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Abstract: Soil health connotes the balance of biological, physicochemical, nutritional, structural, and
water-holding components necessary to sustain plant productivity. Despite a substantial knowl-
edge base, achieving sustainable soil health remains a goal because it is difficult to simultaneously:
(i) improve soil structure, physicochemistry, water-holding capacity, and nutrient cycling; (ii) sup-
press pests and diseases while increasing beneficial organisms; and (iii) improve biological func-
tioning leading to improved biomass/crop yield. The objectives of this review are (a) to identify
agricultural practices (APs) driving soil health degradations and barriers to developing sustainable
soil health, and (b) to describe how the nematode community analyses-based soil food web (SFW) and
fertilizer use efficiency (FUE) data visualization models can be used towards developing sustainable
soil health. The SFW model considers changes in beneficial nematode population dynamics relative
to food and reproduction (enrichment index, EI; y-axis) and resistance to disturbance (structure index,
SI; x-axis) in order to identify best-to-worst case scenarios for nutrient cycling and agroecosystem
suitability of AP-driven outcomes. The FUE model visualizes associations between beneficial and
plant-parasitic nematodes (x-axis) and ecosystem services (e.g., yield or nutrients, y-axis). The x-y
relationship identifies best-to-worst case scenarios of the outcomes for sustainability. Both models can
serve as platforms towards developing integrated and sustainable soil health management strategies
on a location-specific or a one-size-fits-all basis. Future improvements for increased implementation
of these models are discussed.

Keywords: agriculture; degradation; ecosystem services; fertilizer use efficiency; nematodes; nutrient
cycling; soil amendments; soil food web

1. Introduction
1.1. What Are the Characteristics of Sustainable Soil Health?

Healthy soils are the foundation for meeting the increasing world population’s needs
for food, fiber, nutrition, and healthy environment on a limited landmass further con-
founded by climate change grand challenge that requires multi-dimensional solutions [1–8].
Soil health—the capacity of a soil to generate desirable ecosystem services—requires a dy-
namic balance among biological, physiochemical, nutritional, structural, and water-holding
components [1,9–12]. Developing a sustainable soil health for both agricultural (annual
to perennial; row and non-row crops) and managed natural (forests, grasslands, rangelands)
production systems is central to meeting both food demands and to reducing environ-
mental damage [3,5,6,10,13–15]. In this context, we define sustainable soil health as one
that simultaneously generates three sets of desirable ecosystem services [9,12,16–25] while
meeting environmental and economic expectations [5,26–30]. These three sets of desirable
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ecosystem services are to: (i) improve soil structure, physiochemistry, water-holding ca-
pacity and nutrient cycling; (ii) suppress pests and diseases while increasing beneficial
organisms; and (iii) improve biological functioning leading to improved biomass/crop
yield, simultaneously. When soil health is out of balance, it becomes difficult to generate
the desirable ecosystem services [10–13,27–34].

The objectives of this review are two-fold: First is to identify barriers to developing
sustainable soil health through a conceptual understanding of agriculture’s footprint in the
cycle of soil health degradations; and second is to describe how nematode-based soil food
web (SFW) [34] and fertilizer use efficiency (FUE) [28–30] models can serve as integrated
soil health management decision-making tools. The SFW model uses changes in population
dynamics of beneficial nematodes to identify best-to-worst outcomes for agroecosystem
suitability. The FUE model uses beneficial and harmful nematodes to identify if the
outcomes meet the definition of sustainable soil health. This review highlights how these
two models can serve as a platform towards developing integrated and sustainable soil
health management strategies on a location-specific or a one-size-fits-all basis.

1.2. Why Nematodes Are Important to Soil Health?

Nematodes, non-segmented worm-like organisms, are present in all ecosystems, are
sensitive to disturbance by agricultural practices (APs), and represent 80% of metazoans
on the planet [11,33–36]. Based on their food source, soil-dwelling nematodes are classified
into trophic groups that include bacterivores (bacterial feeders), fungivores (fungal feeders),
plant-parasites or herbivores (plant-feeders), predators (feed on nematodes and other life forms),
and omnivores (feed on a range of soil organisms) [36]. The nematode trophic groups have
life histories and reproductive strategies that fall into five categories commonly known
as colonizer-persister (c-p) groups [34,37–39]. These range from c-p 1, fast reproducing
and tolerant to disturbance, to c-p 5, slow-reproducing and sensitive to disturbance. The c-p
groups have different functions. Bacterivores, fungivores, omnivores, and predators are all
beneficial and pertinent to nutrient cycling and maintaining healthy soils [10–12,21,36]. It is
important that a healthy soil contains all c-p groups of all beneficial nematodes. Herbivores,
which use a stylet (resembles a flexible hypodermic needle) to pierce roots (root parasites) or
leaf tissue (shoot parasites) to obtain nutrition, are harmful pests that cause crop yield
loss. Herbivorous and beneficial nematodes exist in the same soil ecosystems. Change
in nematode population dynamics is an excellent indicator of changes in soil and global
ecosystems [11,33,35,36].

Another way that nematodes are important to soil health is in nutrient cycling within
the functions of the SFW (Figure 1). As shown in this open-source USDA/NRCS figure,
nematodes are a critical part of the SFW in Trophic Levels II, III, and IV of the SFW
(Figure 1 [10,11,21,34,40–43]). Level I are the photosynthesizers, Level II are decomposer
and parasites, Level III are shredders, Level IV are predators, and Level V are higher level
predators. In simple terms, the desired ecosystem services from a functioning SFW are
the predator-prey and excretions of many micro- and macro-organisms operating across
five trophic levels. By feeding on or being food for other organisms, nematodes contribute
to releasing nitrogen and nutrient cycling in general [12,21,40]. A combination of their
presence in all ecosystems, role as nutrient cyclers in the SFW, and sensitivity to APs-driven
disturbances make nematodes excellent bioindicator organism to develop sustainable soil
health in cropping systems.
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Figure 1. An open access USDA/NRCS illustration of the five trophic levels of the soil food web and 
the role of nematodes in trophic levels II, III, and IV. https://www.nrcs.usda.gov/wps/por-
tal/nrcs/photogallery/soils/health/biology/gallery/?cid = 1788&position = Promo (accessed on 5 May 
2021).  
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sions [4]. In addition, soil fertility (organic and inorganic forms) managements [22,26,44–
48], pesticides and agricultural inputs [19], land use (tillage, grazing) practices [2,17,18], 
and cropping systems [16,47,48] are among the APs that directly or indirectly influence 
the soil health components and in variable ways [45–53]. Although global fertilizer appli-
cation will exceed 200 million metric tons per year [54] and the negative effects on soil 
health and the environment will continue, there are regional differences. For example, in 
economically less developed parts of the world, fertilizer may be expensive and soil health 
degradation may be exacerbated from inadequate soil fertility management. In economi-
cally developed countries, lack of integrated fertilizer use efficiency leads to nutrient pol-
lution and economic waste [25,26]. For example, a comprehensive study of N use and 
maize and soybean yield in the U.S. Midwest showed a disturbing picture [26]: 
 Approximately 46% of the maize and soybean acreage was high-yielding, 26% stable 

low yielding, and 28% unstable (variable) yielding. 
 Low-yielding areas contributed ~44% and variable-yielding areas during years of 

poor yield 31% of total N loss to the environment. 
 Total loss to farmers from overfertilization in low- and variable-yielding areas was 

~$485 million. The loss in fertilizer value corresponded to greenhouse gas (GHG) of 
6.8 MMT CO2 equivalents. 
It is clear that current fertilizer use practices and APs’ impact on soil health degrada-

tions are unsustainable. To reverse the trajectory of unsustainable practices and improve 
APs and soil health, in-depth understanding of the impact of APs’ large footprint on soil 
health and associated management decisions is necessary. 

2. Conceptual Understanding of the Cycle of Soil Health Degradation 
How efficiency and sustainability of the impact of APs’ on generating desirable eco-

system services are assessed are contributing factors in the cycle of soil health degrada-
tion. Figure 2 depicts a conceptual view of how separate APs or AP combinations applied 
in production systems (A) will alter soil health components (B) in generating objective-

Figure 1. An open access USDA/NRCS illustration of the five trophic levels of the soil food web and
the role of nematodes in trophic levels II, III, and IV. https://www.nrcs.usda.gov/wps/portal/nrcs/
photogallery/soils/health/biology/gallery/?cid=1788&position=Promo (accessed on 5 May 2021).

1.3. Agriculture’s Footprint on Soil Health

Agriculture has a substantial footprint relevant to soil health and ecosystem degrada-
tion. For example, agriculture contributes ~84% of the global nitrous oxide (N2O) emis-
sions [4]. In addition, soil fertility (organic and inorganic forms) managements [22,26,44–48],
pesticides and agricultural inputs [19], land use (tillage, grazing) practices [2,17,18], and
cropping systems [16,47,48] are among the APs that directly or indirectly influence the soil
health components and in variable ways [45–53]. Although global fertilizer application
will exceed 200 million metric tons per year [54] and the negative effects on soil health and
the environment will continue, there are regional differences. For example, in economically
less developed parts of the world, fertilizer may be expensive and soil health degradation
may be exacerbated from inadequate soil fertility management. In economically developed
countries, lack of integrated fertilizer use efficiency leads to nutrient pollution and eco-
nomic waste [25,26]. For example, a comprehensive study of N use and maize and soybean
yield in the U.S. Midwest showed a disturbing picture [26]:

• Approximately 46% of the maize and soybean acreage was high-yielding, 26% stable
low yielding, and 28% unstable (variable) yielding.

• Low-yielding areas contributed ~44% and variable-yielding areas during years of
poor yield 31% of total N loss to the environment.

• Total loss to farmers from overfertilization in low- and variable-yielding areas was
~$485 million. The loss in fertilizer value corresponded to greenhouse gas (GHG) of
6.8 MMT CO2 equivalents.

It is clear that current fertilizer use practices and APs’ impact on soil health degrada-
tions are unsustainable. To reverse the trajectory of unsustainable practices and improve
APs and soil health, in-depth understanding of the impact of APs’ large footprint on soil
health and associated management decisions is necessary.

2. Conceptual Understanding of the Cycle of Soil Health Degradation

How efficiency and sustainability of the impact of APs’ on generating desirable ecosys-
tem services are assessed are contributing factors in the cycle of soil health degradation.
Figure 2 depicts a conceptual view of how separate APs or AP combinations applied
in production systems (A) will alter soil health components (B) in generating objective-
dependent ecosystem services (C), and the basis for management decisions if the outcomes
of the objectives were either yes, no, or variable for one or more ecosystem services (D). A

https://www.nrcs.usda.gov/wps/portal/nrcs/photogallery/soils/health/biology/gallery/?cid = 1788&position = Promo
https://www.nrcs.usda.gov/wps/portal/nrcs/photogallery/soils/health/biology/gallery/?cid = 1788&position = Promo
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common way to determine whether APs generate desired ecosystem services is to assess
production efficiency (E) and sustainability (F) of the outcomes. A combination of the gaps
in integrated understanding of the process-limiting dynamics affecting A, B, and C, and
the lack of decision-making tools affecting D, E, and F, creates bottlenecks that continue
the feedback cycle of soil health degradation. Using soil fertility management applied to
increase biomass/crop yield and/or suppress harmful plant-parasitic nematodes (PPN)
as examples, we define production efficiency in this context as the difference between the values
of inputs (e.g., soil amendment or fertilizer) and outcomes (e.g., yield increase and/or suppression
PPN, or both) [11,44,55–57].
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Figure 2. Key concepts in crop production management: (A) agricultural practices (APs) collectively influence, (B) soil
health components to generate (C) objective-dependent ecosystem services (ES) outcomes, that (D) may be achieved (yes)
or not achieved (no) or variably achieved, which lead to management decisions on (E) efficiency and (F) sustainability of the
outcomes, and the bottlenecks in the gaps in integrated understanding of the process-limiting dynamics across A, B, and C,
and the lack of decision-making tools across D, E, and F, that keep the cycle of soil health degradation continue.

As depicted in Figure 2E,F, only yes or positive outcomes are seen as efficient and
sustainable, so that soil treatments continue when an outcome is positive (green arrow),
change when an outcome is negative (red arrow), and either change or continue with hope
for better results when an outcome is both yes and no (yellow arrow). In the meantime,—
because efficiency analysis based only on PPN suppression and/or increased biomass
or crop yield does not always provide insights useful for system sustainability decision
making—soil degradations continue unaddressed. For example, a soil nutrient amendment
may not be sustainable if the amendment increases crop/biomass yield but adversely affects
the soil environment [13,57] or beneficial soil organisms [2,28–30]. Under these circumstances,
conclusions from Figure 2 outcomes are likely to remain discipline-based comparisons between
an independent variable (AP treatment) and dependent variable (ecosystem service) in space and
time [11,44,55–57]. This limitation makes it difficult to achieve sustainable agroecosystem
and soil health conditions because the effects of APs (A) on the soil health components
(B) necessary to generate the desired ecosystem services (C) might be subjects of study of
not one but multiple disciplines (Figure 2). Sustainable soil health management is unlikely
to be achieved without an integrated and interdisciplinary understanding of the process-
limiting factors affecting the generation of desirable ecosystem services and identifying
and/or developing management decision-making tools that aid in translating basic science
into practical application.

3. Barriers to Developing Sustainable Soil Health and How to Overcome the Gaps
Using Nematodes

There are several barriers to aligning sustainable soil health with the desirable ecosys-
tem services.
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First, despite a considerable basic and applied soil health knowledge, it is rare that
management strategies align soil health components and the ecosystem services they
generate [46,58–70]. Occurrence of beneficial and pathogenic organisms in the same soil
environment further complicates aligning desirable ecosystem services [13,28–30].

Second, there are no quantitative benchmarks for the functions and process-based
outcomes across the desirable ecosystem services that describe what a steady-state soil
health looks like for any AP, soil type, or cropping system [13,31–33,47–51,62,71,72].

Third, lack of integrated translation of the biophysicochemical-based outcomes in
ways growers can easily understand. Practical application is difficult.

Fourth, there is no framework for alignment of multiple ecosystem
services simultaneously.

There are three major gaps to overcoming the critical barriers to developing steady-state
soil health conditions and soil health practices that generate the desirable
ecosystem services.

First, the integration of the substantial knowledge on all components of soil health
in ways that align the 3 sets of desirable ecosystem services is lacking. The biological
component of soil health that drives the belowground nutrient cycling of the SFW (Figure 1)
and biodiversity [10–12] can be a platform for step-by-step integration.

Second, many of the micro- and macro-biome communities in the SFW are used as
indicators of soil health [72–78]. However, there is a need for a foundation up on which
the biological indicators can be integrated to identify agroecosystem suitability of the
APs-driven outcomes. In this case, soil-dwelling nematodes (Section 1.2) can serve as
a model organism, and the nematode community analysis-based Ferris et al. [34] SFW
model described in Section 4 can be a tool for identifying agroecosystem suitability of
AP-driven outcomes.

Third, an outcome that looks suitable for an agroecosystem and efficient by disci-
plinary measures (Figure 2D–F) is not necessarily sustainable. For an outcome to be
sustainable, it has to meet a balanced expectation of generating the desirable ecosystem
services and economic and environmental needs simultaneously. In this case, the harmful
and beneficial soil-dwelling nematode community analyses-based FUE models described
in Section 5 can be a foundation for identifying sustainable outcomes [28–30]. A combina-
tion of the SFW and FUE model analyses can be used to understand the process-limiting
factors and gaps in decision-making tools (Figure 2) and align ecosystem services needed
for sustainable soil health management in cropping systems.

4. How the SFW Model Uses Nematodes to Identify Agroecosystem Suitability of
Soil Conditions
4.1. Description of the Ferris et al. SFW Model

The Ferris et al. [34] SFW model describes soil conditions in 4 quadrants by measuring
changes in beneficial nematode trophic and colonizer-persister (c-p) groups. The model
graphically represents the relationship between: (a) nematode population turnover relative
to food and reproduction (Enrichment Index, EI, y-axis) and (b) the community profile
relative to stress or resistance to disturbance (Structure Index, SI, x-axis) (Figure 3). The EI
and SI trajectories are calculated independently from the weighted abundance of nematodes
in guilds representing basal (b), enrichment (e), and structure (s) food web components.
They are calculated as follows:

b = ∑kbnb, (1)

where kb are the weightings assigned to guilds that indicate basal characteristics of the
food web, and nb are the abundances of nematodes in those guilds. Using the same guilds,
the e and s components are calculated as follows:

e = 100 × (e/(e + b)), (2)

s = 100 × (s/(s + b)). (3)
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to describe soil health conditions from best (Quadrant B) to worst (Quadrant D) case scenarios
for nutrient cycling and agroecosystem and sustainability [34]; Indices of Ecosystem Condition
(ucdavis.edu).

As nematodes feed on or are food for other organisms, their population dynamics and
the release of N change [12,21,34,40]. It is this population dynamics that the Ferris et al. [34]
SFW model expresses with the relationship between EI and SI on a scale of 0 to 100% to
describe the soil conditions in four quadrants (Figure 3). High EI and low SI values
(Quadrant A) indicate that the soil is N-enriched in a boom-and-bust manner, and the
system is dominated by bacterial-feeding nematodes with fast reproduction and resistant
to disturbance (usually c-p 1 and c-p 2). High EI and SI (Quadrant B) indicate that the soil
is N-enriched in a stable and steady manner and the system is dominated by nematodes
that are slow reproducing and sensitive to disturbance (usually c-p 4 and c-p 5). Low EI
and high SI (Quadrant C) indicate that N is moderately available, and the soil system is
dominated primarily by fungal-feeding nematodes that are slow reproducing and sensitive
to disturbance. Low EI and SI values (Quadrant D) indicate that the soil is N-depleted, and
the system is dominated by fast reproducing and resistant to disturbance fungal-feeding
nematodes. Based on the proportion of the nematode trophic and c-p groups driving the
nutrient cycling that is central to soil health, Quadrants A and B have low, Quadrant C
moderate, and Quadrant D high C:N ratio. Based on the nematode population dynamics
and nutrient cycling potential, the SFW structures are described as disturbed (Quadrant A),
maturing (Quadrant B), structured (Quadrant C), and degraded (Quadrant D). Disturbed
and degraded soil systems are likely to be conducive to more pests and diseases, structured
systems suppressive, and maturing systems regulated.

The AP-driven soil health degradations discussed in Sections 1.3 and 2 are likely to
be happening in one or more soil conditions that the SFW model describes. While the
degree to which different APs affect nematode population dynamics and their nutrient
cycling potential may vary [11,33–36], sorting out the variable information is one of the
key advantages of the SFW model. For example, data from effects of APs A–D (Figure 2)
falling into Quadrants A and B would indicate N is available. Quadrant B is the best case
for nutrient cycling and agroecosystem suitability, both important parts of healthy soils.
Data falling in Quadrants C and D indicate biological activity will be required for N release.
Quadrant D is the worst case, where the soil is degraded and biologically depleted. By
identifying best-to-worst case outcomes for agroecosystem soil health, the SFW model
can be a road map to achieving healthy soils because it simplifies complex information
otherwise difficult to relate to production [79].

4.2. Examples of the SFW Model as a Decision-Making Tool to Identify Soil Health Conditions

The cycle of soil health degradations (Section 2) and barriers to developing sustainable
soil health conditions exist because of the complex, variable, and poorly understood process-
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limiting factors affecting the generation of ecosystem services (Figure 2A–C). Among other
things, the SFW model has been extensively used to describe the decomposition path-
ways of nutrient cycling and ecosystem disturbances, e.g., References [11,18,36,42,67]. Its
implementation as a decision-making tool for diagnosis soil health conditions, however,
has been limited. Recently, the SFW model has been used to identify if cropping sys-
tems and or objective-dependent soil amendment treatments resulted in enriched but
unstructured (Quadrants A), enriched and structured (Quadrant B), resource-limited and
structured (Quadrant C), or resource-depleted with minimal structure (Quadrant D) soil
conditions [79–84]. Here, we describe an example of how the model was used to identify if
soil health degradations across the seven major soil groups (orders) can be managed on a
one-size-fits-all or a location-specific approach [84]. This was demonstrated by characteriz-
ing types and levels of biological degradations associated with Ferralsols, Lithosols, and
Nitosols in Ghana, Kenya, and Malawi; see Table 1 and Figure 4 [84]. Table 1 presents SI
and EI by country for each soil group and Figure 4 is a visual representation of the same
data. Across countries and soil groups, the values of EI ranged 11% to 37% and SI of 31% to
88%, suggesting that the soil groups have low enrichment and variable structures (Table 1).
Across countries and soil groups, EI was the highest in Malawi Lithosols and lowest in
Kenya Nitosols, and SI of Ghanaian Lithosols was significantly higher than all, but Ghana-
ian Ferralsols and Nitosols. Malawi Nitosols and Ferralsols had the lowest SI. When the SI
and EI data were fitted into the SFW model, the specific soil conditions of the soil groups
within and across countries were revealed [34]. The EI and SI intersection represents the
data point for the country and soil group on Figure 4. The EI and SI intersection point
represents the location of the mean within a quadrant where the alignments of the standard
errors can be assessed visually. Non-overlapping of either SI and/or EI standard errors of
the data points on the graph show that there are significant differences of either SI and/or
EI within and/or across countries (Table 1).

Table 1. Least square means and standard errors (±) of structure (SI) and enrichment (EI) indices of
disturbed landscapes of Ghana, Kenya, and Malawi in Ferralsol (FL), Lithosol (LL), and Nitosol (NL)
soil groups (SG). Adopted from Melakeberhan et al. [84].

SG Country SI ¥ EI

FL
Ghana 77.8 ± 6.6 ab 18.5 ± 4.1 ed

Kenya 68.2 ± 4.9 bc 30.6 ± 2.8 abc

Malawi 31.9 ± 4.9 d 36.0 ± 2.8 ab

LL
Ghana 88.3 ± 5.8 a 28.3 ± 3.4 abc

Kenya 62.4 ± 4.9 bc 26.0 ± 2.8 cd

Malawi 52.1 ± 5.0 c 37.0 ± 2.9 a

NL
Ghana 77.7 ± 4.9 ab 27.7 ± 2.8 bcd

Kenya 62.8 ± 4.9 bc 10.8 ± 2.8 e

Malawi 42.1 ± 5.4 d 31.3 ± 3.3 abc

¥ Means followed by the same letter within and across soil groups in a column are not statistically different at
p < 0.05.
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Figure 4. Soil food web structure of Ferralsols, Lithosols, and Nitosols under disturbed (right) fields of
Ghana (circle), Kenya (triangle), and Malawi (square). The Quadrants A, (enriched but unstructured),
B (enriched and structured), C (resource-limited and structured), and D (resource-depleted with
minimal structure) are based on the Ferris et al. [34] model. Adopted from Melakeberhan et al. [84].

The data points for the Ghanaian and Kenyan Ferralsols, Lithosols, and Nitosols fell
in Quadrant C (resource-limited and structured), those of Malawi Ferralasols and Nitosols
in Quadrant D (resource-depleted with minimal structure), that of Lithosols borderline
between Quadrant C and D, and the data points of the three countries and soil groups
were not overlapping (Figure 4). In addition to identifying the specific soil conditions, the
SFW model (a) showed how different the soil groups are within and across countries and
(b) provided a proof-of-concept for location-specific than a one-size-fits-all approach when
considering soil health management strategies across locations.

4.3. Potential Use of the SFW Model as an Integration Platform for Soil Health Indicators

The five trophic levels of the SFW (Figure 1) are the foundation of the belowground
biophysicochemical processes affecting the different components of soil health and that
the APs influence to generate the desirable ecosystem services (Figure 2A–C). There
are many soil health indicators associated with the ecosystem services [72–78,85–88] for
which the USDA/NRCS maintains an up-to-date database at https://www.nrcs.usda.
gov/wps/portal/nrcs/detail/soils/health/assessment/?cid=stelprdb1237387 (accessed
on 5 May 2021). These include organic matter recycling and carbon sequestration, soil
structure stability, general microbial activity, carbon food source, bioactive nitrogen, and
biodiversity. While sustainable soil health requires generating multiple desirable ecosystem
services simultaneously (Section 1.1), aligning the soil health indicators for an integrated
application remains challenging (Section 3), in part, due to lack of integration platforms.
The SFW model can be used to address the challenges at least on two levels.

The first challenge are the gaps in integrated understanding the processes that generate
the desirable ecosystem services (Figure 2A–C). For example, when APs, such as soil
amendments or cropping systems, influence the soil health components and result in

https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/health/assessment/?cid = stelprdb1237387
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/health/assessment/?cid = stelprdb1237387
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variable ecosystem services outcomes (Figure 2D), the source of variability could be the
APs, soil health components, or a combination of both, further confounded by soil type and
micro to ecosystem level environmental changes [89–92]. It is likely that the processes that
lead to the soil health indicators are happening in any one or more of the four quadrants
that the SFW model describes. For example, bioactive nitrogen could be present in soil
conditions that resemble Quadrant A (enriched, but boom-and-bust) and or Quadrant B
(enriched, steady, and biologically structured), each requiring location-specific than one-size-
fits-all soil health management decisions. Similarly, bioactive nitrogen and other soil health
indicators may be present in Quadrants A and or B. This would lead to building a database
for managing multiple soil health indicators on a location-specific basis. Thus, by knowing
if the different soil health indicators individually and/or collectively fall in either Quadrant
A, Quadrant B, Quadrant C (biologically structured, but not enriched), or Quadrant D (degraded
and depleted), the SFW model serves as an integration platform that could lead to integrating
and aligning soil health indicators. This is the first step towards identifying soil health
conditions from a single core of soil.

The second challenge is lack of integrated markers for the soil health conditions that
integrate the desirable ecosystem services within a quadrant. Nematode and microbial
communities are part of the biological component of soil health and as drivers of the SFW
(Figure 1) generating the desirable ecosystem services. Thus, nematode and microbial
communities have the potential for being the basis for developing markers that describe
integrated soil health outcomes. Unfortunately, there are limited genetic markers for identi-
fying all nematodes trophic groups to species level or functional guild [93–95], but there are
many markers that describe microbial communities within a hierarchical taxonomy [96–99].
Whether or not existing genetic markers for microbial communities can describe the soil
health condition that typify the desirable ecosystem services remains to be determined.
Nonetheless, a combination of using nematodes to describe the soil health conditions with
SFW model [34] and building upon existing microbial community genetic markers will
lead towards identifying soil health conditions from a single core of soil.

Identifying the soil conditions in response to APs in one thing, whether or not the
outcomes are sustainable is a different matter. For an outcome to be sustainable, it has
to balance the dynamic of generating desirable ecosystem services, environmental and
economic needs simultaneously. This requires integrated efficiency analysis, which the
FUE models provide [28–30].

5. The FUE Model Analysis to Identify Integrated Efficiency Outcomes
5.1. The Concept and the Calculations

When APs, such as soil amendments or cropping systems, result in variable outcomes
and efficiency and management decisions are mostly discipline-centered (Figure 2D–F;
green, red, and yellow arrows), identifying sustainable outcomes by assessing the effect of
a treatment on an ecosystem service becomes difficult [11,44,55–57]. The concept of FUE
model is based on assessing relative changes among ecosystem services in response to
an AP treatment. The FUE model is based on assessing the relationship between changes
in numerical abundance of nematodes quantified at trophic group levels (e.g., herbivore,
bacterivore, fungivore, predator, and omnivore [37,38]) and ecosystem services (plant
growth, soil nutrient, etc.). It is called FUE because it was developed for testing the
relationship between plant-parasitic (harmful) nematodes and plant growth in response to
fertilizer management, one of the common APs [28], later modified to include beneficial
nematodes [29], and verified under field conditions [30].

The assessments express changes in the numbers of harmful and beneficial nema-
todes and ecosystem services as a percentage of control (untreated) using the following
3 equations [28,29]:

Percent harmful nematodes (x-axis) = (HNT/HNC) × 100, (4)
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where HNT is the average number of harmful nematodes in a specific soil amendment and
replication, and HNC is the average number of harmful nematodes in a corresponding
non-amended soil.

Percent beneficial nematodes (x-axis) = (BNT/BNC) × 100, (5)

where BNT is the average number of beneficial nematodes in a specific soil amendment and
replication, and BNC is the average number of beneficial nematodes in a corresponding
non-amended soil.

Percent ecosystem service parameter (y-axis) = (ECT/ECC) × 100, (6)

where ECT is the value of ecosystem service parameter in a specific soil amendment
and replication, and ECC is the value of ecosystem service parameter in a corresponding
non-amended soil.

5.2. Visualization of the Outcomes

The assessments use quadrant formats to relate integrated efficiency in terms of soil
nutrients in relation to the abundances of either harmful or beneficial nematodes expressed
as a percentage of those of the untreated control. Plotting the changes in ecosystem service
(crop yield or soil nutrient, etc., y-axis, Equation (6)) parameters against the changes in
nematode abundances (x-axis, Equation (4) or (5)) provide two sets of graphical indicators
of the condition of the production system (Quadrants A-D–assessment of harmful nema-
todes, Equation (4) and Quadrants E-H–assessment of beneficial nematodes, Equation (5)
(Figure 5)). By visualizing the data this way, the FUE model identifies best-to-worst case
scenarios for generating desirable ecosystem services while simultaneously meeting envi-
ronmental and economic expectations (Figure 5). Best case scenarios are where treatments
result in a desirable ecosystem service increase and a decrease in harmful nematodes (Quad-
rant A) and an increase in beneficial (Quadrant F) nematodes. For best cases, treatment
can continue as usual. In cases where ecosystem service increases and harmful nematodes
increase also (Quadrant B), treatments that suppress harmful nematodes are needed. In
cases where ecosystem service increases but beneficial nematodes decrease (Quadrant E),
treatments that increase beneficial nematodes are needed. In cases where ecosystem service
decreases and root-feeding nematodes decrease (Quadrant C), treatments that increase
ecosystem service are needed. In cases where ecosystem service decreases and beneficial
nematodes increase (Quadrant H), treatments increase ecosystem service ae needed. The
worst-case scenarios, and probably involving economic loss, environmental hazard, and
loss of biodiversity, are where desirable ecosystem service decreases with an increase
in harmful nematodes (Quadrant D) and a decrease in beneficial nematodes (Quadrant
G). Here, treatments that increase ecosystem services and beneficial nematodes, and that
suppress harmful nematodes, are needed.
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5.3. Examples of How the FUE Model Visualization Can Detect Hidden Patterns

In Section 4.3, we described how the Ferris et al. [34] SFW model can be used as
an integration platform for soil health indicators in ways that address the challenges
associated with the process-limiting factors (Figure 2A–C). When APs, such as soil nutrient
amendments, are applied with the objective of impacting nematodes communities and
or plant growth and standard analysis based on comparing treatment means shows no
differences among the treatments (Figure 2D), the logical conclusion is it did not work and
discard the treatment. Here, we demonstrate how the FUE model visualization can be used
to reveal hidden patterns in the data that can address the decision-making bottlenecks
(Figure 2D–F) and identify sustainable soil health outcomes. The use of FUE model does not
imply that comparisons among treatment means are not needed but that mean separation
results by themselves cannot tell if the AP outcome is sustainable or not. It is when the
relationship of the relative changes between ecosystem services are expressed on the FUE
model scatter plot that sustainable outcomes can be identified.

Below, Table 2 (mean separation results) and Figure 6 (FUE model scatter plot) com-
pare the two approaches to analyzing the same data from a field study where the effects
of nitrogen fertilization on soybean cyst nematode (SCN) pest population density and
the normalized difference vegetative index (NDVI) were tested [30]. NDVI is a plant
physiological health indicator directly related to crop yield. We measured SCN population
density and NDVI at vegetative (V5) and reproductive (R1 to R2) stages of soybean growth.
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Table 2. Means of SCN population density (eggs/100 cc of soil) and NDVI for levels of fertilization
(control, -N or +N) at vegetative (V5) and reproductive (R1-R2) growth stages of soybean expressed
as measured values (left) and as percent of control (right), and the interactions of nutrient (Nu) and
time (T). Adopted from Melakeberhan [30].

Factor SCN ¥ NDVI SCN NDVI

Measured Values AS % of Control

Nutrient (Nu)
Control 2420 a 0.373 a na na
No N 991 a 0.411 a 36.9 a 110.3 a

Plus N 2269 a 0.333 a 82.3 a 89.8 a

Time (T)
V 5 3062 a 0.348 a 74.3 a 108.3 a

R1-R2 725 b 0.396 a 44.9 a 91.9 a

Nu*T 0.5398 0.6988 0.6205 0.9296
¥ Means within the same column and factor followed by the same letters are not significantly different from each
other (p ≤ 0.05). na = Not applicable as data are expressed as percent of the respective controls.
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Figure 6. FUE model analysis can tell whether a selected treatment is the best for soil health
improvement, or what to do to improve the outcome, when the standard method of comparison
cannot. When the data that produced Table 1 are expressed as a percent of control and fitted to the
FUE model, the conclusion is that the soil nutrient amendments are working towards a positive
outcome [30]. Quadrants A, B, C, and D are as described in Figure 5.

The means of SCN population density and NDVI as measured values and expressed
as a percent of control across fertilizer treatments (Nu), plant growth stage (T) and in-
teractions between Nu and T are shown in Table 2. There was no interaction effect of
fertilizer treatment and plant growth stage on SCN and NDVI. Plant growth stage had
no effect on NDVI. ANOVA for measured SCN population density showed significant
difference between plant growth stages, a fluctuation known to be associated with SCN life
cycle [18,49]. However, neither SCN nor NDVI measured or expressed as percent of control
were affected by fertilizer treatment (Table 2). The obvious conclusion—that treatments
did not lower SCN population density and increase NDVI—suggests either abandoning
amendments or continuing in search of higher yield and lower SCN population density.
Repeated amendments, however, cost money and risk environmental hazards.

However, when the same means expressed as a percent of control in Table 2 are
visualized in an FUE model scatter plot, only 3 means fell into the worst-case quadrant
for integrated fertilizer use efficiency. The proportion of data points that fall in the four
quadrants is dependent on the data set [100]. Nonetheless, FUE model analysis showed that
the fertilizer treatments worked, as well as indicated what to do to get the best outcome,
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namely adding plant growth boosting factors. The results show the potential of FUE model
analysis of harmful and beneficial nematode populations as a decision tool for developing
sustainable soil health by managing multiple ecosystem services while simultaneously
meeting environmental and economic needs.

6. Future Perspectives for Increased Implementation of the Models

The SFW and FUE models may be nematode community-based, but they have broad
applications. Disciplinary- and cross-disciplinary science gaps confounded by complexities
of APs, soil types, and the environments, and lack of quantitative soil health benchmarks
and decision-making tools make it difficult to develop soil health management strategies
on a one-size-fits-all or location-specific basis. Identifying best-to-worst outcomes for
agroecosystem suitability with the SFW model and sustainability of the outcomes with the
FUE model inform whether the local conditions fit a location-specific or a one-size-fits-all
management decision.

Increased implementation of these models as integrated soil health management
decision-making tools will generate information that could impact policies, soil health
management and research funding. However, increased implementation of these models
will likely require sustained intra- and inter-disciplinary outreach to convey the concepts
of the models. For example, soil health and sustainability may not have the same meaning
in different disciplines and may get more complex to the discipline-focused thinkers when
expressed through the lens of nematology or soil science. Therefore, cross-disciplinary
thinking and efforts will be needed.

The dichotomy of the x-y relationship of these models may be simple, but what it
reveals is powerful. The scale of the SFW model is 0 to 100 scale and the FUE model starts at
0, but has no upper limit (Figure 5). The 50% of the SFW model and 100% on the FUE model
are the cut off boundaries of the four quadrants for the respective models. In addition to
identifying best-to-worst soil health outcomes, these models will enable multi-disciplinary
scientists to minimize confounding factors when testing hypotheses. For example, the
same hypothesis tested in a soil environment that encompasses multiple quadrants will
likely give a different outcome than one tested on quadrant-specific environments.

The SFW model is measuring soil health outcome based on life-history and trophic
group levels, and the FUE model is measuring sustainability of the outcomes based on
trophic group level population dynamics. Combining the concepts of the two models into
one model will be most desirable. Until the concepts are combined, however, both models
will be used separately towards developing sustainable soil health management strategies
on a step-by-step basis.

7. Conclusions

Among other things, soil health degradation continues because of a lack of inte-
grated understanding of the processes that generate the desirable ecosystem services,
difficulty in aligning desirable and undesirable ecosystem services, and challenges in
applying molecular markers to identify biophysicochemical changes of soil biota that
accurately characterizes a soil health condition. This review makes the following points
and contributions.

First, soil health has multiple components and sustainable soil health requires gen-
erating three sets of ecosystem services simultaneously (Section 1.1). Soil health becomes
sustainable when it simultaneously generates the three sets of desirable ecosystem services
while meeting environmental and economic expectations.

Second, provides a conceptual analysis of the relationship among use of APs, man-
agement decision-making and the cycle of soil health degradations, identifies barriers to
developing sustainable soil health management strategies, and advocates for an integrated
and multidisciplinary approaches to develop sustainable solutions.

Third, describes the concepts of the nematode community analysis based SFW and
FUE models as decision-making tools in soil health management, i.e., the SFW model
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for identifying agroecosystem suitability of soil health outcomes and as a platform for
integrating multiple soil health indicators, and the FUE model for separating the impact of
harmful and beneficial organisms in the same environment and identifying if the outcomes
meet the definition of sustainable soil health.

Fourth, a combination of the SFW and FUE models provide basis for addressing the
bottlenecks of the processing-limiting factors and the lack of decision-making tools that
contribute to the cycle of soil health degradations described in Figure 2.

Fifth, outlines future needs to increase implementation of the models.
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