
and population demographics (Figs. S1aec), immigration
(Figs. S1def), occupation (Figs. S1geh), types and number of
housing (Figs. S2aec), housing density (Fig. S2d), dwelling prices
(Fig. S2e), and family income (Fig. S2f). Notably, although the
population concentrates in clusters 2 and 3, all clusters have



Fig. 5. Comparison of P export from tributary watersheds: (a) based on the multiple land use characterization versus LSRCA loading estimates for baseline year 2009; (b) P export
estimates based on dominant land use for each subwatershed versus LSRCA loading estimates for 2009; (c) comparison of P export estimates for multiple and dominant LULC
classifications; (d) histogram of P export estimates from LSRCA designated watersheds at tributary pour points for multiple and dominant land use classifications.
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experienced population growth (in relative terms), which likely
accentuates the overall impact of catchment urbanization on the
lake ecosystem integrity.
4. Discussion

4.1. Delineation of socio-environmental management units

A holistic approach in natural resource management implies
sophisticated coupling of multi-dimensional environmental and
social data. This integration is typically based on complex mecha-
nistic DSS models, which simulate social, economic and environ-
mental state variables within a watershed context (van Delden
et al., 2011). Alternatively, artificial neural networks, based on
biologically inspired principles of adaptability and self-
organization, provide a convenient, low-cost framework to ach-
ieve synthesis of complex datasets and to extract non-linear pat-
terns (Chon, 2011). As such, the presented SOM approach enabled
the examination of Lake Simcoe basin based on its partitioning into
small-sized subwatersheds, interconnected by common environ-
mental and socio-economic characteristics. This strategy contrasts
the typical practice of basin classification into large-sized sub-
watersheds based on tributary downstream pour points.

In our research, after introducing the social dimension (e.g.,
demographics, family income) into an environmental dataset, we
used SOM analysis to examine if human activity and associated
catchment land use changes result in spatial organizations with
common socio-economic and environmental attributes, regardless
of whether these entities are hydrologically connected to the same
tributaries. Drawing parallels with the concept of Hydrological
Response Units (HRU), as cross-basin spatial organizations with
common hydrological behaviour (Zehe et al., 2014), we can define
the proposed SOM clusters as Socio-Environmental Management
Units (SEMU). Interestingly, this SOM clustering bears resemblance
to the subwatershed ranking based solely on the dominant LULC
(Fig. 4bec), especially in areas with high spatial homogeneity and
minimal population density, such as the cropland belt in West
Holland tributary or hay/pasture in Ramara Creeks. Beyond domi-
nant LULC, other SES parameters that can shape watershed classi-
fication are the soil characteristics (low soil bulk density in Black
River watershed) or family income (forested areas in southern East
Holland, Fig. 4d). We also note that the inclusion of the landscape
diversity index (H-LU) played an important role in the SOM deci-
sion process, e.g., assignment of Hewitt's Creek to cluster #2
(Fig. 4d). Taking all these points into account, the sensitivity of
SEMU definition to socio-environmental parameters used is a
critical facet of the present framework that warrants further
investigation.

Our integrative socio-environmental analysis offered a pre-
liminary tool for the identification of “hot-spots” with increased
likelihood of nutrient export rates in Lake Simcoe watershed
(Kovacs et al., 2012). Three subwatershed clusters, #2, 3, and 7, were
identified as major P sources across the entire basin (68% of total
tributary P export), with >50% contribution in 11 out of 17 LSRCA-
designated subwatersheds (Fig. S3). In particular, our study pin-
pointed the subcatchments of West Holland, East Holland, Black
River, and Pefferlaw Brook as the largest P contributors in the area
(Fig. 6b). Given the ever-growing population and infrastructural
expansion plans (MOI, 2011), the latter finding casts doubt on the
likelihood of successful management implementation in these lo-
cations. Our spatial clustering also sheds light on the water quality
impairment in Cook's Bay at the southwestern part of Lake Simcoe,
as this embayment is both geographically and hydrologically con-
nected to the previously mentioned West and East Holland Rivers



Fig. 6. (a) Phosphorus export by size and population of each cluster; the size of each point is proportional to the amount of phosphorous exported; (b) diagram of area distribution
of anthropogenically-influenced clusters within LRSCA management watersheds with color intensity representing corresponding P export, MT P year�1; (c) diagram of total area of
LRSCA management watersheds with color intensity representing area contribution of undisturbed clusters within LRSCA management watersheds (ha).
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(Gudimov et al., 2012). Phosphorus levels in Cook's Bay are rela-
tively higher (14.8 ± 4.1 mg TP L�1) than any other locations in Lake
Simcoe, as a result of elevated P inputs (>18 T year�1) from the
highly agricultural Holland Marsh. It is also interesting to note that
the predominant fraction of TP in the sediments is carbonate-
bound P (apatite-P) mainly due to the accelerated erosion in the



Fig. 7. Structural Equation Model (SEM) with standardized path coefficients: (a) for the “undisturbed” clusters, where RESIDEN-HD and COM/IND, WETLAND, FOREST, WATER,
CROPLAND and HAY/PASTURE - in %; P_Export - in kg P ha�1 year�1; (b) for the “anthropogenically-influenced” clusters, where RESIDEN-HD and COM/IND - in m2; CROPLAND and
HAY/PASTURE - in %; P_Export - in kg P year�1 subwatershed�1.

Table 2
Standardized total, direct, and indirect effects in SEM model for the “undisturbed”
group of clusters (#1,4,5, and 8).

Variable Cropland COM/IND RESIDEN-HD Water Forest Wetland

Standardized Total Effects
P_Export 0.233 0.467 0.444 0.300 �0.171 �0.165
Standardized Direct Effects
P_Export 0.233 0.467 0.444 0.300 �0.171 �0.165
Standardized Indirect Effects
P_Export N/A N/A N/A N/A N/A N/A
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adjacent catchment (Gudimov et al., 2015).
4.2. Determination of causal linkages within socio-environmental
management units

Our structural equation modelling exercise enabled the identi-
fication of the important SES parameters to control nutrient export
in two major SOM cluster groups. The first “undisturbed” group of
clusters, characterized by modest landscape diversity index (<1.3)
and low average population density <0.4 humans ha�1 (Table 1),



Table 3
Standardized total, direct and indirect effects in SEM model for the “anthropogenically-influenced” group of clusters (#2, 3, 6, and 7).

Variable Latitude H_LU POP HAY/PAST CROPLAND COM/IND RESIDEN-HD

Standardized Total Effects
POP �0.145 0.167
HAY/PAST 0.438
CROPLAND 0.530
COM/IND �0.005 0.321 0.034
RESIDEN-HD �0.120 0.138 0.830
P_Export �0.040 0.383 0.277 0.060 0.157 0.721 0.304
Standardized Direct Effects
POP �0.145 0.167
HAY/PAST 0.438
CROPLAND 0.530
COM/IND 0.315 0.034
RESIDEN-HD 0.830
P_Export 0.060 0.157 0.721 0.304
Standardized Indirect Effects
POP
HAY/PAST
CROPLAND
COM/IND �0.005 0.006
RESIDEN-HD �0.120 0.138
P_Export �0.040 0.383 0.277
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occupies approximately half of the Lake Simcoe catchment (45%). In
this group, the areal nutrient export is modulated by the relative
contribution of different land use/land cover types, expressed as
percentages of a subwatershed area. Importantly, P export is
particularly sensitive to the relative amount of anthropogenically
transformed areas, such as infrastructural and urbanized locations
(standardized path coefficients of 0.47 and 0.44), artificial on-
stream reservoirs (0.30), and croplands (0.23) (Table 2). This clus-
ter group contains the largest inventory of forests andwetlands, the
known natural landscape mediators to control P mobilization from
catchments (McClain et al., 2003). Nonetheless, the standardized
paths from forests and wetlands (z-0.17) are weaker relative to
those from anthropogenically affected areas (0.23e0.47). Thus, to
maximize the attenuation effects of this land use coverage, it is
critical not only to faithfully comply with the LSRCA stipulation that
forests and wetlands should not fall below a minimum of 40% of
total basin area but also that this threshold should be consistently
met in all major local tributaries (MOECC, 2010).

Unlike the first group, nutrient fluxes from the “anthropogen-
ically-influenced” group of clusters are predominantly controlled
by two factors, i.e., human-induced landscape heterogeneity and
subwatershed demographics with total effects equal to 0.38 and
0.28, respectively (Table 3). In terms of the importance of different
LULC types, commercial/industrial and urbanized high-density
areas in the “anthropogenically-influenced” clusters exert signifi-
cant control over catchment P budget, whereas croplands and hay/
pastures appear to play a secondary role. The extent of residential
areas is directly associatedwith catchment demographics (pathway
strength of 0.83). Further, the strong positive covariance between
the residual variability in population and infrastructural LULC
(correlation coefficient between residuals e3-e8 equal to 0.77) is
conceptually on par with the notion that community infrastructure
expansion closely follows population growth in Ontario (MOI,
2011). Additionally, the infrastructural expansion and land-use di-
versity (H-LU) appear to have a tight association and collectively
this pathway is the second strongest modulator of P export (total
effect equal to 0.23 ¼ 0.32 � 0.72). It is therefore reasonable to
assume that the effect of basin population growth and ecosystem
degradation is magnified by the concurrent increase in infrastruc-
ture and industrial developments.

Interestingly, the optimal SEM structure for the “anthropogen-
ically-influenced” clusters does not identify any pathways with
negative regression coefficients, which could provide offsetting
mechanisms for human-induced P mobilization and therefore
could be socio-environmentally non-sustainable in the long run.
This structural difference may be reflective of the presence of two
alternative states within the Lake Simcoe watershed (Polasky et al.,
2011); namely, the “undisturbed” vis-�a-vis the “anthropogenically-
influenced”. The latter finding allows us to speculate about two
critical conditions that may solidify the shift between the two
contrasting states: (i) establishment of a distinct signature of hu-
man pressure on the tributary nutrient export, effectively acceler-
ating nutrient export rates for every incremental addition of new
residents and/or conversion to urban/infrastructural land use in the
watershed; and (ii) the loss of subwatershed sensitivity to natural
(counterbalancing) mechanisms that may curb nutrient export.

4.3. Population and housing trends in socio-environmental
management units

The standardized paths of our structural equation models sug-
gest that the “anthropogenically-influenced” group of clusters
demonstrates weak latitudinal gradients in the population den-
sities (�0.14), residential built-up coverage (�0.12 ¼ �0.14 � 0.83),
and weak covariance between latitude and landscape diversity
indices (r ¼ �0.13). Taking into account that our study area spans
90 km from south to north just above the City of Toronto, this
finding contrasts the typically hypothesized suburban-density
gradients and lends validity to the use of (not necessarily
spatially connected) socio-environmental units as pockets of
growth and environmental stress in the Greater Toronto Area
(Bunting et al., 2002). Post-hoc, multi-layer superposition of census
data with SOM clusters shows that 91% of the population tends to
concentrate in “anthropogenically-influenced” clusters with 77%
belonging exclusively to urbanized clusters #2e3 (Figs. S1b and c).
Importantly, all corresponding decadal growth rates in clusters #2,
3, 6 and 7 (28%, 18%, 23% and 22%) were well above the concurrent
provincial growth of 13% and the catchment long-term growth
projection of ~17% for 2011e2031 (MOI, 2012). The highest growth
rate of 28% in cluster #2 resulted from the cumulative effect of both
migration of families with multiple children or out-of-province
migration (Figs. S1e and f). The main local urban centers
(Newmarket, Barrie, Orillia, Beaverton, Uxbridge) have demon-
strated a shift from the manufacturing industry as a major
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employment sector, to a post-industrial service economy (Figs. S1g
and h). This qualitative change in the productivity mode is
conceptually on par with the urban scaling effect (Bettencourt,
2013), whereby bigger urban centers demonstrate an ability to
create internal service jobs and thus multiply socio-economic in-
teractions within the basin, which in turn serves to attract more
residents in the catchment. Taking into account the basin's popu-
lation growth, from 185,000 to 435,500 residents between 1981
and 2011 (MOECC, 2014), with primary settlement in “anthropo-
genically-influenced” clusters, these trends collectively bring to the
forefront of our study the catchment's overall capacity to maintain
environmental resilience without massive investment in best-
management and conservation practices.

In the same context, we followed the Clark (2012) proposal to
analyze housing parameters in order to unveil the critical drivers of
accelerated residential mobility in the Lake Simcoe watershed and
validate the MOI's (2012) population-growth projections. The ma-
jority of local families prefer to reside in single, detached houses,
which also registered the largest increase (>16,000) of the new
houses built between 1996 and 2006 (Figs. S2aec). The total
housing inventory correlated well with cluster demographics, with
~80% of total dwellings allocated to clusters #2e3 (Figs. S2b and c).
These clusters also accounted for the widest affordable housing
mix, with the largest number of apartments located in highly ur-
banized cluster #3, while suburban cluster #2 experienced higher
development rates in row- and semi-detached dwellings (Fig. S2c).
Following demographic trends, clusters #2e3 demonstrated the
highest rates of residential development (Fig. S2d), given the
addition of ~1 housing unit ha�1 in cluster #3, partly due to con-
struction of high-rise, multi-apartment buildings. This impetus for
active residential development can be attributed to disparity be-
tween average dwelling prices in the Lake Simcoe watershed
($60,000e120,000) and the Greater Toronto Area ($350,000) in
2006, respectively; with more recent prices (2016) of detached
houses of $749,194 in Newmarket and $1,061,789 in Toronto. Taking
into account family incomes between 1996 and 2006 were ranging
from $85,000 to $125,000 in Lake Simcoe catchment (Fig. S2f)
versus a contemporaneous annual average income of $97,000 in the
GTA, affordable housing can, indeed, represent a strong incentive
for accelerated residential mobility in the Lake Simcoe watershed.
4.4. SEMU and stewardship programs

Our integrated socio-environmental analysis can also cast light
on residents' potential engagement in stewardship programs for
nutrient loading reduction initiatives (Bulkley, 2011). Based on the
SOM analysis, residents of cluster #6 are characterized by highest
family income and dwelling values in the basin (Figs. S2e and f).
These residents deliberately opt for quasi-rural settlements in order
to be more connected to nature, which may imply an aptitude to
support conservation programs (Cadieux and Taylor, 2013). This
promotes cluster #6 as a priority target for catchment stewardship
initiatives. By contrast, residents of clusters #1, 5, and 8 represent
the low end of family-income spectrum (Fig. S2f), whichmay reflect
their potential financial interest in wetland mitigation programs
(Bendor, 2009), such as Water Quality Trading (WQT) and the Lake
Simcoe Phosphorus Offset Program (MOECC, 2010). Specifically,
while already holding a large inventory of wetlands (14.6e46.5% of
subwatershed areas, Table 1), clusters #1, 5, and 8, under the pro-
posed WQT regulations to minimize P loading from non-point
sources (Bendor, 2009), can be further occupied with wetlands
and forested areas by phasing out hay, pasture, and other agricul-
tural lands.
4.5. Optimal SEMU spatial resolution

Selecting an appropriate spatial scale for natural-resource
management represents an important issue for integrated socio-
environmental analysis (Laniak et al., 2013). Watershed manage-
ment plans are typically developed based on catchment hydro-
logical boundaries instead of administrative ones, which enables
accounting for the hydrological connectivity and therefore tracking
point and non-point P sources (Laniak et al., 2013). The Lake Simcoe
Phosphorus Reduction Strategy (MOECC, 2010) also considers
catchment delineation for 19 tributary watersheds along main
rivers (Fig. 2b), with areas ranging between 1752e44,624 ha, which
roughly corresponds to the USGS 12-digit hydrological unit classi-
fication (USGS, 2009). Each LSW tributary watershed is subject to
an integrated management plan with detailed specification of
current and projected environmental stressors, social and eco-
nomic factors, and land-use planning strategies (LSRCA, 2012). The
modern IWM practice partly connects the success of watershed
management programs with their finer resolution, down to a level
of hectares or separate households (van Delden et al., 2011; Laniak
et al., 2013). For example, the Soil and Water Assessment Tool
(SWAT) modelling framework (Arnold et al., 1998) recommends 2%
of watershed area as an optimal subdivision level for analyzing BMP
scenarios (Arabi et al., 2006). In a recent case study of the Eagle
Creek Watershed, Indiana, USA (Babbar-Sebens et al., 2015), a
watershed resolution in the range of 50e700 ha was considered
optimal for management purposes. Likewise, our study followed
the 2% threshold with a mean subwatershed size of 350 ha to
maximize the value of information for our socio-environmental
analysis (Fig. 2a).

The proposed SEMU alternative as a basic unit in watershed
management would also greatly benefit from the recent advances
in real-time ecohydrology and continuous water-quality moni-
toring on a municipal scale (Krause et al., 2015), e.g., the AQUARIUS
stormwater study in Lake Oswego; Southern Ontario Water Con-
sortium project (www.sowcdata.ca). The development of technical
capacity of implementing SMART (Specific Measurable Achievable
Relevant Time-bound) principles at a scale of smaller sub-
watersheds creates a necessary feed-backmanagementmechanism
to monitor unsustainable practices or reveal stakeholders' free-
riding attitude. The SMART principle would serve to increase the
stakeholders’ accountability for BMP implementation in a specific
SEMU, since their progress can be verified qualitatively and quan-
titatively in a continuum (along the tributary) relative to the typical
practice of sampling water-quality parameters at selective pour
points downstream. As an additional feedback mechanism, volun-
teer capabilities in data-collection under the citizen-science
initiative (Rieman and Wallenburn, 2015) and the overall involve-
ment of watershed residents of similar SEMUs (Conrad and Hilchey,
2011) can fill the gaps in government-based monitoring networks
by enhancing the temporal and spatial frequency of grab samples.

5. Conclusions

We have presented an integrated socio-environmental analysis
to shed light on the present state of Lake Simcoe watershed and
future perspective in achieving a significant nutrient loading
reduction from 72 to 115 T P year�1 in 2007e2011 to 44 T P year-1

by 2045. Using Self- Organizing Mapping of biophysical and socio-
economic data, we delineated Socio-Environmental Management
Units as a basic organizational unit for integrated watershed
management planning. Integrating social, economic, and environ-
mental data enabled to distinguish between reference or “undis-
turbed” and “anthropogenically-influenced” subwatersheds. In the
latter group, affordable housing appears to be a strong accelerating

http://www.sowcdata.ca
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factor of residential mobility. Moreover, qualitative changes in the
productivity mode, characterized by a shift from themanufacturing
industry to a post-industrial service economy, appear to magnify
socio-economic interactions and thus attract more residents in the
Lake Simcoe basin. Bearing in mind the ever-growing urbanization
pressure, we showed that the “anthropogenically-influenced” sites
have functional properties that collectively cast doubt on their
sustainability, such as the presence of a tight relationship between
demographics and tributary nutrient export, and absence of natural
mechanisms to control environmental degradation. Differences in
the socio-environmental patterns within Lake Simcoe watershed
can be used to gauge the residents' potential engagement in
stewardship programs for nutrient loading reduction initiatives.
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FIGURES LEGENDS 

 

Figure S1: Socio-economic census data for 1996 & 2006: (a,d) aggregated for the Lake Simcoe 

catchment; (b-c, e-h) superimposed to SOM subwatershed clusters: (a) demographics of age groups; 

(b) age group distributions within SOM clusters; (c) relative changes of age groups demographics 

between SOM clusters in 1996-2006; (d) immigrants, labor force and total population in 2006; (e) 

relative distribution of immigrants among SOM clusters; (f) relative changes of immigrants among 

SOM clusters; (g) census data for occupation groups for the entire catchment; and (h) relative 

changes in occupations among SOM clusters. 

 

Figure S2: Housing and family income statistics from 1996 and 2006 census data: (a) types of 

housing statistics for the entire catchment; (b) distribution of dwelling types between SOM clusters; 

(c) relative changes of dwelling types between SOM clusters in 1996-2006; (d) housing density in 

SOM cluster, unit ha-1; (e) average dwelling value in SOM clusters, $ CAD; (f) average family 

income in SOM clusters, $CAD. 

 

Figure S3: Contribution (%) of clusters #2,3,7 in P export from LSRCA tributary watersheds.  
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Figure S3 
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Table S1. Goodness-of-fit statistics for the two structural equation models. 

Goodness-of-Fit statistics SEM for clusters #1,4,5,8 SEM for clusters #2,3,6,7 

GFI 0.97 > 0.9 0.96 >0.9 

CFI 0.96>0.9 0.98>0.9 

NFI 0.95>0.9 0.97>0.9 

NNFI /TLI  0.91 0.96 

RMR 0.001 0.08 

RMSEA 0.091<0.1 0.093<0.1 

GFI (Goodness-of-fit index) = 1 −
F[S,∑(θ̂)]] 

F[S,∑(O)]] 
 , where  F[S, ∑(θ̂)]]   represent the minimum of the 

fit function after the model has been fitted; the denominator is the fit function before any model 

has been fitted (Joreskog and Sorbom, 1993). S – model sample covariance matrix S, ∑(θ)] – 

covariance structure for the observable variables, F[S,∑(θ)]] - fit function.   

CFI (Bentler’s Comparative Fit Index) = 
(χ02−df0)−(χ𝑡2−df𝑡)

(χ02−df0)
, where χ02 represents χ2 fit statistics 

for the null model (Ullman, 2006) taking into account associated degrees of freedom df0, while  

χ𝑡2 represents χ2 fit statistics for the tested model with associated degrees of freedom df𝑡. 

NFI (Bentler-Bonett Normed Fit Index) = 
χ02−χ𝑡2

χ02
 , where χ02 represents χ2 fit statistics for the 

null model, while χ𝑡2 represents χ2 fit statistics for the tested model. 

NNFI / TLI (Non-normed NFI) =  

χ02

df0
−

χ𝑡2

df𝑡
χ02

df0
−1

, where χ02 represents χ2 fit statistics for the null model  

taking into account associated degrees of freedom df0, while χ𝑡2 represents χ2 fit statistics for the 

target model. 

RMR (Root Mean Square Residual) - the average squared differences between the residuals of 

the sample covariances and the residuals of the estimated covariances under the assumption that 

the model is correct.  

RMSEA (Root Mean Square Error of Approximation   = √
χ2

df
−1

𝑁−1
  , where N – sample size, df – 

degrees of freedom, thus allowing to adjust for sample size in χ2 statistics.  

 

Jöreskog, K. G. and Sörbom, D., 1993.LISREL 8: Structural equation modeling with the SIMPLIS 

command language. Scientific Software International. 

Ullman, J. B., 2006. Structural equation modeling: Reviewing the basics and moving forward. J. 

Pers. Asses., 87(1): 35-50. 

 

  



Table S2: Model estimates for the structural equation model developed for clusters #1,4,5, and 8. 

 

 

  

Parameters Estimate 
Standard 

Error 

Critical 

Ratio 

Regression Coefficients 

P_Export ← WETLAND -0.05 0.010 -5.198 

P_Export ← FOREST -0.06 0.011 -5.279 

P_Export ← WATER 0.29 0.027 10.486 

P_Export ← RESIDEN-HD 0.73 0.046 16.093 

P_Export ← COM/IND 1.01 0.060 16.746 

P_Export ← CROPLAND 0.15 0.018 8.539 

Covariances 

e2 ↔ e3 -0.01 0.001 -8.992 

e4 ↔ e6 0.00 0.000 4.460 

e5 ↔ e7 0.00 0.000 -4.073 

e2 ↔ e6 0.00 0.000 -3.979 

e2 ↔ e4 0.00 0.000 -2.816 

e3 ↔ e5 -0.00 0.000 -5.779 

Variances 

e2  0.01 0.001 13.928 

e3  0.01 0.001 14.041 

e5  0.00 0.000 13.837 

e4  0.00 0.000 13.784 

e6  0.00 0.000 13.784 

e7  0.00 0.000 13.784 

e1  0.00 0.000 13.784 



Table S3: Model estimates for the structural equation model developed for clusters #2, 3, 6 and 7. 

Parameters Estimate 
Standard 

Error 

Critical 

Ratio 

Regression Coefficients 

P_Export ← RESIDEN-HD 0.03 0.002 14.069 

P_Export  ← COM/IND 0.25 0.008 31.760 

P_Export  ←CROPLAND 10.83 1.380 7.853 

CROPLAND ← H_LU 0.03 0.003 7.781 

COM/IND ← H_LU 3.21 1.207 2.659 

P_Export ← HAY/PAST 6.05 1.895 3.191 

HAY /PAST ←  H_LU 0.02 0.003 5.948 

POP ←  H_LU 0.60 0.284 2.078 

COM/IND ←  POP 0.10 1.447 0.068 

RESIDEN-HD ← POP 7.935 0.429 18.514 

POP ← LATITUDE -87.288 48.426 -1.803 

Covariances 

H_LU  ↔  LATITUDE 0.000 0.000 -1.605 

e2  ↔  e3 -78.13 16.811 -4.648 

e3  ↔  e8 41.20 29.038 1.419 

e3 ↔  e5 0.12 0.036 3.170 

e2 ↔  e5 -0.28 0.112 -2.450 

Variances 

H_LU   1.67 0.193 8.631 

LATITUDE 0.000 0.000 8.631 

e8  19.73 2.285 8.631 

e2  595.71 69.017 8.631 

e3  146.48 120.268 1.218 

e5  0.003 0.000 8.631 

e6  0.002 0.000 8.631 

e1  0.99 0.115 8.631 

 


