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This paper takes a new look on transition processes in social-ecological systems, identified
based on household use of direct ecosystem services in a case study in KwaZulu-Natal,
South Africa. We build on the assumption that high dependence on local ecosystems for
basic needs satisfaction corresponds to a “green loop” type of system, with direct
feedbacks between environmental degradation and human well-being. Increasing use
of distant ecosystems marks a regime shift and with that, the transition to “red loops” in
which feedbacks between environmental degradation and human well-being are only
indirect. These systems are characterized by a fundamentally different set of sustainability
problems as well as distinct human-nature connections. The analysis of a case study in
KwaZulu-Natal, South Africa, shows that social-ecological systems identified as green
loops in 1993, the average share of households using a characteristic bundle of direct
ecosystem services drops consistently (animal production, crop production, natural
building materials, freshwater, wood). Conversely, in systems identified as red loops,
mixed tendencies occur which underpins non-linearities in changing human-nature
relationships. We propose to apply the green to red loop transition model to other
geographical contexts with regards to studying the use of local ecosystem services as
integral part of transformative change in the Anthropocene.

Keywords: regime shifts, social-ecological systems, ecosystem services, human-nature relationships, land use
change (LUC), doughnut economy, provisioning systems

INTRODUCTION

In sustainability research the concept of regime shifts has repeatedly been referred to as a
fundamental re-organization of a system, typically resulting in irreversible biophysical change
(Scheffer et al., 2001; Biggs et al., 2012; Lade et al., 2013). The rise of global capitalism as the dominant
system of production has led to an increase of the frequency and scale of shifting regimes
(Millennium Ecosystem Assessment 2005; McMichael 2009; Moore 2015). Several modeling
approaches are used to demonstrate the ecological and economic impacts regime shifts create
(e.g., Folke et al., 2004; Lade et al., 2013; Levin et al., 2013; SRC 2019). Further transgressing planetary
boundaries puts the Earth system at risk of being pushed into an entirely new state (e.g., Steffen et al.,
2015). In the Anthropocene, referred to as a beginning new geological epoch in which human activity
became the driving force of change, this could mark a regime shift at unprecedented scale (e.g.,
Steffen et al., 2018).
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However, the focus on changing biophysical and economic
properties in shifting regimes largely leaves aside relational shifts
between humans and the ecosystems they co-inhabit. This
concerns manifold types of relations, including metabolic,
cultural or spiritual relationships of humans and surrounding
ecosystems and questions in how far regime shifts alter such
relationships. Despite an increasing recognition of the
interconnectedness between natural and human system
components, to date, examining this interface between human
and non-human nature in social-ecological system (SES) research
is under-researched. This is likely due to a persistent dichotomic
understanding of human-nature relationships in modern science
(Moore 2015; Weber 2016). Moving beyond conceptions of
nature as a mechanical-causal object, both ontologically and
epistemologically, will require a similar paradigmatic shift than
the supersession of Newtonian physics by quantum physics at the
beginning of the 20th century (ibid.). This being an aspiration
beyond the purpose and possibility of this paper, we aim to
establish an entry point to examine “fundamental shifts in
perspectives, world views and institutions” (Folke et al., 2011,
719) required to reconnect humans to the biosphere and
transform toward more stable and just regimes in SES.

To explore this dimension of regime shifts, we use household
level data on the use of direct ecosystem provisioning services
(ES) required to satisfy basic needs to understand such relational
shifts in the interaction between human and non-human
counterparts in SES. In doing so, we extend a methodological
approach developed by Hamann et al. (2015) identifying SES
based a characteristic bundle of ES, including energy, food, water
and shelter. These authors use cross-sectional data. The novelty of
the research is underpinned by the use of panel data which
permits to analyze the dimension of time in shifting regimes. This
is examined in the case study area in KwaZulu-Natal, South
Africa, over the period 1993 and 2011.

Conceptually, the approach is rooted in the “green-to-red
loop” transition model that was developed by Cumming et al.
(2014) and aims to understand implications of agricultural
transitions and urbanization for ES. In this model, two
archetypal systems exist. On the one hand, “green loops”, or
rural-agricultural systems, which are characterized as types of SES
in which households tend to heavily rely on locally sourced
(direct) ES to satisfy basic needs, e.g., subsistence farming of
crops and animals, self-collection of wood for energy, use of
locally available building materials for shelter or the fetching of
water. In these systems there are direct feedback mechanisms
between environmental integrity and human well-being. The
authors further describe a “green trap” as the consequence of
ecological breakdown caused by overexploitation and
degradation of the local natural resource base and reinforced
by rural poverty (ibid.).

Contrarily to that, “red loops” or urban-industrialized systems
denote a type of SES in which households largely rely on faraway

'Note that in the remainder of the study we use the abbreviation “ES use” or “direct
ES use” interchangeably. For a full classification of ES and a distinction between
direct and indirect uses see Millennium Ecosystem Assessment (2005).

Understanding Regime Shifts in Social-Ecological Systems

(indirect) ES to satisfy the same basic needs. This tends to occur
through marketized, transported and packaged ES in a monetary
economy. Thus, the economy is built on remote extraction of ES
from distant ecosystems which involves a much larger
complexity, scale and degree of the division of labor. A “red
trap” is described as the consequence of excessive consumption
and failure to regulate ecological decline as an economy’s resource
needs are scaled up. In these systems, the connections to
ecosystems are “less obvious and immediate” than in green
loops (ibid., p.55). To avoid environmental collapse, both
types of systems need to fundamentally re-organize and
address distinct sustainability challenges and avoid green or
red traps, respectively (Figure 1).

The transition from green to red loops involves a variety of
historically specific and interrelated factors (Folke et al., 2004;
Cumming et al., 2014). This typically leads to gradually shifting
regimes. However, regime shifts can also occur abruptly, for
instance when slowly changing variables concur with an
external shock that can “tip” the entire system into an
alternative state (Biggs et al., 2012). One example of the latter
are coral reefs or grasslands have been found highly sensible
to invading species (e.g., Levin et al, 2013). Here, the more
narrowly a system is defined, the higher the likelihood to find
variables that abruptly change in response to shocks or
stressors. In systems at higher forms of aggregation it becomes
increasingly complex to identify critical thresholds that mark a
regime shift. We focus our analysis on the household use of
ecosystem services which serve as provisioning systems - and
depending on the type of use - may indicate the occurence of a
regime shift.

The paper proceeds as follows. The section Methods and
data presents the case study area as well as the methods and
data used to identify regime shifts from changing ES use. The
section Results presents the changing ES use in the case study
area of KwaZulu-Natal in the observation period between
1993 and 2011. Moreover, the spatial distribution is mapped
using official shapefile data from the year 2011. The subsequent
section discusses the findings focusing on empirical challenges
related to the study of regime shifts within archetypal
analysis (e.g., Eisenack et al.,, 2019). The last section provides
an outlook on using the presented approach to studying
variegated human-nature relationships in the context of
transformative change.

METHODS AND DATA
Case Study Area and Data

KwaZulu-Natal is one of nine provinces in the south-east of South
Africa (Figure 2A). It covers with 9.335.137 hectares some eight
percent of South Africa’s total land area and with over 10 million
inhabitants more than 20 percent of the total population (Stats SA
2012a; Driver et al, 2015). Important economic activities are
extractive industries like coal and iron, tourism and trade logistics
that revolve around the economic hub Durban which is not only
the third largest city of South Africa but also hosts the largest
maritime port in Southern Africa. The population in the most
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Type 1: Green loops or rural-
agricultural systems

eEconomies strongly rely on local
ecosystem services

eDirect feedback mechanisms
between environmental
degradation and human well-
being

«"Green trap" as a major
sustainability challenge, i.e. a
vicious circle between growing
poverty and local environmental
degradation

ePotential overuse or undersupply
of local ecosystem services as
sources and sinks

\. J

FIGURE 1 | Characteristics of green and red loops and related sustainability challenges. Based on Cumming et al. (2014) and Hamann et al. (2015).

Type 2: Red loops or urban-
industrialized systems

eLittle or no direct dependence on
local ecosystems, the economy is
built on remote extraction of
goods and services from distant
ecosystems through trade

eIndirect feedback mechanisms
between environmental
degradation and human well-
being

*“Red trap”, as a major
sustainability challenge, i.e.
unsustainably growing ecological
footprints resulting from
overconsumption and production

ePotential overuse or undersupply
of local and distant ecosystems
as sources and sinks

J
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shown. Data: Official shapefiles from the South African Demarcation Board (2016).
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FIGURE 2| (A) Location of KwaZulu-Natal in SA. District municipality borders are shown. (B) District municipalities in KwaZulu-Natal. Local municipality borders are

recent census was composed of Africans (86.8%), Asians (7.4%),
Whites (4.2%) and Coloreds (1.4%). In most of the province, the
main language is Zulu, alongside with Xhosa, English and
Afrikaans (Stats SA 2012b). Politically, KwaZulu-Natal is
divided into 11 district municipalities and 44 local
municipalities (Figure 2B). This study uses the local
municipality as main spatial unit of observation.

Historically, the arrival of the British in the 19th century
initiated the enclosure of immense areas for sugar cane
plantations that required large amounts of low-skilled labor.
Colonization thus paved the way for today’s agro-industry and
forestry. Sugar cane and timber plantations together are the
dominating land use category in KwaZulu-Natal today and
represent some 12% of the total land area (Driver et al., 2015).
Next to this, degraded or fallow land represents some 8%,

subsistence agriculture 7%, built-up areas 2% of total land
cover. Land classified as “natural land” decreased from 66% in
2005 to 59% in 2008 (ibid.). KwaZulu-Natal is one of the few
provinces in SA in which the rates of land use conversion loss are
currently high enough to potentially irreversibly lose natural
habitat within the next 3 decades (Driver, Sink, and Nel 2012).
The threat of losing vital ecosystem services through land
conversion underpins the relevance of choosing this geography
with regard to their use by households.

The study relies on data from the “KwaZulu-Natal Income
Dynamics Study (KIDS)”, the first ever collected set of panel data
containing information on ES use based on questions regarding
basic needs satisfaction of households. The data set followed an
initial set of 1,519 households and spans back until before the end
of apartheid in 1993 (University of KwaZulu-Natal 2004). For
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TABLE 1 | Composition of the characteristic bundle of ES adopted from Hamann et al. (2015) for both census and KIDS data.

Number Dummy variable

Animal production

Crop production

Natural building materials
Freshwater

Wood

g~ wWwND =

week >1

Observation (Dummy = 1, all other answers Dummy = 0)

The household farmed one or more types of animals or poultry in the past year

The household harvested one or more types of crops in the past year

The household resides in a traditional dwelling (hut) made from locally available materials®

The household mainly sources its freshwater for household use from either a spring, stream or river

Wood as the main source of energy and/or average number of trips of at least one household member collecting wood per

4(Stats SA, 2012b, p. 19) define a traditional dwelling as “a dwelling made primarily of clay, mud, reeds or other locally available natural materials”.

selected variables, KIDS data is comparable to the second data source,
national census data from 2011 (Stats SA, 2012b). In South Africa,
census data is collected every 10 years with an expected next release in
2022, a year in which this analysis could potentially be updated. Using
both data sources permits the study to observe not only the
distribution of different types of SES but also ES use dynamics
within each type of system. The data sets are representative at the
respective level of aggregation and population weights have been used
to calculate the results. Lastly, the results from survey data are mapped
and spatially represented using the most recent and official shapefile
data downloaded from the South African Demarcation Board (2016).
Note that several municipal border changes inhibited a consistent
spatial analysis of KIDS data.

Understanding Regime Shifts From Direct
Ecosystem Service Use in Social-Ecological
Systems

We propose to use household-level data on direct ES use as a
proxy for the underlying dynamics of SES building on the premise
that there exist characteristic bundles of ES that represent
“integrated expressions of different underlying social-ecological
systems” (Hamann et al,, 2015, 218). A similar bundle has been
chosen from 2011 census data according to local circumstances
and data availability by these authors reflecting vital basic needs,
including variables that indicate how food, energy, shelter and
water are accessed (Table 1-Composition of the characteristic
bundle of ES adopted from Hamann et al. (2015) for both census
and KIDS data.). The main difference is that in several cases,
KIDS data is more detailed. For instance, in the KIDS data set,
additional information exists on the frequency with which
households self-collect wood per week as well as the number
of household members engaged in self-collection of wood.
Conversely, census data only indicates the main source of
energy for cooking or heating, among “wood” is one out of
several possible sources. In such cases, the minimum common
denominator between the two datasets has been chosen with
regards to enhancing consistency across data waves.

ES use data are assumed to be expressive of the metabolic
relationship each household® with their surrounding ecosystems.

*Defined as “a group of persons who live together and provide themselves jointly
with food or other essentials for living, or a single person who lives alone. Note that
a household is not necessarily the same as a family” (Stats SA 2011, 55). Note that
KIDS has a similar, but somewhat looser definition of households.

Such metabolic relationships can be indicative of variegated
relational forms between the human and non-human
counterparts of a system, including cultural, spiritual or
economic relationships. Uses of other ES are likely to be
correlated with the use of the five ES but cannot be included
in the characteristic bundle due to the lack of purpose-collected
data. Indeed, many studies underpin the importance of hundreds
of wild resources as significant components of livelihood
constituencies in Sub-Saharan Africa, especially in rural areas
(Cavendish 2000; Shackleton and Shackleton 2011; Neves 2017).
Thus, the assumption also implies a higher likelihood that
households which satisfy their basic needs with the chosen
bundle of direct ES also make use of a larger basket of natural
(or “wild”) resources. This underpins the characteristics found for
green loops. Conversely, in red loops the approach rests on the
assumption that non-use of direct ES implies the reliance on
distant ecosystems. As a corollary, red loop dynamics presuppose
an economic system able to extract, transport and distribute the
ES necessary for basic needs, a high degree of the division of labor,
a high degree of the regional or supra-regional integration of
value chains as well as a potentially higher material-energy
throughput of the system due to economies of scale and scope.
A last necessary assumption for the approach taken is the premise
that green and red loops form spatial units which are relatively
coherent (Hamann et al., 2015). The scale of these units depends
on spatial explicitness of survey data and the possibilities to cross-
link ES use data with geospatial information. As described further
below, in this study we use the local municipality as the spatial
unit of observation, and analyze household characteristics of
changing ES use within these units. The main premises of this
approach are summarized in Table 2.

The type of loop is identified using a kmeans cluster algorithm
which groups units (=local municipalities) with the highest average
direct ES use into green loops and units with the lowest average
direct ES use into red loops. Following Hamann et al. (2015), a
third category of SES (so-called “transition loops”) is included in
the analysis in addition to green and red loops. The choice of three
clusters was validated using the clValid package in R fitting the
optimal number of clusters for comparability.

The procedure to identify loop types based on household-level
use of the characteristic bundle of ES at local municipality level is
as follows:

1. Determine the average share of households using individual
ES (n = 5) at local municipality level (n = 44) and by
year (n = 4)
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TABLE 2 | Main premises of the methodological approach, including their rationale and potential limitations.

# Premise

1 Theuse (or non-use) of a characteristic bundle of
ES is expressive of the underlying dynamics
of SES.

2 Loops correspond to clusters which form
spatially coherent units.

3 Decreasing direct ES use can reflect a gradual
regime shift.

Rationale

Households that do not (or only relatively little) use locally
available ES must use distant ES (— red loops)
Households that use locally available ES relatively strongly
do not need to use distant ES (— green loops).

The cluster algorithm attributes spatial units

(i.e., municipalities) their loop “status” based on the
average use “intensity” with which households use
components of the characteristic bundle of ES (e.g., 71%
of households in municipality A (green loop) self-collect
wood for energy purposes which is sufficiently distinctive
from municipality B (red loop) in which only 11% of
households self-collect wood for energy purposes.

Systems of provision in which the majority of households
satisfies its basic needs by remote extraction of ES

represents a fundamental re-organization of the previous
system in which the majority of households relied on local

Potential limitations

System configurations in which households use both
locally available and distant ES can occur (AND/OR).
Such a situation cannot be captured with the data
available for this study which only permits a dummy
variable (YES/NO) approach. Moreover, the available
data does not permit to assess quantities of ES.

The goodness of the assumption depends on
measures of dispersion of observations around the
cluster points (the “intra-cluster variance”). In socially
diverse or economically very unequal societies,
households with fundamentally different means to
access basic needs services live in spatial proximity. In
such contexts, outliers are obfuscated by “labeling” a
spatial unit green, red or transition loop. Thus, in red
loops, green loop dynamics can persist, and vice versa.

Concurring tendencies: Poverty or crizes can “push”
households back to using local ES as a last resort;
Educational efforts or conscious living can enable
households in red loops to re-connect to the local

ecosystems for basic needs satisfaction.

2. Run a calibrated kmeans cluster algorithm to subdivide the 44
municipalities into clusters of high similarity: green loop (=
high average use), transition loop (= medium average use) and
red loops (= low average use) in the first year of the
observation

3. Visualize the within-cluster change of average ES use in
subsequent years comparing with the initial 1993 cluster
solution

4. Spatially map the results of the analysis connecting geospatial
data (official shapefiles) to spatial information contained in
socio-economic survey data, where possible’

K means-clustering relies on the Hartigan-Wong algorithm
(Wong and Hartigan, 1979). The algorithm minimizes the within
sum of squares given by:

WSS(C) = min Y (x; - )’

x;€Cy

where WSS is the within sum of squares or total intra-cluster
variance, Ck is one out of k € {1,2,3} clusters, xi represents the
individual data observation of a single municipality and uk the
mean value of all municipalities clustered in k. The method picks
random starting values for each of the groups (n = 25) and
allocates individual observations to one of the three groups
corresponding to the lowest WSS defined by numerical
iteration (n = 10.000). By minimizing the WSS for each
random starting point, the algorithm converges against pre-
defined centroids that contain the least dissimilar observations.
These centroids correspond to the amount of clusters (k = 3)

*Mapping local municipalities was only possible for the year 2011 (census data) due
to shifting municipality borders between 1993 and 2004.

biosphere, e.g., by perceiving local food, water or
energy communities as a way of a convivial, resilient and
diversified lifestyles.

based on internal and stability tests performed in the stats
package in R as well as for comparison with Hamann et al.
(2015). The distance between each centroid indicates the degree
of similarity (or dissimilarity) between the three types of systems.
As there is no predefined threshold (e.g. a minimum share of
households that using an ES), the cluster algorithm will always
find three solutions even if use intensities across all municipalities
are comparable. Since we are interested in the question how
average ES use intensities change over time within clusters, in
subsequent section we use the kmeans clustering to identify the
distribution of loop types in 1993-the first year for which ES use
data is available. In a subsequent step, we analyze the average ES
use intensities in subsequent data collection waves in 1998 and
2004 within the loops identified in 1993. This permits to observe
the within-system dynamics of changing ES use which is
illustrated by colored lines in Figure 3. The same figure
indicates through stars the 2011 cluster solution as observed
from census data for comparison. The line is not continuous since
the 2011 value can only serve as a comparison. Due to limitations
stemming from differences in the data structure (e.g., in sample
sizes, geographical aggregation as well as questionnaires) we
decided to use stars instead of a continuous line to indicate
some reservation when comparing KIDS and census data.

RESULTS

Overall Trends and Characteristics

Between 1993 and 2011

Direct ES use changed substantively in all three types of SES,
green, transition and red loops, over the period between 1993 and
2011 (Figure 3). When interpreting these tendencies, it is
important to keep the share of households per type of loop in

Frontiers in Environmental Science | www.frontiersin.org

July 2021 | Volume 9 | Article 695348


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Censkowsky and Otto

Understanding Regime Shifts in Social-Ecological Systems

Animals Crops Materials Water Wood
1.004
[
0.751 N %
.
) T AN
a ! *
E *
O nend *
% 0.50 : 3 3 pe
@
= . .
o i *
. i ?
i
0.251
) ,'/ x
7 .
. 4
2 d ﬁ * 2
X /
1 / -
;/ /
o < ./”'/.\x‘ * .___~—'/
o———*
0.001
1993 1998 2004 2011 1993 1998 2004 2011 1993 1998 2004 2011 1993 1998 2004 2011 1993 1998 2004 2011
Year
FIGURE 3 | Evolution of average direct ES use in KwaZulu-Natal between 1993 and 2004 at municipality level. Green lines correspond to green loops yellow lines to
transition loops and red lines to red loops. Results from 2011 reported with stars for comparison. Standard errors (se) are within the range of se ¢ (0.008; 0.042). Data:
KIDS 1993-2004 and 2011 census data. Note: The analysis relies on the clustering of a municipality as green, transition or red loop in 1993 to observe changes within
that municipality over subsequent data collection waves. Due to limited comparability between KIDS and census data and some inconsistencies seem apparent
(e.g., “Materials” where the data waves between 2004 and 2011 are not reasonably comparable).

mind. In 1993, some 54% of all households in the KIDS sample
were living in spatial units classified as red loops. Thus, more than
half of the households in the sample already lived in red loops
when the period of observation begins. By 2011, their share rose
to 62% in 2011 in the census population. This potentially reflects
the continuation of a gradual regime which has been ongoing
since many decades. Moreover, in 1993, 16% of all households in
the KIDS sample were living in spatial units classified as green
loops, a share which decreased to 14% in the 2011 census
population. Also, the share of households living in transition
loops first increased from 30% in 1993 to 32 and 38% in 1998 and
2004, respectively, and drops to 24% in the census population in
2011.* Also this trend reflects the expected linear change away
from green loops and toward red loops. However, non-linearities
exist in the co-evolution of the type of loops. This is visible from
several jump discontinuities in the graph, e.g., for the use of
locally available natural building materials. More importantly,
this can be seen in opposing tendencies of ES use between green

*The absolute numbers and relative shares of sample households living in green,
transition or red loops as well as the absolute number of clusters classified as either
type of loop is provided in Supplementary Table 1.

and transition or red loops. While the average ES use in green
loops drops, it augments at the same time in transition or red
loops, especially for the variables concerning food (animal and
crop production) and wood. That households increasingly use
local ecosystems to satisfy basic needs in the case study area is
underpinned by the fact that between 2005 and 2011 the land
cover area in KwaZulu-Natal used for subsistence agriculture
almost tripled (Driver et al., 2015).

With few exceptions, k means clustering identifies sufficiently
dissimilar ES use across the three types of SES. This can be seen
through the distance between the black dots (or stars, for census
data) in each year of data observation. The black dots (or stars, for
census data) indicate the average share of households using an
individual bundle component in a respective cluster and year.
One exception for poor variance across clusters is the US “crops”
and “animals” in 2011, where we see that the share of households
using this individual ES does barely vary across clusters. This may
be explained by the fact that in South Africa there exists a separate
census for agricultural households potentially rendering data
quality in the standard survey comparatively poor.

The use of ES were found to correlate significantly with one
another and we can reasonably expect that households using
multiple components of the characteristic bundle of ES also use
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TABLE 3 | Correlation coefficients between the five components of the
characteristic bundle of ES.

Water Wood Materials Crops Animals
Water 1 0.413 0.337 0.037 0.170
Wood 0.413 1 0.489 0.086 0.284
Materials 0.337 0.489 1 0.054 0.206
Crops 0.037 0.086 0.054 1 0.294
Animals 0.170 0.284 0.206 0.294 1

many more ES not comprised by the bundle (Hamann et al., 2015;
Shackleton and Shackleton 2011). In KwaZulu-Natal, the
strongest correlations in the KIDS panel data set were found
between the use fuelwood and natural building materials (r =
0.49) as well as fuelwood and water from a natural source (r =
0.41). The least correlated is crop use with sourcing water from a
natural source (r = 0.037). Table 3 provides an overview of all
correlation coefficients of bundle components as observed for
KwaZulu-Natal from census data in the year 2011.

By Type of Social-Ecological System

In systems identified as green loops in 1993, the average share of
households using direct ES from local ecosystems decreased
consistently for all five components of the characteristic bundle
of ES (Figure 3, green lines). Most notably, food-related
provisioning services (animal and crop farming) and the use of
natural building materials dropped over period of 18 years under
observation. Locally sourced water and fuelwood use dropped less
rapidly and remain on a comparatively high level in 2004 and 2011.
In systems identified as transition loops in 1993, mixed tendencies
are observed across the five components of the characteristic
bundle of ES (Figure 3, yellow lines). Food-related ES (animal
and crop farming) and locally collected fuelwood use become
relatively more important to households’ livelihoods, while
natural building material use and water use from local sources
significantly drop. The sudden surge of a food and energy-related
provisioning services can indicate the exposure of households to
food insecurity or economic hardship. In systems identified as red
loops in 1993, also mixed tendencies occur across the five
components of the characteristic bundle of ES, comparable to
the tendencies in transition loops (Figure 3, red lines). Food-
related ES (animal and crop farming) and fuelwood from local
sources become relatively more important to households’
livelihoods, while natural building material and water use from
local sources are oscillating relatively little, remaining on levels of
below 10% across all data waves.

By Type of Ecosystem Service

The importance of the characteristic bundle of direct ES for
livelihoods varies. Clear tendencies can only be observed for the
provision of drinking water and fuelwood. In all three types of
systems, households decreasingly depend on natural sources for
their drinking water. This is likely to be due to the increased
supply of municipal tab water which has been one key pillar of
urban and rural development strategies of post-apartheid South
Africa. In the case of fuelwood, households seem to become
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increasingly reliant. Despite almost 78% of households using
electricity for lighting in 2011 (Stats SA, 2012b), fuelwood
continues to remain a very significant and increasingly
important source of energy for cooking and heating. Across
the three system types, fuelwood is used on average by 74% of
all households in green loops, some 57% transition loops and
some 16% in red loops. This mirrors studies that examine the
continued strong use of fuelwood and in Sub-Saharan Africa (e.g.,
Dovie, Witkowski, and Shackleton 2004; Neves 2017). Given its
importance, we conducted a first estimate of biophysical
quantities of annual household use of fuelwood (Table 4).
Provided that energy efficiency parameters, for instance, with
regard to cookstoves, did not significantly change over the
observation period, we assume that the total annual fuelwood
consumption is strongly correlated with population growth
which was between 1996 and 2011 more than 20% (Stats SA,
2012b). Moreover, the results in Figure 3 indicate that the share
of households using fuelwood as primary energy source increased
since 1993, especially in transition and red loops.

Natural building materials are decreasingly used to a lesser extent
across all types of systems. The sudden drop of households
indicating to live in dwellings made of locally available materials
in 1998 however is due to a data inconsistency between KIDS and
census data. Due to the higher representativeness, census data should
ultimately be preferred for interpretation and it is likely that KIDS
underestimated the number of households living in dwellings made
of locally available materials. Moreover, food-related direct ES have
seen a strong decrease in green loops and opposed to that, an
increasing trend in transition and red loops. This is interesting in so
far as that while in green loops self-grown food decreases in relative
importance, in transition and red loops, they strongly increase
between 1993 and 2004 and approximate levels comparable to
green loops. Comparing the KIDS data to census data is also
here possible only with reservation. Yet, given that red loops and
transition loops represent over 65% of the total land area of
KwaZulu-Natal, the finding is consistent with the most recent
physical account of land cover change between 2005 and 2011
which showed that subsistence agricultural land increased
almost by a factor of three between 2005 and 2011. Moreover,
the increasing share of subsistence agriculture in red loops may be
interpreted as a rising interest in urban agriculture, a trend found of
particular relevance in urban townships (Coetzee and Van Averbeke
2011).

Which ecosystem services in which spatial unit are used is a
function of biophysical supply of ES and socio-economic and
political factors (SRC 2011; Biggs et al., 2012). The combination
of these factors eventually defines the properties of the emerging
system. In KwaZulu-Natal the biophysical supply of ES varies
across municipalities (SANBI 2018). This variance highlights
another limitation of our approach which implicitly assumes
an equal distribution of biophysical supplies across KwaZulu-
Natal. This is because we define the characteristic bundle of ES
uniformly across all municipalities, regardless of whether
analyzing the mountainous hinterland with continental climate
of the province or the coastal belt with milder climatic conditions.
Hamann et al. (2015) use additional variables like the local supply
of wood, the mean annual runoff of water and the grazing and
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TABLE 4 | Estimate of annual fuelwood consumption in KwaZulu-Natal.

Number of households
using fuelwood as
primary energy source

Share of total
households using fuelwood
as primary energy

source by loop by loop type®
type (%)
Green loops 73.50 316.693
Transition loops 56.50 435.388
Red loops 16.00 317.122

Understanding Regime Shifts in Social-Ecological Systems

Estimated emission levels
(Megatons carbon dioxide/year)®

Aggregate fuelwood consumption
per year (tons/year)®

1.161.630,4 1,54
1.5697.004,8 2,12
1.163.203,2 1,55

aThis figure includes agricultural and non-agricultural households for which separate census data is available.

bThis figure was calculated using a comparable default on average fuelwood consumption per capita validated by UNFCCC (2019) for use under the Clean Development Mechanism in
Ethiopia (=0.917 tons/year). The figure was calibrated at household level in KwaZulu-Natal (provincial average household size in 2011 = 4.0 persons/household).

°This figure was calculated using a comparable default on the fraction of non-renewable biomass validated by UNFCCC (2019) for use under the Clean Development Mechanism in
Ethiopia (=0.76), IPCC default parameters on emissions from burning woody biomass (112.000 kg/TJ) and the net calorific value of fuelwood (0,0156 TJ/ton).

Local Municipalities

Low Use Category i 4

4 585

Medium Use Category

High Use Category

0 50 100 Kdomelers
—t—

D Crops . Animals . Materials . Wiales . Wood

FIGURE 4 | (A) Typical composition of direct ES use at municipality level. Low use category corresponds to red loops, medium to transition loops and high to green
loop types of SES. Petal lengths indicate the average percentage of households in a given category using one direct ES. Standard errors (se) range within se ¢ (0.008;
0.042). (B) Distribution of use categories across KwaZulu-Natal. Data: Census 2011 and official shapefile data for border demarcation.

Low Use Category Medium Use Category High Use Category

cultivation potential of municipalities to predict the type of loop
with biophysical supply factors. This type of analysis could also be
extremely valuable, especially when linking the question of the
quality of biophysical supplies to dynamics of green or red traps.
With the data available for this study, we only conducted an

additional analysis to predict the ES use intensity from social
factors (e.g., household income, gender of household head etc.).
Since this type of causality analysis is not the focus of this paper,
the preliminary results are presented in Supplementary
Table A2.
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Spatial Distribution of Loop Types in 2011

The compatibility of census data with recent border demarcation
in KwaZulu-Natal permits to associate green, transition and red
loops with shapefile data from the South African Demarcation
Board (2016). Spatially mapping SES assumes that it possible to
assign clear spatial boundaries to SES whereas in reality
boundaries in complex systems are likely to be less
pronounced (Cilliers 2001). The emerging map of green,
transition and red loops shows a clear non-random pattern of
distribution in 2011 (Figure 4). Green loops appear in clusters in
the north, center and south of the province while red loops
dominate in the most populous coastal areas. In KwaZulu-Natal,
green loops visibly overlap with the distribution former bantustan
or homeland areas of South Africa where Zulu or Xhosa people
were forcefully settled as an act of racial segregation by the
apartheid regime (Supplementary Figure 1). Of the total
number of households, 62.26% of all households in KwaZulu-
Natal live in red loops, 24.21% in transition loops and 13.53% in
green loops (Supplementary Table 1). This corresponds to 15, 25
and 11 local municipalities, respectively. Further research
demonstrated that human wellbeing in green loops tends to be
lower than in red loops (Hamann et al., 2016).

The different geographical aggregation of KIDS panel data as
well as several shifts in local and district municipal border
demarcation between 1993 and 2011 made it impossible to
spatially map the changing types of systems over time. This is
why spatial mapping could only be performed for 2011 census
data. Changes in ES use could well be mapped with upcoming
2022 release of census data.

DISCUSSION

This study observed the relationship of households with
surrounding ecosystems based on analyzing the changing use
of a characteristic bundle of ES relevant to satisfy basic needs over
time. Embedded in the green-to-red loop transition model, in
three main aspects are discussed. First of all, this concerns the
empirical limits and possibilities of identifying a regime shift
using a characteristic bundle of ES as a proxy. The second section
discusses the assumptions and limitations of the analysis. The
third section discusses the underlying drivers of change based on
existing research. The fourth section discusses the potential of
using this approach as an entry point to study the diverse
relationships between humans and ecosystems in the context
of transformative change toward safely and justly staying within
planetary boundaries.

Green-to-Red Loop Transition: Has a
Regime Shift Occurred?

The term regime shift is repeatedly used to describe processes
within social-ecological systems that fundamentally alter the
organization of underlying system dynamics (SRC 2011; Biggs
et al., 2012). The exact meaning of such fundamental change
strongly depends on the definition, the scale and scope of the
system under investigation and therefore notably on the
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theoretical and methodological choices in the context of a
specific case study. This study examines a substitution process
where locally sourced ES get increasingly replaced by faraway
indirect ES in the case study area of KwaZulu-Natal (Figure 3).
We found that in green loops identified in 1993, the average use of
ES consistently dropped across all ES composing the
characteristic bundle. In transition loops, the tendencies are
rather mixed and in initial red loops, the average use of
several ES even increased throughout the observation period.
Given this mix of tendencies, we argue that more scientific effort
is needed to calibrate thresholds upon transgression of which one
can robustly identify a regime shift. This should take into account
sufficient leeway for non-linearities to account for increased
pressures in red loops on local ecosystems, e.g., local forests or
locally available arable land in times of crisis.

However, in our view, the substitution process of locally
sourced direct ES by faraway sourced indirect ES can very
relevantly underpin the understanding of regime shifts and
provide an important entry point to studying the relational
shifts between societies and their natural environment in SES
research. In the past, this process was typically geared from green
to red loops, i.e., from strong reliance on local ecosystems toward
the remote extraction of ES (Cumming et al., 2014). Gradual
regime shifts presuppose that slowly changing variables within a
system entail its fundamental re-organization. Despite the
uncertainty on thresholds, we acknowledge from the empirical
observations that red loop dynamics increasingly take precedence
over other type of loops in the case study area. This implies an
entire set of historically specific variables to change within that
process, including infrastructural provisions, increased division
of labor, integration of local economies into global value chains of
certain locally available ES and many more. These dynamics
reflect the history of humankind which is so far, in brief, the
transformation from hunter-gatherer societies to urban-
industrialized ones. Globally, this process has taken place over
the course of millennia, and was only relatively recently
accelerated through agricultural and industrial revolutions, as
well as globalized in an initial stage through colonization and
trade (Cumming et al., 2014). While sub-Saharan Africa has a
millennia-long history of trade, remote extraction of ES necessary
for basic needs likely only commenced with South Africa’s largely
coal-driven electrification as part of a gradual extension of trade
and service infrastructure since the end of the 19th century.
Today, coal-fired electricity generation continues to represent
about 70% of total installed capacity (IEA 2021). With
consumption mainly stemming areas where the majority of
household and industry demand are located, red loops are
thus the main drivers of South Africa’s energy-related
greenhouse gas emissions which continue to be unaligned with
the objectives of the Paris Agreement even in light of stated
policies under its updated nationally determined contribution
(CAT, 2021). Also in green loops, burning locally collected
fuelwood for cooking and heating contributes to global climate
change through increased deforestation and a reduction of the net
carbon stock of the country (see Table 4). Depending on the type
of loop, the energy sector poses different sustainability
management challenges and risks to enter into trap dynamics.
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Furthermore, the increase in reliance on fuelwood in transition
and red loops buttresses research on unequally distributed access to
a reliable and affordable electricity grid as well as local ecosystems
as ‘provisioning systems of last resort, e.g., in times of crisis
(Shackleton and Shackleton 2011; Baker and Phillips 2019).

In summary, our findings illustrate a critical fraction of a
systemic transformation of basic needs provisioning systems in
South Africa which is ongoing since decades. However, we believe
that the speed of change in the observation period in post-
apartheid South Africa is substantively to be higher compared
to previous decades. The findings support the view that the case
study area of KwaZulu-Natal is a highly heterogeneous landscape
in which different types of social-ecological systems co-exist and
co-evolve over time (Figure 3). We call for future research
defining comparable thresholds for the speed of change from
green loops (=local ES use) to red loops (=distant ES use) as a
regime shift as well as on second-order conditions for “trap
dynamics”, e.g., derived from downscaled frameworks on
planetary boundaries or doughnut economies (e.g., Cole,
Bailey and New 2014; Raworth 2017) and tipping elements
(e.g., Lenton et al. 2008; Otto et al., 2020). Partially reflecting
these ideas studies in the context of regime shifts already exist in
food or energy production and distribution systems (McMichael
2009; Hamann et al., 2015; Pereira et al., 2020).

Assumptions and Limitations of the Analysis
The expressiveness of the selected characteristic bundle of direct
ES represents an important underlying assumption to infer
system dynamics based on its use or non-use. We argue that
while it represents a first-best and context-appropriate measure of
the immediacy with which a household depends on local
ecosystems, more comprehensive data is needed to include
and tailor-make characteristic bundles of direct ES for case
study areas. This may include differentiations between the
rural-urban nexus, but also North-South differences of
application. At the same time, more research is needed on the
expressiveness of non-use of direct ES, which in our analysis,
indicates that households rely on distant ES brought by to the site
of consumption through market-based means of exchange.
Across all loops, direct ES use can be seen as expressive not
only of the economic status and social vulnerability of the
household, but also of its cultural, historical and spiritual
connection to (or disconnection from) local ecosystems.
However, further qualitative inquiry would be needed to study
potentially differing subjective perceptions of local environments
between loop types and direct ES uses, sentiments of responsibility
or of spiritual closeness to the biosphere. One strict limitation of
this study is the sole use of secondary data. With exception on the
use of fuelwood, for which default data could be used to quantify an
estimated material-energy throughput of woody biomass, the use
quantities of the different bundle components could not be
analyzed as part of this study. This, however, could highly be
relevant, e.g., in relation to increased purchasing power and related
rebound effects, especially in urban areas.

We furthermore identify relatively coherent spatial units based
on municipality-wide averages of household-level use of direct
ES. This assumption reflects archetype analysis which aims at
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identifying recurrent patterns across similar types of systems
(Eisenack et al., 2019). However, as anticipated above, it likely
obfuscates relevant intra-cluster differences between households,
especially given the pronounced socio-economic inequality
present in South Africa. Knowing that predominantly social
factors predict the use intensity of direct ES at municipality
level (Supplementary Table A2), more research would be
needed to estimate the robustness of using municipality-wide
averages of household-level use of direct ES as proxies for more
aggregate SES dynamics. Using this approach however is highly
useful, e.g., to formulate spatially targeted policies in the domain
of land use policy, sustainability management or common pool
governance strategies (Ostrom 2007; Hamann et al., 2015; 2016).

As described above, this study does not use an ex-ante
determined threshold (e.g., an average percentage or range)
that once transgressed, marks a regime shift i.e., the transition
from a green to red loop. Rather, the classification of the type of
social-ecological system was guided by kmeans clustering which
grouped average ES use data from local municipalities into a pre-
determined number of groups. The number of centroids should
depend on internal or stability measures that provide an optimal
number of clusters, corresponding to green, transition and red
loops (Hamann et al., 2015). For KIDS data, also three was chosen
as the number of centroids for which stability measures scored
highest, however not across all ES (e.g., crop farming). Using
clustering is a common method to study social-ecological systems
(e.g., Janssen et al., 2012). Cluster algorithms come with trade-offs
when comparing results to potential future studies in the field.
This stems from the fact that kmeans clustering uses relative
measures of proximity. This allows to group spatial units into
clusters of highest similarity within one heterogeneous
geography. However, more comparative research in the field
would be necessary to derive absolute thresholds from similar
bundles of ES use to form common benchmarks. Moreover, one
further limitation of the analysis is that we cannot take into
account migratory activities based on the KIDS or census data,
despite evidence that the period of observation experienced
significant migration. That migration plays a role is illustrated
by KIDS data which follows household heads from 1993 to 2004.
The possibility that these households have moved from urban
areas (=likely red loops) back to rural areas (=likely green loops)
at the end of the survey period is reflected by linkages of urban
labor markets with rural areas and the common practice for aging
South Africans to spend their pension life in rural areas with
family roots (Supplementary Table A2).

Understanding Underlying Drivers of
Change

System properties emerge as a function of biophysical supply of
ES and socio-economic and political factors relating to their
governance (SRC 2011; Biggs et al, 2012). Hamann et al.
(2015) have found that, in South Africa, social factors
predominantly predict the type of social-ecological systems,
including household income, high proportions of female
household headship and land under traditional tenure.
Ecological supply factors, such as the mean annual run-off of
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water, grazing land potential or the supply of wood, have been
found to only partially explain high direct ES use patterns (ibid.).
This insight is crucial for understanding the use dynamics within
green, transition and red loops. For KIDS data, panel regression
analysis partially confirms these findings, where the availability of
data permits to do so (Supplementary Table A2). Factors
determining land access, and with that, direct ES use warrant
separate analyses in the context of the complex agrarian political
economy of South Africa and its failed land reform (Aliber and
Hart, 2009; Cousins, 2010; Cousins, 2017). Indeed, land grabbing
and forced removals of indigenous populations mark the most
important contributor to changing dynamics in social-ecological
systems over the last 350 years (e.g., Platzky and Walker 1985;
Cousins 2017). That large parts of areas in KwaZulu-Natal
identified as green loops overlap with the former homeland
areas of South Africa is telling of the fact that using the
characteristic bundle of direct ES is an indicator of social
vulnerability and deprivation. Although direct ES use
decreases in these areas continuously, it remains relatively
high across all five direct ES, especially in the category of
energy supply through local fuelwood uses, and also for
drinking water from natural local sources. The dynamics of
direct ES use supports the argument that in South Africa local
ecosystems are a safety nets in the absence of a welfare state
(Shackleton and Shackleton, 2011; Neves, 2017). This may
especially be important in old age or times of crisis.
Examining for instance, to what extent the lockdown of
critical basic needs infrastructure during the covid-crisis
pushed South Africans to increasingly use ES would be highly
interesting to examine, including in combination of studying
problems of overuse and undersupply of local ES. The
methodology applied here can only identify the dynamics and
the distribution of ES use. However, it cannot explain the drivers
of change, ie., underlying causalities of regime shifts. This
remains an important area for future research.

Associating underlying causalities of change by empirical
analysis could furthermore help to explain not only the past
evolution of system transformation over time but can also help
understand future barriers to transformative change. Next to
socio-economic and biophysical standard data surveys, such an
analysis needs to take into account the political economy of
transition processes. Indeed, questions of power, history and class
have not received much attention in transdisciplinary
sustainability  research, even in ecological economics
(Pirgmaier and Steinberger 2019). Especially in the case of
land access and agrarian reform in South Africa, such inquiry
is certainly apt (Cousins 2010). This is why we call for studying
the political economy of green or red loops as a future research
avenue to enhance a better understanding of barriers to profound
transformative change in SES.

Identifying and Mapping Social-Ecological
Systems as an Entry Point to Studying

Transformative Change
We identified and mapped SES based on the use of a characteristic
bundle of five direct ES and examined changing direct ES use
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patterns over time. It was shown that this approach provides a
heuristic to observe and understand the past evolution and
current distribution of different types of SES. We argue that
this transition model cannot only be deployed descriptively, but
also forward-looking in a normative setting (Figure 5). Sparking
social-ecological transformation toward more sustainable futures
may require “fundamental shifts in perspectives, world views and
institutions” (Folke et al., 2011, 719). This can include for
instance participation in initiatives that aim at reconnecting
people with the biosphere (Hamann et al., 2015; Pereira et al.,
2020). Such initiatives notably explore the possibilities of re-
localizing and de-centralizing food and energy provisioning
systems (ibid.). In the case of food production regimes for
instance, Pereira et al. (2020) find that enhanced certification
and labeling of food products as a key innovation to spur
transformative change through alternative food networks
independent of anonymous global supply chains. Moreover,
community-supported  agriculture (CSA)  projects can
approximate producers and consumers and increase
consciousness of the origin of food products. Increasing
recognition of traditional agroecological knowledge can help to
respond to pressing sustainability challenges of current agro-
industrial food system (e.g., Guerrero et al., 2019).

Purpose-collected data could help to build more detailed
characteristic bundle of direct ES used for identifying and
mapping transformative change at societal level. With purpose-
collected data, it would be possible to differentiate between the
quality and intention of ES use, which, in combination with more
disaggregated geospatial and biophysical data could provide an
excellent basis for identifying social and ecological deprivation on
the one side, and on the other, seeds of transformative change
(Figure 5). This could help to enrich the loop transition model and
distinguish sustainable loops from unsustainable ones. Moreover,
the use of additional variables as part of characteristic bundles of
ES use could further expand the expressiveness of underlying
relationships of households with ecosystems.

CONCLUSION AND RESEARCH OUTLOOK

In this paper, we explored the concept of regime shifts based on
direct ES use of households in the context of the green-to-red loop
transition model. First of all, we observed a clear tendency of
changing systems of provision for basic needs in the transition
from green to red loops. This analysis was based on decreasing
use of a characteristic bundle of direct is ES. This is indicative of a
gradual regime shift, however, the absence of comparative studies
and quantified thresholds hindered the conclusive identification
of a regime shift. Moreover, such insight likely requires longer
observation periods than the 18 years observed between 1993 and
2011 in this study. The research however shows important
dynamics of how direct ES use non-linearly evolves over time
and to what extent locally available ES continue to be of significant
importance today, even for livelihoods in red loop type of systems.
We furthermore identify the spatial distribution of SES in 2011
similar to the analysis by Hamann et al. (2015) at provincial level in
the case study province of KwaZulu-Natal. Based on the empirical
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Type 1: Green loops or
rural-agricultural systems

« Economies strongly rely on
local ecosystem services

o Direct feedback
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environmental degradation
and human well-being
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and local environmental
degradation

« Overuse or undersupply of
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FIGURE 5 | The expanded loop transition model. Adopted from Cumming et al. (2014) and Raworth (2017).

results of the analysis, we discussed general aspects relating to the
study of regime shifts in the context of the green-to-red loop
transition, including the questions how to identify thresholds
which apt to determine the frontier between one and another
type of system. In addition to that, the results are discussed in
the context of existing research on factors determining the transition
between green and red loops and points at the importance of
perspectives of agrarian political economy for understanding the
history and status quo of land access in South Africa. Indeed, what
the paper cannot achieve is distinguishing between the qualities and
intentions with which households access direct ES, an aspect that
could with purpose-collected data be an excellent opportunity for
further study of regime shifts in the context of system transformation.
Owing to its holistic nature and high adaptiveness to different
geographical and cultural contexts, there exist many potential
future research avenues. This includes for instance identifying and
mapping social-ecological systems based on different compositions of
characteristic ES use bundles, combinations with local or regional
doughnut economy indicator frameworks or illustrations of emerging
alternative food or energy production networks.
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