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Abstract Critical Zone Science (CZS) explores the deep evolution of landscapes from the base of the
groundwater or the saprolite-rock interface to the top of vegetation, the zone that supports all terrestrial life.
Here we propose a framework for CZS to evolve further as a discipline, building on 1st generation CZOs in
natural systems and 2nd generation CZOs in human-modified systems, to incorporate human behaviour for
more holistic understanding in a 3rd generation of CZOs. This concept was tested in the China-UK CZO
programme (2016-2020) that established four CZOs across China on different lithologies. Beyond conventional
CZO insights into soil resources, biogeochemical cycling and hydrology across scales, surveys of farmers and
local government officials led to insights into human-environment interactions and key pressures affecting the
socio-economic livelihoods of local farmers. These learnings combined with the CZS data identified knowledge
exchange (KE) opportunities to unravel diverse factors within the Land-Water-Food Nexus, that could directly
improve local livelihoods and environmental conditions, such as reduction in fertilizer use, contributing toward
Sustainable Development Goals (SDGs) and environmental policies. Through two-way local KE, the local
cultural context and socio-economic considerations were more readily apparent alongside the environmental
rationale for policy and local action to improve the sustainability of farming practices. Seeking solutions to
understand and remediate CZ degradation caused by human-decision making requires the co-design of CZS
that foregrounds human behavior and the opinions of those living in human modified CZOs. We show how a
new transdisciplinary CZO approach for sustainable Earth futures can improve alignment of research with the
practical needs of communities in stressed environments and their governments, supporting social-ecological
and planetary health research agendas and improving capacity to achieve SDGs.

Plain Language Summary Critical Zone Science (CZS) explores how landscapes evolve from
below the Earth’s surface to the top of trees, supporting life on Earth. CZS was established by studying
pristine landscapes, with little or no human modification of the land, water and soil. These pristine natural
systems are rare in our modern world. In this paper, we have proposed a new approach to CZS for studying the
human-modified landscapes that dominate our world. To help explain why this is needed, we have re-drawn

a diagram explaining how the critical zone works to show the role of humans. We also give examples of
research in three regions of China where we learned from local farmers living in our study areas, to improve
our scientific understanding and to try to align our research process to address the biggest pressures affecting
their lives. This new approach to CZS can help focus research to directly support local people and improve our
ability to achieve the United Nations Sustainable Development Goals.

1. Introduction: Incorporating Human Impacts Into Critical Zone Science (CZS)

Humans are ubiquitous modifiers of the environment, especially in terrestrial systems where our surface activi-
ties permeate through the soil to the geology deep below and into the local atmosphere above. This can result in
substantial impacts from the anthropogenic forcing of natural cycles, such as rates of erosion that drive soil degra-
dation, or nutrient fluxes that pollute water and release greenhouse gases (GHGs) that impact climate (White
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et al., 2015). The proposition by Rockstrom et al. (2009) that rapid, human-induced alterations of continental-
to planetary-scale systems (e.g., climate change, stratospheric ozone, biogeochemical nitrogen and phosphorus
cycles, global freshwater use and biodiversity loss) were moving humanity beyond its safe-operating space has
generally been confirmed by the findings from Critical Zone Observatories (CZO) (see review by L. Guo and
Lin (2016)), and reinforced the standing of human beings as a global-scale influence defining a new Earth
epoch, termed the Anthropocene (Crutzen, 2006). The ethos of CZOs is to provide a field experimental plat-
form accessed by diverse disciplines to develop a more holistic scientific understanding of how the critical zone
(CZ) functions (Minor et al., 2020; Montanarella & Panagos, 2015). Monitoring CZ processes at CZOs was
established initially in “natural” environments but then extended to explicitly human-modified landscapes (see
Minor et al., 2020; Richter et al., 2018 for recent reviews), showing an evolution from 1st to 2nd generation
CZOs. However, the perspective offered by conventional CZS as a “Gaia-graphic view” of a pristine Earth, for
example, global modeling approaches that includes the effect of humans as contributors to geochemical cycles
(Arenes et al., 2018), is poorly accessible to inhabitants of CZs and requires translation to human-scale realities
and narratives (Latour, 2021) of the lived inhabitants of stressed communities. Seeking solutions to understand
and remediate CZ degradation caused by human decision-making requires the co-design of Critical Zone Science
(CZS) that incorporates the human dimension, and foregrounds human behaviour and the opinions of those living
in human modified CZOs (Latour, 2021).

Knowledge exchange (KE) and feedback activities are often scheduled for the final stages of CZS projects rather
than as part of the CZS research process itself. In this paper, we propose that involving local communities more
actively as integral collaborators from the outset and then throughout the research process via co-production
(Norstrom et al., 2020) and as research subjects themselves (Latour, 2021) could provide some early “win-win”
opportunities for livelihoods in local communities that also support the delivery of policy solutions for plane-
tary health by valuing the human place in CZs (Arenes et al., 2018), aiding delivery of climate resilient rural
development pathways (IPCC 6th AR) and the achievement of Sustainable Development Goals (SDGs). Perhaps
more importantly, the planning and design of future CZS, CZOs, long-term ecological research networks and
scientific study of human-modified landscapes more generally, will prove more beneficial to local communities
and accelerate progress on complex global challenges including social cohesion, climate change, environmental
quality and food security (Chapin et al., 2022; Thomas et al., 2019). To achieve this, we explored and developed
this 3rd Generation CZO idea through a review of literature and a synthesis of social surveys conducted through
the China-UK CZO (2016-2020), program and MIDST-UK project (2020-2022). We were motivated by our
research experience to incorporate a social science dimension, and we use the China-UK CZO KE research
as a case study to describe the development of the 3rd Generation CZO in response. During the China-UK
CZO program, we extended our KE research across the different CZOs, allowing comparison between regions
to link 2nd Generation science outputs to the livelihoods of the local communities living in the CZs and the
achievement of SDGs (see also Naylor et al., 2023b). Based on these developments, we propose a step-change
in CZS that explicitly explores these important human dimensions alongside considerations of climate and land
use effects on biophysical CZ processes (e.g., Richter et al., 2018) by explicitly including studies of local scale
human-behaviours and decision making and their impacts on CZ processes. This new (3rd generation) transdisci-
plinary form of CZS can explore sustainable Earth futures to address the current ecosystem, climate change and
planetary health emergencies.

1.1. Transition From 1st to 2nd Generation CZOs

The aim of CZS is to capture the inputs, outputs and transformations of an environment, and thereby to describe
how its evolution over time affects ecosystem processes (L. Guo & Lin, 2016). The initial focus on natural land-
scapes in 1st Generation CZOs was prompted by fundamental scientific questions about primary geological,
biological and atmospheric interactions, and elegantly illustrated by the widely used schematic (Figure 1a) intro-
duced by Chorover et al. (2007). This describes the unique CZS approach that draws on diverse scientific fields to
study multi-scale processes from the outer periphery of the vegetation canopy through soil to the underlying geol-
ogy, exploring how whole ecosystems function and evolve over time. The focus on the connectedness between
deep geology and the surface captures processes that discrete scientific approaches miss (Banwart et al., 2011;
Chorover et al., 2011). However, a transition has occurred where the legacy of natural processes has been affected
to various extents by land use and other direct human interactions with ecosystems (Ellis et al., 2010). Although
legacy CZ properties such as palaeotopography (H. Wu et al., 2022) and soil mineralogy (M. Liu et al., 2019b)
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Figure 1. Illustrating Earth's Critical Zone. (a) The Critical Zone without overt consideration of human impact (adapted
from original figure in Chorover et al. (2007); modified from artwork by R. Kindlimann; file is licensed under the Creative
Commons Attribution-Share Alike 4.0 International license). (b) The 3rd Generation transdisciplinary Critical Zone
Observatory for sustainable Earth futures: a novel adaptation of Chorover et al. (2007) to show a wide range of human
activities and impacts in human-stressed critical zones (land use impacts on water quality are represented by a darkening of
water colour downstream).

fundamentally control the impacts of human interactions with the environment, the equilibrium of the natural
environment is increasingly disrupted.

In human-impacted CZOs, local people are direct contributors to CZ function, and act as geomorphic agents
of landscape change (Latour, 2021). Thus, 2nd Generation CZO programmes aim to develop a deeper under-
standing of the impacts of human modification of landscapes, especially the extent to which human activities
degrade CZ function, with the intention to inform potential solutions for appropriate remediation, recovery and
adaptation (Minor et al., 2020). For example, with the introduction of human influences in 2nd Generation CZOs
(Minor et al., 2020), point source pollution and concentrated flow paths driven by agricultural practices and
urbanization become more pronounced (e.g., Banwart et al., 2012; White et al., 2015). This has implications
for extrapolation from CZOs to the wider landscape and on the design of sampling approaches appropriate to
disturbed landscapes. Conceptual diagrams of CZ processes, such as those depicting water, biogeochemical or
critical zone processes, are predominately drawn for natural landscapes showing little or no anthropogenic influ-
ences on the earth systems being described. Fandel et al. (2018) provided salient suggestions for the refinement
of conceptual scientific illustrations to address identified shortcomings, some of which have been incorporated
into various revisions to Chorover's original CZ diagram. For example, Chorover's original figure (Figure 1a) has
been modified by different authors to introduce themes of the CZ with direct reference to different spatial scales,
timescales and ecosystem/CZ services (e.g., Field et al., 2015; Tchakerian & Pease, 2015) and the interrelated
sub-systems of human systems (e.g., Ferraro et al., 2018). Here, we have substantively revised and reimagined
Chorover's diagram (Figure 1a) to illustrate a range of human activities, human interactions with the landscape
and their impacts in human-stressed critical zones (Figure 1b) to highlight these impacts on CZ processes captured
using a 3rd generation CZO approach.
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1.2. Focus on Agriculture in 2nd Generation CZOs

Recognition of the ubiquitous influence of humans in most terrestrial landscapes led to the development of 2nd
Generation CZOs that specifically directed resources toward predicting CZ responses and resilience to human
impacts, many related to agriculture (Jordan et al., 2018). Agriculture dominates human land use, account-
ing for 38% of the Earth's land surface cover (FAO, 2020). The intensification of land use for farming is a
major driver of global land cover change, land degradation and GHG emissions. Sustainable solutions to these
problems are essential to enable achievement of numerous United Nations SDGs (Table 1). Despite continued
human population growth and intensifying pressure on land use to meet the ever-increasing demand for food and
non-human-food crops (intensive livestock, fibre, and bioenergy production), urban expansion has reduced the
area of global cropland dramatically, from 0.45 to 0.21 ha per capita between 1961 and 2016 (FAO, 2020). Subse-
quently, pressure to grow more food on less land has strongly contributed to unsustainable agricultural practices
that are a principal cause of global land degradation, with direct and indirect consequences for human livelihoods,
creating social, political, cultural and economic inequalities (Olsson et al., 2019). Securing domestic food supply
is a global priority, but large areas of agricultural land suffer from medium to strong degradation (Nachtergaele
et al., 2011). Loss of ecosystem functions due to land degradation has reduced global net primary productivity
by 5%, or 10%—17% of global gross domestic product (UNCCD, 2019). However, the implementation of modi-
fied management approaches to redress land degradation offers potential co-benefits to improve environmental
quality and economic stability (Olsson et al., 2019). Consequently, agriculture's impact on the CZ has become an
urgent focus of 2nd Generation CZOs across the world (Banwart et al., 2011; Coughlan et al., 2017; Gaillardet
et al., 2018; Gupta et al., 2019; Kumar et al., 2018; Menon et al., 2014; Sekhar et al., 2016; Seyfried et al., 2018;
G. Zhang et al., 2019a; Z. C. Zhang et al., 2019b).

The impacts of agriculture on the CZ are diverse and complicated. A recent adaptation of Figure 1a by Kumar
et al. (2018) depicted how hydrological processes at the field scale have been radically altered by land use
change to intensive agriculture in large-scale (100s of ha) arable monoculture production systems in the prairi-
elands of Mid-West USA. Empirical data outputs from CZOs used to inform land restoration strategies (Green
et al., 2019), and develop technological advances and adaptive approaches can provide solutions to improve
the sustainability of food production (e.g., Climate Smart Agriculture; Barrett, 2021; Steenwerth et al., 2014).
Indeed, although agricultural land use has recently peaked after centuries of expansion, the sustainable intensifi-
cation of agriculture in industrialized nations has enabled marginal land to be taken out of production via imple-
mentation of national scale land abandonment policies with little impact on food production (Navas et al., 2017,
Perpifia Castillo et al., 2020; Taylor & Rising, 2021; Xu et al., 2006). However, the majority of agricultural land
globally is dominated by subsistence farming systems where the farmers experience extreme challenges due to
a range of social, economic and environmental factors. Regions with complex geomorphology also precludes
large-scale mechanization. To better accommodate surface process complexity and spatial heterogeneity we pres-
ent a new modification (Figure 1b) of the original diagram by Chorover et al. (2007) to provide a more generic
representation of the wide array of human-environment interactions that resonate through human-stressed land-
scapes and CZO networks, and pertains to the development of the 3rd Generation approach.

The relevance of 2nd Generation approach to the residents of CZOs is most impactful when it is communicated in
a manner that resonates with local communities and supports their needs, helping create positive societal change
toward more sustainable livelihoods. Establishing effective KE to share scientific findings in an appropriate way
(Karcher et al., 2022) can support optimum human decision-making that meets the economic and social needs
of local people by helping them to develop and sustain healthy and productive ecosystems (Yin et al., 2021). For
example, in the USA, at the Calhoun CZO, reforested sites previously degraded by agriculture provide infor-
mation about the potential for the recovery of degraded landscapes, including the specific effects of land use
and potential regeneration on fertilizer (phosphorus) transport (Foroughi et al., 2021) and the impact on human
livelihoods, adaptation and governance (White et al., 2015). At the Reynolds Creek CZO, dialogue with range-
land stakeholders including local ranchers is a key activity in the application of the outputs of CZS to develop
prescribed fire management (Mclver et al., 2010). Engagement with local farmers at the Integrated Managed
Landscapes CZO in the USA has helped to address the potential to reverse a shift in state from a system that has
become dominated by the rapid movement of resources from land to water, to a transformation-dominated system
characterized by long residence times of water, carbon and nutrients (Kumar et al., 2018).
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Table 1

Relationships Between Chinese Environmental Policy Actions and SDGs* Identified at the China Critical Zone Observatory (CZ0O) Network: (a) Assessment of

Delivery of Key Ecosystem Benefits Using a 2nd Generation CZS Approach and (b) Parallel Impacts on the Residents of the China CZOs Using a 3rd Generation

CZS Approach

(b) 3rd generation CZS approach meeting of

National policy (a) 2nd Generation CZS approach ecosystem benefits SDG human needs SDG
Grain for Green
Abandonment of low-yielding Erosion prevention and maintenance of soil fertility Stabilization of soil on slopes
sloping farmland (>15°) -Soil structure improves as soil macroaggregates form in 15 -Reduced intensity of runoff and infiltration 2,6
prone to soil degradation by regenerating land (M. Liu et al., 2019b) carrying carbo n, nutrients and pollution
erosion - Local adaptations already in place to
Allow recovery through natural  Increase and maintain biodiversity :improvg resﬂlenc}? e, adb;md(inment 11
vegetative regeneration (Li Recolonization of abandoned farmland with diverse species 15 B em"fgrap 155) a.nl Oci
et al., 2018) or afforestation adapted to local conditions (M. Liu et al., 2019a, 2019b; Y. mez;surc?s .to 1mp mvﬁ: sl e o)
Yang et al., 2022) productivity (e.g., Figure 3c)
- Restoration of biological soil function and biodiversity (Z. Guo - Local farmer implemented resilience 1,2
et al., 2019) measures (e.g., Figure 3¢) improve
- Ecosystem functions persist in “hotspots” of microbial agricultural productivity
actlgity et t,o emergfl:ntdrockzagiat fhe l;lolt)tom Of theksml Local population faces major challenges 5,8,12
profile, even in severely degrade BTl @RI "Iy from reduced labour availability and
desertification” (Y. Tang et al., 2021; Y. Wang et al., 2020). : A :
demographics (aging population)
(Naylor et al., 2023b)
- Establish/restore agroforestry 5,10
Carbon sequestration and storage
- Massive pools of soil C measured in near surface (0-2 m, 13
5.85 Pg) and very deep (2—-100 m, 10.06 Pg) soils of the
Loess Plateau (Jia et al., 2020)
- Soil C stocks rebuild in the decades following sloping cropland
abandonment in karst landscapes (Z. Guo et al., 2021)
- Soil C in Karst CZO concentrated in 0—20 cm depth; 10% is
inorganic (Qin et al., 2022)
- Increase in stable microbial-derived SOC pool (necromass) (Z.
Guo et al., 2021)
Zero-Growth Action Plan for Chemical Fertilizers and Pesticides
Improve nutrient use efficiency  Nutrient cycling 15 Farmers in all CZs identified fertilisers 1,2
Soil N and P explained 13.5% and 12.4% of crop yield variances, as their greatest cost and one of the
respectively, at the Karst CZO (Liang et al., 2020); high risk top three farming challenges they face
of environmental pollution prevents increasing crop yield (Zheng et al,. 2018, this paper)
ht.l;r(;ugh ff;rtﬂ]iziumf‘(_]“l}?rig;t al.,1.2021) T - Reduce N inputs to improve economic
- Shift from “leaky” to “tight” N-cycling processes (D. Li livelihoods and well-being
etal., 2018)
- Re-emergence of microbial N-cycling functions in soil after
agricultural abandonment (D. Li et al., 2018, 2021a)
- Judicious use of N with crop residue returns increases soil C
(X. D. Song et al., 2019a; X. W. Song et al., 2019b)
- Reduce fertilizer use to increase crop yields (Liang
et al., 2020, 2021)
Reduce point-source pollution Freshwater supply and regulation of water flow 14 Farmers in Karst and red Soil CZs identified 3
by reducing fertiliser use - Advanced geophysical mapping revealed heterogeneity (Chen water source availability and quality as a
et al., 2018) identified fast and slow flow regions (G. primary challenge (this paper)
Zhang et al., 2019a; Z. C. Zhang et al., 2019b) affecting
hydrological cycling, C and nutrient transport, and “hidden”
legacy N posing a long-term pollution risk
NAYLOR ET AL. 5of21
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Table 1
Continued

(b) 3rd generation CZS approach meeting of
National policy (a) 2nd Generation CZS approach ecosystem benefits SDG human needs SDG

- >90% of soil water stored >5 m depth; inherently fast hydraulic
conductivity leads to transfer of N into the deep soil profile
at Loess Plateau CZO (Y. J. Zhu et al., 2019a, 2019b)

- 80% of >1 Tg N lost via subsurface flow at Karst CZO through
epikarst (X. W. Song et al., 2017; X. D. Song et al., 2019a;
X. W. Song et al., 2019b; Z. Wang et al., 2022)

- < 80% of N (mostly NO5; H. Wu et al., 2021) from 1 m—
bedrock down to 9 m (S. H. Yang et al., 2020a) transported
by fast leaching via shrinkage cracks (H. Wu et al., 2019) at
Red Soil CZO

- <50% of applied N (~100 kg N ha~! year~!) accumulated at
0-100 cm depth, posing a significant threat to the wider
environment at Red Soil CZO (Dong et al., 2022)

- Reduced nitrate pollution of surface- and groundwater (X. W.
Song et al., 2017; S. H. Yang et al., 2020b)

- Neglected stock (0.2—1.0 Pg) of N measured by deep sampling
(50-200 m) at the Loess CZO modeled to reach aquifers
more quickly under agricultural land use at regional scale
(Turkeltaub et al., 2018)

Encourage the use of organic - E. coli indicators of faecal pathogens 14 Farmers showed strong willingness to learn 4
fertilisers to replace - E. coli in water (Oliver et al., 2020) from untreated faecal new sustainable farming practices to
synthetic fertilisers (Shugin material (human and animal wastes; Buckerfield et al., 2020) manage manure (Naylor et al., 2023b)
& Fang, 2018) transported to wider environment through deep, sub-surface

pathways at the Karst CZO (Buckerfield et al., 2019b) - Farmers had limited training on how

to manage manure wastes, to reduce
pathogen and excess N inputs to water
and soil

- Raise awareness of potential for 3,11
waterborne pathogens (Buckerfield
et al., 2019a, 2019b, 2020)

- Guidance and facilities to manage livestock
manures for farmers, and sanitary
measures, installing pit toilets in villages
(Buckerfield, 2021)

Clear routes for CZS to aid the delivery
of SDGs relevant to those living in
the studied catchments (Buckerfield
et al., 2019b; Oliver et al., 2020)

2SGD definitions: SDG 1: No poverty; SDG 2: Zero hunger; SDG 3: Good health and well-being; SDG 4: Quality education; SDG 5: Gender equality; SDG 6: Clean
water and sanitation; SDG 7: Affordable and clean energy; SDG 8: Decent work and economic growth; SDG 9: Industry, innovation and infrastructure; SDG 10:
Reduced inequalities; SDG 11; Sustainable cities and communities; SDG 12: Responsible consumption and production; SDG 13: Climate Action; SDG 14: Life below
water; SDG 15: Life on land; SDG 16: Peace, justice and strong institutions; SDG 17: Partnerships for the Goals.

1.3. Evolution of the 3rd Generation Transdisciplinary CZO for Sustainable Earth Futures

Engagement in 2nd Generation CZOs has been invaluable for sharing CZS outputs with agricultural commu-
nities, but this does not go far enough to achieve a holistic understanding of CZ function. Instead, we propose
that such understanding requires that the evaluation of the effects of human-decision making on agricultural and
environmental sustainability, from high-level and long-term policy management of national landscapes through
to day-to-day plot-scale farmer decisions, is integrated into CZS.

The incorporation of local knowledge is essential to ensure that CZS is relevant to local communities and
supports sustainable socio-economic development by improving ecosystem function in degraded landscapes (Yin
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et al., 2021). Reframing CZS in this way will help co-identify a spectrum of options to modify agricultural prac-
tice in ways that are culturally appropriate, context-specific and meet the most pressing social needs (Q. Zhang
et al., 2015), thereby hastening the delivery of SDGs. These ideas prompted the development of 3rd Generation
CZO approaches described herein that explicitly consider the effects of a wider range of human stressors and their
impacts on the entire CZ, using the outputs of both social and biophysical scientific research in human-modified
CZOs. Framing CZOs in this way and at this spatial scale also permits the identification of the range of actors
(i.e., stakeholders) who live in and/or are directly affected by large-scale policy initiatives (e.g., to deliver sustain-
able agriculture and food security, and to mitigate climate change), by allowing the capture of local-scale human
narratives related to CZ function that are typically overlooked in CZS (Latour, 2021). This opens opportunities
for improved dialogue between CZ scientists and those who live in and understand their local landscape, allow-
ing two-way exchange that can benefit CZS and local communities living in CZOs. In doing so, achievement
of SDGs will be promoted, ultimately improving the resilience of social-ecological systems in degraded rural
landscapes (see Section 3). This is particularly valuable where top-down policy approaches (e.g., national envi-
ronmental restoration programmes such as China's “Grain for Green” program) deliver environmental benefits
but are considered to have reduced local well-being and livelihoods by the local farming communities themselves
(You et al., 2022).

Local-scale human decision-making, such as modifying the plot-scale landscape to sustain agricultural produc-
tivity, for example, terracing of steeply sloping fields, illustrates local creativity and resilience. However, poor
farming decisions disrupt the balance between the inputs and outputs of water, carbon, nutrients and sediment in
CZOs, which can change the state of CZ functions and further degrade ecosystem services that support human
livelihoods (Green et al., 2019). Therefore, combining CZS with local knowledge has the potential to develop
socio-culturally appropriate land management systems with the potential to improve livelihoods over the long
term, by sustaining economic productivity and benefitting the environment. Thus, the integration of social
science research into CZO scientific research programmes is a critical component of the 3rd Generation CZ
approach, because it enables the capture of robust information about the opinions, practices, social dynamics
and/or power relations of local people living and working in CZOs. Latour (2021, pp. 14) contends that “each
critical zone offers a smaller but just as complicated scaled model of the question as to how living organisms
elaborate their own environment and hold it together”. This perspective offers a missing facet to CZS and its
value to promote cross-disciplinarity and wider public conversations on human-landscape interactions in the
Anthropocene (Latour, 2014). In this paper, we present what we have learned by applying this 3rd Generation
CZO approach in the China-UK CZO program as a case study to illustrate its value and application.

2. The China-UK CZO Network: Demonstrating a Shift From a 2nd to a 3rd
Generation CZO Approach

Large-scale modification of land for farming has affected landscapes in China for millennia, including long-standing
practices to support paddy rice production by terracing slopes or flooding. Through these local-scale human
interventions, people in China have attempted to manipulate CZ processes for economic and societal gain, but not
without environmental impacts (H. Zhao et al., 2021). Driven by rapid economic expansion and historic popu-
lation growth, much of the 500 Mha of China's agricultural land is severely degraded by intensive agricultural
production (FAO, 2020). Consequently, bold national scale policy had been implemented to restore degraded
ecosystems in China through a series of environmental restoration programmes (see Q. Zhang et al., 2015 for a
chronology). For example, the regional “Grain for Green” program was initiated in 1999 to control erosion and
increase vegetation cover, and is the largest ecological restoration project in central and western China (Persson
et al., 2013; X. Song et al., 2014). More recently, China's national ‘“Zero-Growth Action Plan for Chemical Ferti-
lizers and Pesticides” was implemented in 2015 (Ding et al., 2022; Shuqin & Fang, 2018) to rationalize historic
overuse of synthetic fertilizers, and to substantially increase the recycling of organic fertilizers, including live-
stock manures, to farmlands from 2020 onwards (Buckerfield et al., 2019a).

Understanding the impact of national land-use policy on CZ function is essential to provide feedback on its
goal-framing and implementation. Thus, the China-UK CZO network was established with these policy goals
in mind and was designed to determine the effectiveness of recommended changes to agricultural practice to
remediate the impacts of land degradation in fragile ecosystems. The collection of CZOs provided diverse envi-
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ronments due to both their inherent properties (1st Generation CZO approach) and the anthropogenic modifica-
tion of these properties (2nd Generation CZO approach). All sites had severely degraded landscapes with active
restoration programmes in place. Underpinning the human-landscape interactions were differences in geology,
climate, hydrology and soil properties between the CZOs (Section 2.1). Using a 2nd Generation CZS approach,
the network aided the evaluation of the effectiveness of national environmental policies in delivering benefits
for CZ function in the studied CZOs, provided key outputs of 2nd Generation CZS for key environmental policy
objectives, and evaluated their implementation using measurable changes in CZ functions (Section 2.2, Table 1a).
It also aimed to use the results to inform improved farm management and related policy development via KE
and to support delivery of SDGs using a 3rd Generation CZS approach (Table 1b). In Section 2.3, we introduce
and present findings from our KE research, which combined conventional CZS with social science using a 3rd
Generation CZS approach.

2.1. China-UK CZO Sites and Characteristics

The China-UK CZO network encompassed four of the major contrasting geomorphological regions of China
where land use is predominantly intensive agriculture (Figure 2a, inset) (G. L. Zhang et al., 2021). Four sites
located in vulnerable landscapes were selected to allow targeted hypotheses to be tested about the impacts of
farming of the land surface on deeper subsurface geological properties and biogeochemical processes in the
context of national land management policy.

e The Sunjia catchment that formed the Red Soil CZO (S. H. Yang et al., 2020a) had multiple land uses in a
single area, ranging from different cropping practices to semi-natural land. Here, some of China's most weath-
ered soils had developed in the subtropical climate (Tahir et al., 2016).

e The Loess Plateau CZO featured China's deepest soils, formed from the deposition of wind-blown soils
(Jin et al., 2018), and consisted of a longitudinal series of monitoring sites rather than a single observatory
subcatchment (Jia et al., 2020). This larger scale, multi-catchment approach facilitated a regional understand-
ing that encompassed spatial variations in landscape properties and land management.

e The Zhangxi catchment at Ningbo that formed the Peri-Urban CZO incorporated more fertile soils, but the
landscape was recently strongly modified by human interventions (Y. G. Zhu et al., 2017). It was the most
urbanized landscape studied, incorporating different established land uses; field experiments investigating
the effects of increased organic fertilizer loadings were carried out here (J. F. Tang et al., 2020; Y. G. Zhu
et al., 2017).

e The Houzhai catchment that formed the Karst CZO (Qin et al., 2022) encompassed China's shallowest soils,
formed over limestone containing cavernous channels (H. Liu et al., 2019¢).

2.2. 2nd Generation CZS and Key Outputs to Policymakers

The 2nd Generation CZ approach applied in the Chinese CZO network revealed the consequences of unsustain-
able land management on soil and water quality that are ubiquitous to intensive agriculture scenarios across the
world, that is, (a) soil erosion (B. Liu et al., 2020; X. Wang et al., 2016) and loss of soil organic carbon (G. H. Song
et al., 2005), (b) overuse of nitrogen fertilizers (Gu et al., 2015), and water pollution by (c) nutrients and (d) path-
ogens (Sun et al., 2018; Tao et al., 2005). The key 2nd Generation CZO outputs are summarized in Table 1a, and
were disseminated using a commissioned “art-science” approach as on-line animations in Chinese (https://www.
youtube.com/watch?v=Y2ILx25nx4A) and English (https://www.youtube.com/watch?v=DcAmNUtZC04).

Strong scientific evidence for the potential for positive changes in land use in the studied CZOs was provided for
policymakers that could lead to better informed recommendations to manage and accelerate ecosystem regener-
ation (e.g., D. Li et al., 2021a, 2021b). For example, considering the CZS outputs across the China-UK network,
Table 1 suggests that the Grain to Green land abandonment policies were having positive effects on key indicators
of soil restoration, including increased soil organic carbon and improved soil structure (Z. Guo et al., 2021; M. Liu
et al., 2019a, 2019b) and soil microbial function (Z. Guo et al., 2019; D. Li et al., 2018) (Table 1a). This demon-
strated that innovative CZS approaches can advance our scientific understanding of environmental processes with
global significance (e.g., deep soil coring in the Loess Plateau, and combined soil and water research in the Karst
CZO0), and usefully assess the impacts of national environmental policies related to agricultural practices on CZ
ecosystem function (Table 1a). Novel insights into CZ functions with a large global impact were a common theme
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Figure 2. (a) Contrasting geomorphologies at each CZO: Karst (Houzhai catchment, Puding County, Guizhou province) which are China's shallowest soils formed over
carbonate rich limestone, Peri-Urban (Zhangxi catchment, Yangtze delta, Eastern China) with more fertile soils formed from river alluvium in heavily human-modified
landscapes; Red Soil (Sunjia catchment, Yujiang County, Jiangxi province) which are China's most weathered soils derived from weathered sandstone; and Loess
Plateau (Changwu catchment in Shaanxi province) which are China's deepest soils, formed from the deposition of wind-blown soils. Inset: locations of four sites of the
China-UK Critical Zone Observatory (CZO) Network. (b) The relationship of the four CZOs, the Land-Water-Food Nexus and six UN Sustainable Development Goals
[SDG 1, No poverty; SDG 2, Zero hunger; SDG 6, Clean water and sanitation; SDG 11, Sustainable cities and communities; SDG 13, Climate action; SDG 15, Life on

land].

between the research outputs of the Chinese CZOs and provided feedback on the effectiveness of regional to
national scale environmental policies. Set in the context of national restoration projects (i.e., Zero-Growth Action
Plan for Chemical Fertilizers and Pesticides, and Grain for Green programme), this also provided feedback on the
impacts of changing management (Table 1a). Overall, the 2nd Generation CZS provided valuable insights into the
biophysical effects of existing and recent shifts in land use due to top-down policy changes in the Chinese CZO
network. However, this approach cannot elucidate the impacts of policy implementation on the lived inhabitants
of the CZOs, or show how the inhabitants' understanding of their environment impacts the CZ and ultimately
informs the specific management actions they need take to sustain and improve their livelihoods.

2.3. Development of a 3rd Generation Transdisciplinary CZO Approach

The China-UK CZO program allocated resources to KE and impact research activities across the four studied
CZOs (Figure 2; Zheng et al., 2018) in tandem with the conventional CZS approach (Section 2.2). This allowed
feedback to policy stakeholders on the consequences of national restoration projects (Table 1a; Zheng et al., 2018)
and human activities (Figure 1b) for CZ function. Before KE activities could be designed and implemented for
the four projects, KE research was carried out to provide complementary information about the influence of
human decision making on CZ function at both high level (policy and practices encouraged by government) and
local scale (human behaviour and dynamics, e.g., demographics, power relations, social capital, farming methods
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used). Incorporating local knowledge into regional scale policy planning is essential because local-scale human
behaviours in rural CZOs are largely driven by economic imperatives focussed on sustaining subsistence liveli-
hoods in stressed, degraded environments (Y. Liu et al., 2017), and local community engagement with restoration
programmes is likely to increase (Q. Zhang et al., 2015). We adopted a CZS approach (after Field et al., 2016)
which incorporated parallel research into human behaviours and local knowledge, combining KE practice and
social research methodology. The knowledge and concerns of smallholder farmers in the CZOs were sought to
facilitate links between CZ scientists, their outputs and the key environmental and economic pressures experi-
enced by rural residents of the CZOs. Knowledge was gained about how local people are affected directly by the
changing environment, whether policy recommendations would be understood and implemented by farmers, and
the potential impact on local livelihoods (e.g., You et al., 2022).

As described above, 2nd Generation CZOs focus on assessing the impacts of land use, including agriculture, on CZ
function. However, large-scale changes in land use arising from top-down policy decisions, such as the complete
abandonment of farming in the Green for Grain programme, are not described by the effects of local-scale,
farmer-community scale activities on mediating CZ function. However, a transdisciplinary approach (i.e., natural
and social sciences researchers, alongside practitioners and local farming communities; Field et al., 2016) can
provide novel insights into the integral roles of local human behaviour in CZ processes that facilitate the under-
standing of ecosystem states in stressed and degraded human-modified environmental systems. Understanding
these motivations is critical to supplement CZS outputs communicated to policymakers who require feedback
to understand progress toward national targets for sustainable rural communities, food security, and high air
and water quality (J. Liu et al., 2021). Perhaps more importantly, inviting local populations to share their under-
standing of place within the CZO using a 3rd Generation CZ approach can create spaces of enquiry where trans-
formative, socially and ecologically impactful research and KE outcomes can emerge. Thus, in one of the four
CZ projects, KE activities were designed to run concurrently with the biophysical CZS during the project rather
than the conventional approach of performing KE as a means of sharing outcomes at the end of the project. The
CZS team quickly recognized that research was needed to better understand the human behaviour elements of
the social-ecological system (Ostrom, 2009) to devise policies and KE strategies best suited to the local social
context (Karcher et al., 2022; Q. Zhang et al., 2015). The KE research process would, at the same time, help build
relationships and trust which are known to underpin successful KE (Karcher et al., 2022; Reed et al., 2014). The
research reported in this paper was carried out using established social science survey methods (Section 2.3.1;
e.g., as used by Oliver et al., 2020; Naylor et al., 2023a) and produced KE outputs (e.g., Zheng et al., 2018) that
were delivered to local government (county to village level) prior to COVID-19. (The restrictions during the
pandemic prevented more widespread sharing and two-way KE in 2020 and 2021.)

2.3.1. Knowledge Exchange (KE) Research Design

Phase 1 of KE research in the China-UK CZO program was carried out in the Karst CZO, one of the poorest
regions of China (Figure 2a) where underlying physical geography, resource scarcity, ecosystem degradation and
population pressures are key drivers of poverty (Buckerfield et al., 2019a; Y. Liu et al., 2017). This was extended
to the Red Soil CZO and Loess Plateau CZO (Figure 2a) allowing comparison between regions. Formal data
collection was conducted between researchers and smallholder farmers, and village, town and county leaders,
with the support of Chinese students from farming families (for full methods and details see Naylor et al., 2023b;
Oliver et al., 2020). The knowledge, opinions and aspirations of CZ residents and information about the chal-
lenges they faced, and from who and how they learned, were gathered using a mixed method approach combining
primary semi-structured interviews and questionnaire surveys (Naylor et al., 2023a; Oliver et al., 2020; Zheng
etal., 2019b; all the data is held in freely accessible depositories). The survey questions were based on knowledge
gaps arising from major CZS themes, that is, soil erosion and carbon, nitrogen cycling and water quality, to align
with CZ scientific objectives. Importantly, this activity motivated biophysical CZ researchers to consider the
importance of human residents' experiences of living in CZOs as major contributors to CZ processes. The ques-
tions included: (a) how CZ residents understood human impacts on the environment (this paper); (b) the greatest
pressures on farmers' livelihoods (e.g., Oliver et al., 2020); (c) experiences of sustainable farming practices (e.g.,
Buckerfield et al., 2019a), including social processes of learning, learning preferences and barriers to learning
new farming practices (Naylor et al., 2023b; Zheng et al., 2019a); and (d) management strategies to support
crop yields in increasingly degraded ecosystems. Crucially, and rather unexpectedly, these two-way interactions
between CZ researchers and farmers also aided the interpretation of CZS outputs (Section 2.3.2), showing the
value of including local knowledge in nature-based systems (Welden et al., 2021) and sustainability-oriented
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CZ research (Norstrom et al., 2020). The shift in understanding engendered by this research informed Figure 1b
illustrating a range of human activities and impacts in human-stressed environments that dominate terrestrial
landscapes worldwide.

2.3.2. Knowledge Exchange Research Findings

Exploitation of CZS in the context of local communities' experience could promote resilience in social-ecological
systems, and identify local-scale, bottom-up mechanisms that can improve delivery of both environmental and
human-centered SDGs. In this section, we describe the results from our KE research on the awareness of human
impacts on the environment and the key pressures and challenges CZ residents face in their day-to-day lives.
We incorporated social science research methods as “knowledge exchange research” to more closely align the
CZS goals to local livelihoods and SDGs as part of a developing 3rd generation CZO approach. By changing
the perspective of the CZ study to encompass social science methods, clear routes for CZS to aid the delivery
of SDGs relevant to those living in the studied catchments (Buckerfield et al., 2019b; Oliver et al., 2020) were
identified, providing a human context to the national environmental restoration programmes.

The KE research in the China-UK program revealed that dialogue with people living and farming within the
CZOs could benefit scientists by helping them to better understand their data, and pointed to direct action to
accelerate toward policy objectives to achieve resilience using a combination of physical and social science data.
Below, we provide specific examples to illustrate how (a) gathering knowledge on human behaviour can improve
scientists' understanding of local farmers' needs and their environmental understanding; (b) interpretation of CZS
in messy, human-modified CZOs (Figure 1b) was enhanced by using the experience gained from CZS research;
and (c) local scale management actions could directly improve local livelihoods and make progress toward both
environmental and human-centred SDGs using CZS outputs. This approach allows human-nature/landscape
interactions to be at the heart of understanding how CZs function (Welden et al., 2021). In doing so, it showed the
power of human ingenuity including resilience measures already employed to sustain livelihoods in the studied
CZOs and how this in turn can help interpret CZS data. These actions, especially if also supported financially
(You et al., 2022), can accelerate delivery of environmental, but also human-centered SDGs (Table 1b).

2.3.2.1. Local Farmers' Pressures, Perceptions and Understanding of Human-Environment Interactions

Poor farming decisions can promote land degradation and reduce water quality with negative consequences for
livelihoods in regions where farmers already suffer from poverty (Oliver et al., 2020). Overall, the KE research
revealed that local farmer understanding of human impacts on the wider environment in three CZOs (Karst,
Red Soil, and Loess Plateau) was sparse and varied significantly between regions (chi square test, p < 0.001,
@c = 0.37). Farmers were asked, “Do you think any of the farm activities (e.g., tillage, fertilizer, or chemical use)
you do on your land affect other farmland nearby?”’. Most farmers in the Loess Plateau CZO and Red Soil CZO
did not recognize any risk, whereas a small proportion of farmers in the Karst CZO recognized potential risk.
Here, farmers had a generally limited and spatially variable understanding of human impacts on their local envi-
ronment, or of the value of the natural environment for their well-being. Notable exceptions were observed
phenomena that directly affected subsistence livelihoods, for example, flooding and droughts, soil erosion (see
Sections 2.3.2 and 2.3.2.2, below), landslides and wildfire (Oliver et al., 2020). Further surveys of 478 farmers in
the Karst CZO, Red Soil CZO and Loess Plateau CZO revealed that labour, fertilizer costs and water availability
were the greatest perceived challenges for all surveyed across the three regions (Zheng et al., 2018).

2.3.2.2. How Local Knowledge Improved Interpretation of CZS Data on Soil Erosion

CZS had revealed the negative consequences of poorly managed tillage on steeply sloping fields for the envi-
ronment (Green et al., 2019; Quine et al., 2017; Zheng et al., 2018) and farmer livelihoods (M. Liu et al., 2019a;
X. D. Song et al., 2019a; X. W. Song et al., 2019b) (Figure 3a). The Grain for Green programme promoted the
abandonment of very degraded, sloping agricultural land and natural recolonization by diverse species (M. Liu
etal., 2019a,2019b; Y. Yang et al., 2022), or change to conservation management (X. D. Song et al., 2019a; X. W.
Song et al., 2019b). Both land use changes led to reduced erosion rates and restored soil organic carbon (Z. Guo
et al., 2021) and were associated with improvements in soil structure (M. Liu et al., 2019b) (Table 1a).

Application of KE research with farmers in the Karst, Red Soil, and Loess Plateau regions of China revealed their
interest in learning about soil erosion, which varied between CZO and was strongest in the Karst region where
all farmers were interested (p < 0.001, ¢_ = 0.32). From a biophysical perspective, the legacy of soil erosion and
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loss from the steeply sloping fields was investigated using '*’Cs activity in soil samples taken in soil profiles
from the surface to the bedrock (Quine et al., 2017) (Figure 3b). On these inherently shallow soils, severe erosion
of topsoil was evident that was caused by the removal of natural vegetation followed by repeated tillage of soils
for food production. In the Karst region, soil washing from sloping fields during rainstorms had been witnessed
by the farmers living in Puding village in the Chenqi catchment and described to the CZS team by the village
leader in June 2016. The village leader said that farmers had taken remedial action to preserve the soil resource,
including blocking pathways of soil loss between emergent rocks and physically moving eroded soil upslope into
rockbound terraces (see Figure 3¢ above). This direct farmer-scientist interaction provided vital information that
facilitated the interpretation of '3’Cs data from soil profiles, indicating burial of eroded topsoil in abandoned
farmland affected by rocky desertification (Figures 3a and 3b). Thus, local, farmer-led land management prac-
tices to maintain agricultural capacity in degraded landscapes explained the '*’Cs data, elegantly illustrating
the capacity of local farmers to innovate in the face of environmental challenges, and why local knowledge
of the environment and human modifications (i.e., the context and pluralistic knowledge described in Norstrom
et al. (2020)) within it may be vital for interpreting apparent data anomalies in human-modified CZOs. Using an
arts-science approach, a “comic strip” was developed to illustrate this example of positive interaction and knowl-
edge co-production between farmers and CZ scientists (Figure 3c). This easily accessible format as a KE tool for
both CZ scientists and farmers creates a readily understandable human-scale narrative (sensu Latour, 2021) that
makes explicit the value of place-based local knowledge in environmental science (Welden et al., 2021). Feeding
back the benefits of data “co-production” between scientists and farmers to both parties in forms that transcend
language barriers is essential to exchange knowledge and engender trust (Fazey et al., 2014). This example also
emphasizes the crucial role local/tacit knowledge can play (Welden et al., 2021) in interpretation of scientific
findings in human-modified landscapes.

2.3.2.3. Potential Benefits of Land Use Change to Agroforestry for Local Population and Environment

CZS investigation of the biological processes in the Karst soils under the Grain for Green programme suggested
that the existing policy of abrupt abandonment of agricultural management was not an optimal approach to
regenerate soil functions (e.g., Z. Guo et al., 2019; D. Li et al., 2018). Instead, it revealed that active management
of nutrients (nitrogen and phosphorus) can accelerate landscape restoration to secondary forest, with benefits
including carbon sequestration (Z. Guo et al., 2021; D. Li et al., 2021a; Xue et al., 2020). The pursuit of forest
regeneration for the improvement of ecosystem services is appropriate where trees are uniquely adapted to envi-
ronmental conditions in the Karst environment, that is, deep-rooting, H. J. Li et al., 2019 and mycorrhizal associ-
ations (Y. Yang et al., 2022). These CZS findings are serendipitous as bringing suitable trees into cultivation, as
part of agroforestry or silvopastoral systems, could provide both environmental and economic benefits, and better
suit the local aging demographics.

Challenges in securing on-farm labour were associated statistically with the Karst CZO (and Loess Plateau CZO)
(p <0.001, ¢, = 0.26) and perceived as the biggest challenge to farming. KE research also revealed that the aging
demographic of the local community was not suited to the physical demands of farming on steep slopes: more
than 80% of farmers in Karst CZO were 40+ years, half of those were 60+ years, and 70% were female (Oliver
et al., 2020) (with similar demographic profiles for Red Soil CZO and Loess Plateau CZO; Naylor et al., 2023b).
Local farmers at Chenqi suggested that re-establishment of traditional fruit orchards (M. Zhao et al., 2010) would
be appropriate for older people. Therefore, a renewed shift toward less intensive agroforestry on steeply sloping
farmland could help address local labour shortages, suit demographic trends and thus help improve local liveli-
hoods, whilst at the same time achieving top-down policy goals to improve the resilience of fragile sloping karst
environments through ecologically sensitive local management (Table 1b). Thus, feedback to policymakers can
be augmented: afforestation for food and fibre production (agroforestry) including judicious nutrient manage-
ment, rather than uncontrolled recolonization, can continue to provide income for rural populations, and is appro-
priate to the demographic challenges in rural areas, i.e., an aging population, and deliver ecosystem benefits for
soil regeneration.

2.3.2.4. Mutual Benefits From Synthetic Nitrogen Fertilizer Reduction for Farmers and Environment

Fertilizer was the most expensive operational cost for 77% of Karst farmers, 88% of Red Soil farmers and 95%
of Loess Plateau farmers in China, creating a primary pressure for farmers and an obstacle to sustainable land
management (e.g., Buckerfield et al., 2019a). In tandem, CZS data clearly identified negative impacts of excess
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Figure 3. (a) Photographs of land suffering from severe soil loss and “rocky desertification” at the Karst CZO (credit: Tim Quine). (b) '¥’Cs inventories measured in
soil profiles from abandoned farmland at the Chinese Karst CZO indicating buried, eroded topsoil. (c) “Comic strip” created to show benefits of data co-production
and knowledge exchange between scientists and farmers, where local knowledge and local farming practices to manage soil loss and conserve eroded soil resources was
crucial to interpret CZS results which did not conform to typical profiles from mechanized agricultural landscapes.

inorganic fertilizer use by farmers, (e.g., water pollution by leached nitrates; Gu et al., 2015; Tao et al., 2005;
see also details about the magnitude and threats of excess nitrogen in each CZO in Sections 2.2.2-2.2.3 above)
creating a point of synergy between economic pressure faced by farmers, a top-down environmental restoration
policy goal and CZS (Qin et al., 2020; X. W. Song et al., 2017; H. Wu et al., 2019, 2021; S. H. Yang et al., 2020b;
Z. Zhang et al., 2020). Working more closely with local farmers to reduce nitrogen fertilizer loadings through
KE activities (e.g., to monitor and reduce reactive nitrogen loading from inorganic and organic fertilizers; Sutton
et al., 2013) raises the potential for direct benefits for local livelihoods (by reducing the expensive outlay on
synthetic fertilizers) whilst at the same time reducing the threat identified by the overuse of nitrogen fertilizers
for CZ functions, thereby hastening the achievement of key policy objectives of the Zero-Growth Action Plan for
Chemical Fertilizers and Pesticides (Cui et al., 2018; Shuqin & Fang, 2018) and SDG 6 (Figure 2b).

2.3.2.5. Hidden Risks of Increased Use of Organic Fertilizers for Water Quality

The recycling of nutrients in organic manures back to land is tenet of sustainable farming practice, which
has increased soil organic carbon and crop yields in farmed soils of north China in recent decades (Z. Zhang
et al., 2011). The use of animal waste management practice is, therefore, advocated as a solution to relieve
economic pressure on farmer livelihoods and achieve key policy objectives of the Zero-Growth Action Plan for
Chemical Fertilizers and Pesticides (Y. Wang et al., 2018; T. Zhang et al., 2022; Table 1), specifically via the
related national Action Plan for Organic-Substitute-Chemical-Fertilizer (OSCF) for Fruits, Vegetables and Tea
(OSCF Policy) (Yi et al., 2021). The shift in policy to reduce synthetic nitrogen fertilizer use creates new risks
from diffuse pollution in run-off from manure-treated soils that may present risks for human and environmental
health. Poor water quality caused by farming practices based on inadequate evidence or guidance on best practice
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has negative consequences for livelihoods in regions of China where farmers already suffer from poverty (Oliver
et al., 2020).

The established China CZO network plus a flexible funding approach provided an opportunity to investigate the
hydrological pathways of faecal indicator organisms (Escherichia coli) during monsoonal rainfall to elucidate
links between human activities and impacts on receiving waters. This targeted project benefitted from the existing
wider instrumental set-up and derived data at the CZOs but studied the CZ in a novel way. It identified that E. coli
from untreated faecal material were transported to the wider environment through deep, sub-surface pathways at
the Karst CZO (Buckerfield et al., 2019b) (Table 1a). E. coli loadings in water generated from human use of the
landscape varied by land use (Figure 4), and the dominant pollutant stressor and risk of faecal pollution in receiv-
ing waters was determined as poorly managed human wastes, followed by livestock manure inputs (Buckerfield
et al., 2020). Using this example of risks of water pollution, we conclude that the scientific hypotheses tested
by 2nd Generation CZS that was driven by the higher-level priorities of policymakers could not address local
community needs directly within the CZ, including as a consequence of policy implementation, nor address
multi-sector or multi-agency changes: 3rd Generation CZOs are needed for this purpose.

Our KE research revealed that only 40% of 312 surveyed farmers in the Karst CZO were aware of contaminant
risks from nitrogen or pathogens in manures for water supplies. Manure management arrangements aligned with
contaminant awareness. Less than half of farmers surveyed in the Karst CZO had any infrastructure to contain
stored manures, with most manures stored as field heaps increasing the potential for mobilization of faecal pollut-
ants following rainfall events (Buckerfield et al., 2019b; Oliver et al., 2020). However, the farmers identified a
general lack of resources (labour shortages and materials availability) combined with high poverty rates as crit-
ical obstacles to increasing farm productivity, which likely includes the capacity to develop on-farm systems for
optimum manure management.

CZS monitoring of the impacts of changing fertilizer management could assist with the implementation of policy
to improve human and environmental health outcomes. Complementary KE research provided understanding
of how farmers manage manure wastes, prefer to learn, and the training provision needed to improve manure
management. Surveys of farmers at the Karst CZO, Red Soil CZO and Loess Plateau CZOs recorded a strong
and significant association (p < 0.001, ¢, = 0.17) between region and the likelihood of completion of manure/
fertiliser management plans by farmers. Regions with policy that encouraged farmers to complete a plan clearly
differentiated from those that did not, that is, Red Soil CZO. Whilst at the Karst CZO, fewer than 50% of farmers
had completed a manure management plan in six villages surveyed (Oliver et al., 2020; see Section 2.3.2.5). Inter-
views with village leaders also illustrated spatial variations in development of more advanced manure manage-
ment mechanisms (e.g., biodigesters; Table 1), further highlighting how understanding local practices can both
inform the interpretation of CZO science (e.g., the measurement of faecal indicator organisms from organic
manures in waterways; Figure 3), and feedback to policy about education, training and financial support pathways
that incorporate local knowledge in the design of actions to improve agricultural sustainability.

The example in Section 2.3.2.5 illustrates well how CZS informed by KE research led to enhanced identification
of recommendations for prioritization of policy and practical actions (e.g., provision of training, financial support
and facilities to manage livestock manures for farmers), and sanitary measures in villages such as installing pit
toilets (Buckerfield, 2021). It also illustrates how multi-land use studies can help identify multiple policy routes
(e.g., public health, agriculture and ecosystems/CZ function) to improve outcomes for society and the environ-
ment (Buckerfield, 2021). We recommend that future CZ approaches considering source apportionment of key
pollutants should use a combined multiple land management hypothesis-driven sampling frame (Figure 3) across
multiple landscape types in CZOs (Granados Aguilar et al., 2020), so that spatial and/or temporal variations
in human activity to manage inputs to the environment (e.g., manure management methods) can be measured
and their effectiveness evaluated via reflective practices (Dunkley & Franklin, 2017). Similarly, CZS sampling
designs can be usefully informed by local/tacit knowledge, such as measuring the effects of adaptations to farm-
ing practices to maintain production in degraded landscapes described in Section 2.3.2 on CZ function, and
crucially using social science research to assess the impacts on the livelihoods of farmers and their communities.

2.3.3. Benefits of Farmer-Scientist Interactions in CZOs

Interdisciplinary, multi-sector science-policy-practice solutions are needed to support policy and governance
frameworks that use CZS to achieve SDGs by providing a multi-faceted understanding of the response of CZ
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Figure 4. Annotated version of the transdisciplinary Critical Zone Observatory for sustainable Earth futures diagram to
illustrate the effects of multiple human impacts on the environment, using the example (dark grey labels) of the measured
impacts of manure management on faecal pollution and water quality using counts of faecal indicator organisms (E. coli;
numbers in the figure represent concentration with units of CFU/100 mL). Light grey labels denote other likely sources of
pollutants into the CZ.

processes to managed change. The 3rd Generation CZ approach described above created opportunities for CZS
data co-production and co-learning situated in a social-ecological system context that allowed for pluralistic
(i.e., combined local and scientific knowledge of a place) and interactive knowledge (Norstrom et al., 2020).
Eagerness to learn and develop connections between CZ scientists and farmers in the CZOs (Oliver et al., 2020;
Zheng et al., 2018) could further accelerate the achievement of national and global policy objectives (Figure 3), as
previously recognized in China, for example, the Science and Technology Backyard platform (Jiao et al., 2019).

Previously, Banwart et al. (2012) used the Drivers-Pressures-State-Impact-Response (DPSIR) framework to
assess trade-offs between policy and soil management interventions in European CZs in the SoilTrec project.
Musche et al. (2019) developed this approach, recommending that whole-systems approaches were needed to
address the complexity of biotic, abiotic and socio-economic issues that affect CZs. Stakeholder engagement
in socio-ecological research that encompassed synthetic, network-based and transdisciplinary approaches to
address emerging ecosystem services and social-ecological systems research themes was emphasized. Integral to
the proposed 3rd Generation CZS approach, the incorporation of local community knowledge in informing the
DPSIR “Pressures” and “Response” components was intended to improve the quality of social-ecological systems
to achieve SDGs through the development of co-designed multi-scale, multi-sector policy and management
interventions. For example, scientifically sound and evidence-based technologies combined with building trust,
participatory innovation, developing human capacity and strengthening the coherence of farming communities
are necessary to promote the changes in farmer behaviour required to achieve reductions in nitrogen use across
China (Cui et al., 2018). The work on water quality in the Chinese CZO network (Sections 2.3.2 and 2.3.2.5) is
also a case in point. Without KE, the “Driver” focus for CZS in the CZOs, that is, agriculture, would have ignored
a dominant “Impact” on water quality: the potential contamination of deep hydrological pathways by human
waste in rural communities (Buckerfield et al., 2020). This approach exemplifies the integration of CZS outcomes
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across earth science disciplines: faecal indicator organisms (E. coli) are microfauna which are part of the carbon
cycle (““State”), and high E. coli loadings in receiving waters ("State") adversely affect water quality ("Impact") as
a potential consequence of managing the nitrogen cycle (“Driver”/“Pressure”) in agricultural and human settings.
Our findings provide further evidence of how a combined science and social-science approach can help inform
sustainable implementation of policy shifts (e.g., toward organic fertilizers) to avoid maladaptation (i.e., lack
of context-suitable training, awareness, and funding for organic waste management practices) and improve the
“State” of social-ecological livelihoods in CZOs.

3. Conclusions and Recommendations

Adopting a transdisciplinary CZO for sustainable Earth futures (3rd generation) approach to agricultural or other
heavily human modified landscapes (summarized in the updated CZO model in Figures 1b and 3) as part of
funding calls and at the project design stage should allow identification of people-centred recommendations
that are initiated by new dialogues, training and co-produced research initiatives. Further, the outputs of 3rd
Generation transdisciplinary CZO programmes for sustainable Earth futures that integrate CZS, social science
and draw on local knowledge experience should be precursors to the development of fit-for-purpose national
policy and locally tailored actions that improve local livelihoods in social-ecological systems, such as increased
use of nature-based solutions. Ultimately, the successful implementation of national policy requires both high
level (e.g., decision support tools (DSTs)) policy implementation support tools and local scale actions that are
co-designed with local actors (i.e., practitioners, such as smallholder farmers in the China CZOs) to develop the
necessary behaviours and changes in practice that will only propagate and persist if the local impact of high-level
policy goals is positive. Based on our experience accumulated during the China-UK CZO program, we make the
following four recommendations:

1. Precursor activity to CZO project design and implementation.
We recommend that future CZS funders and project planning involves a priori engagement with local commu-
nities, so that local, context-specific, hypothesis-driven research questions can be co-developed from the outset.
Preassessment of local community pressures, needs and potential local-scale social context and responses, as
well as their learning experiences and preferences (Naylor et al., 2023b) is recommended in advance of CZO
establishment to direct focus to social-ecological systems that accelerate the collective ability to meet policy
objectives, to achieve SDGs, avoid ecosystem tipping points and improve planetary health (Table 1).

2. Incorporate local knowledge, human activity and social context into the design of CZS.
We recommend that future CZS programmes should draw on local expertise and practice to co-design CZS
questions and use this knowledge to help interpret CZS findings. Practitioner-to-scientist KE (e.g., with farm-
ers, industry, water suppliers and/or energy companies) can be mutually beneficial but requires these activities
to be appropriate to the local social context, with ample time, resource and, where required, mediation, to
overcome barriers (e.g., sociocultural, language) and to engender trust (Karcher et al., 2022). In CZOs with
large rural populations such as those in China, farmers as stewards of the land (W. Zhang et al., 2016) are key
agents of CZ function, but also have a wealth of local knowledge of their environment, agricultural practices,
ecological suitability (e.g., for agroforestry, Rigal et al., 2018) and their cultural, social and political context
(B. Wu & Pretty, 2004; Naylor et al., 2023b). Local knowledge is invaluable for interpreting CZS data in
heavily human-modified systems, where local adaptation measures to cope with economic and environmental
pressure on livelihoods modify CZ processes in unexpected ways (Figure 3c). Crucially, local human activi-
ties to maintain resilience are often innovative with positive effects on the landscape and communities in these
CZOs, illustrating how the landscape is locally shaped and held together by people and other living organisms
(Latour, 2021).

3. Put CZS into practice across scales and sectors.
We recommend that dedicated funding is invested in social science research to establish the optimal
(context-specific) mechanisms for the flow of information from CZ research to different groups of users (see
Naylor et al., 2023b) and explores the benefits of innovative interactive learning tools such as reality-based
games (Seysel, 2017). Different approaches are required to share CZS into practice across scales and for
different sectors of society, for example, policy-scale and practice-scale (Table 1). At the policy scale, on-line
connectivity and social media provide opportunities for DSTs informed by CZS to be created and shared with
practitioners and policy makers designing policies to improve agricultural sustainability. At the practice scale,
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using social science methods to identify social, political and cultural factors influencing local social capital
(Naylor et al., 2023b), and how these influence learning preferences of lived inhabitants in CZOs (Naylor
et al., 2023b; B. Wu & Pretty, 2004), can usefully guide research co-design and knowledge mobilization and
exchange during CZ research projects.

4. Flexible funding approaches informed by iterative review milestones.

We recommend that a longer-term perspective (minimum 10 years) is required to gain sufficiently compre-
hensive understanding of CZ processes at scales appropriate to both biophysical and socio-cultural contexts.
Both scientists and CZ residents should be involved in cycles of data gathering, review, and implementation
of evidence-based management change and monitoring, to develop strategies to support ecosystem func-
tion and regeneration, while providing roadmaps for sustainable economic development. Funding streams
from government agencies, non-profit organizations and industry should be sought to support longer term
programmes that capture changes in livelihoods alongside use of innovative sensor technologies to moni-
tor CZ processes more efficiently, to evaluate and inform the implementation and progress of national and
international policy goals (e.g., SDGs), and local livelihood impacts, for both ecological and social parame-
ters. Crucial to this is the flexible nature of funding to respond to changes in priorities based on knowledge
gaps identified within the project and/or external drivers, for example, policy change. To enable flexibility,
CZ projects should build in milestones for iterative learning and review, where insights from social science
research and local communities can inform and refine CZS studies during the lifetime of a CZ project, and
where the social-ecological impacts of national to local scale policies and practice for the lived inhabitants of
CZOs and their landscapes can be more effectively evaluated.

Data Availability Statement

Data sets that report on farmer and village/county official knowledge learning dynamics and prefer-
ences for Puding county are reported in Oliver et al. (2020) and Buckerfield et al. (2019b). The data for
Puding as well as the other two regions studied are fully available via the Environmental Information Date
Centre repositories at: https://doi.org/10.5285/e674e08c-fbf5-411b-940c-7e31014f0e76 and https://doi.
0rg/10.5285/9¢14948d-cf58-4194-9fef-c2cb56818667.
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