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Application of a soil quality triad in assessing
ecological risk posed to croplands

Healthy soil ecosystems fulfil multiple functions (e.g. cycling nutrients and controlling pests), which play
an important role in sustainable food production. However, the application of polluted irrigation water
poses a major risk to soil quality (health) and warrants investigation to ultimately inform decision-making.
We hypothesised that the standardised soil quality TRIAD approach (ISO 19204), which integrates the
chemistry, ecology, and ecotoxicology lines of evidence, can be used as part of an ecological risk
assessment of cropland soils. To investigate the applicability of this approach in an agricultural setting,
we collected soils from croplands associated with the Hartbeespoort and Crocodile (West) irrigation
schemes, which utilise water known to be heavily impacted by anthropogenic (metal, nutrient, and salt)
pollution. Croplands associated with the Marico-Bosveld Irrigation Scheme served as the reference
systems. Data from the three lines of evidence were scaled, weighted, and integrated. Moderate risk was
evidenced for nutrient and salt content in most croplands associated with the Hartbeespoort Irrigation
Scheme. However, either no or low risk was recorded for the ecology and ecotoxicology lines of evidence.
Finally, the integrated risk assessment concluded that only low ecological risk was posed to soil quality,
likely as a result of agricultural activities (e.g. tillage and fertiliser application) that deteriorated soils
also at the reference system. This study shows important limitations in the application of ecological
risk assessments in conventionally farmed soils, but still holds promise for organic and conservation
systems.

Significance:

e  Anpollution linkage between irrigation water and cropland soils was evidenced, but presented only minimal
risk to soil quality.

e Conventional agricultural practices (e.qg. tillage) mask the risk posed by environmental pollution and impair
the applicability of ecological risk assessments.

e ltis possible that this approach can be applied in less disturbed crop production systems, for example in
conservation (regenerative) and organic croplands.

Introduction

Agricultural output is required to double within the next 40 years in order to meet predicted global demands.’
Producers and policymakers, as well as the general public, are increasingly aware of this need and the role that
promoting soil quality (health) plays in sustainable agriculture.? However, soils in many agricultural systems are
threatened by anthropogenic activities that result in environmental pollution.** Good examples of threatened
systems are the Hartbeespoort and Crocodile West irrigation schemes, which utilise water from the heavily polluted
Crocodile (West) River.>¢ Therefore, where a pollution linkage exists, soil quality should be assessed and monitored
in order to predict and mitigate the subsequent effects.”

Traditionally, soil quality assessments in agricultural systems were based on physico-chemical (abiotic) properties
that influence crop yield and quality, while biotic attributes were mostly disregarded.® However, soils can be viewed
as living ecosystems with the associated faunal assemblages fulfilling important functions including plant disease,
insect and weed control; carbon transformation; nutrient cycling; and soil structure maintenance.*' Assessing
and monitoring soil quality thus requires a holistic approach that integrates both abiotic and biotic measurements.
Although recently developed soil quality assessment frameworks for crop production (e.g. Soil Health Tool?) follow
a more integrative approach, the aim of these frameworks is primarily to measure soil quality restoration and
determine fertiliser needs. Therefore, these frameworks do not consider the ecological risk posed by anthropogenic
pollution and also lack ecotoxicological perspective.

The TRIAD approach, in turn, incorporates the chemistry, ecology, and ecotoxicology lines of evidence (LOEs).
Although this approach was originally developed as a sediment quality assessment™, it has also been used
to evaluate soil quality’®'®. Yet, a framework for undertaking a soil quality TRIAD as part of an ecological risk
assessment (ERA) was only standardised within the last few years.” According to 1S0192047, each LOE is
represented by one or multiple appropriate tests of which the data are scaled, for example between 0 (no effect)
and 1 (maximum effect), and, if necessary, weighted (to reduce uncertainty). Finally, an integrated (combined)
ecological risk number is calculated, which can be used as a decision support tool to inform policymakers on the
necessity and urgency of mitigating ecological disturbance.

In this study, we applied the soil quality TRIAD approach and hypothesised that it could be used as part of an ERA of
cropland soils. To our knowledge, this report is the first on the use of the standardised soil quality TRIAD approach,
as part of an ERA, to evaluate the risk posed to cropland soils.
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Material and methods

Site description

The study sites consisted of four croplands (HB1, HB2, HB3, and HB4)
associated with the Hartbeespoort Irrigation Scheme (South Africa),
which receive water via a canal system from the Hartbeespoort Dam,
a major reservoir of the Crocodile (West) River System. An additional
two croplands (CW5 and CW6), associated with the Crocodile (West)
Irrigation Scheme (South Africa), which abstract water directly from the
Crocodile (West) River downstream of the Hartbeespoort Dam, were
also selected for investigation.

The Crocodile (West) River System is severely affected by pollutants
(e.g. metals, nutrients, and salts) that originate from urban, industrial,
and agricultural run-off, sewage effluent, as well as wastewater
discharge.®'%'” According to Du Preez et al., a cause for concern is the
increase in salt and nutrient concentrations recorded from 2005 to 2015.
Two croplands associated with the Marico-Bosveld (Ref 7 and Ref 8)
Irrigation Scheme (South Africa) were selected as reference sites, as
they receive water from the minimally impacted Marico River.5'®

Two sampling events were undertaken during March/April and
September/October 2016 at all the listed study and reference sites.
During the first sampling interval, the selected croplands were
subjected to soybean crop production, while different crops (beetroot
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[Beta vulgaris L.], carrot [Daucus carota L.], maize [Zea mays L.],
soybean [Glycine max L. Merrill], and wheat [Triticum aestivum L.])
were cultivated during the second sampling interval on the respective
croplands. See Supplementary table 1 for further details.

Chemistry LOE: Sampling, processing, and analysis of
soil

The stepwise execution of the soil quality TRIAD and ERA is schematically
illustrated in Figure 1. For assessments associated with the chemistry
LOE, 12 composite samples (consisting of five sub-samples each) of
rhizosphere soils were collected per cropland. These sub-samples were
collected following a diagonal sampling pattern'® along 12 evenly spaced
lines (one line per composite sample) extending from the centre to the
edge of the irrigated croplands®. Using a clean hand shovel, soil was
sampled up to a depth of 20 cm. These samples were transported and
stored at -20 °C until further processing.

Soil samples were homogenised, dried at 40 °C for 48 h, and sieved
(<2 mm). Subsequently, soil water (capillary water that occupies soil
pores) was extracted using the saturated paste extraction method.?
Although laborious and time consuming, this method is generally
regarded as the most accurate measure of soil salinity under field
conditions.?"?? Extracted soil water samples were vacuum filtered with a
0.45-um Sartorius CN sterile membrane, which allowed analysis of the
dissolved fraction of metals, nutrients, and salts.
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Figure 1:  The (a) soil quality TRIAD approach and (b) its stepwise execution, which includes the integration of the chemistry, ecology, and ecotoxicology

lines of evidence (LOEs) in order to calculate the ecological risk posed to cropland soils.
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Electrical conductivity and pH were measured using WTW Cond 3210
and Mettler Toledo FE20 meters, respectively. lon (calcium [Ca],
magnesium [Mg], phosphorus [P], potassium [K], and sodium [Na])
and metal concentrations (see ‘Scaling, weighting, and integration of
TRIAD results’ for a list of analysed metals) were measured using an
Agilent 7500 CE series ICP-MS, while major anion (chloride [CI], nitrate
[NO,], nitrite [NO,], and sulfate [SO,]) concentrations were quantified
with a Metrohm 930 Compact IC Flex. A Pharo 300 Spectroquant was
used to measure ammonium (NH,) concentrations, while total alkalinity
(pH < 8.2) was quantified by means of titration.

Ecology LOE: Sampling, extraction, and analysis of
nematode assemblages

For the characterisation of nematode assemblages (ecology LOE),
rhizosphere soils were collected following the same methodology as
described above. However, due to the typical heterogeneous distribution
of nematodes in croplands, 20 composite samples (consisting of five
sub-samples each) per cropland were analysed for this LOE. In total,
320 soil composite samples were collected and stored at 4 °C until
further processing.

Soil samples were homogenised and nematodes were extracted from
a 200-g representative aliquot using the decanting and sieving, sugar
centrifugal flotation method.?® Nematodes were stored in 10 mL filtered
tap water at 6-8 °C and counted (within 2 weeks of extraction) using a
Nikon Eclipse 50i light microscope (100x magnification). Family level
occurrence and abundance data were generated in order to calculate
the Maturity Index, used to classify soil ecosystems on a scale from
1 (disturbed/enriched) to 5 (mature/structured)®, by applying the
Nematode Indicator Joint Analysis (NINJA) web-based tool®.

The Shannon Diversity Index was calculated as follows:

H'=-3(p,Inp)
i=1

where pi represents the proportion of the j-th taxa in a sample.?® The
inclusion of this index was considered appropriate as healthier soils
typically present a higher diversity of biota.?”

Equation 1

Ecotoxicology LOE: Measuring the toxicity of soil water
samples

Because electrical conductivity serves as a measure of the concentration
of dissolved ions?, it was used as a proxy for salt and nutrient content.
Subsequently, from each farmland, the sample with the highest electrical
conductivity per sampling interval ( ) was selected
for further investigation. Caenorhabditis elegans (sourced from the
Caenorhabditis Genetics Centre, University of Minnesota, Twin Cities,

Table 1:

Line of evidence Analysis
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United States of America) was used as the test organism, as this
nematode species has been well established as a model organism for
ecotoxicological studies.?® Therefore, following 1IS010872%, the growth
and reproduction of C. elegans was determined after exposure (96 h
at 20 °C) to extracted soil pore water samples. Four replicates of each
of the selected samples were tested. The negative control consisted of
M9 medium, while a positive control (benzylcetyldimethylammonium
chloride monohydrate [BAC-C16]) was included to ensure the validity of
the test results.® The EC50 value of BAC-C16 was calculated (results not
shown) as 16.94 mg/L. In order for the test to be valid, the percentage
growth inhibition for the positive control should be between 20% and
80% when measured against the negative control.®

The growth and reproduction results were expressed as the percentage
inhibition (against the negative control) as follows:

%inhibition = (100 - %) x 100
where xS and xC represent the mean of the parameter for a cropland
and the negative control, respectively. Furthermore, the data were tested
for normality using the D’Agostino and Pearson omnibus test, after
which the unpaired t-test (parametric data) or Mann-Whitney test (non-
parametric data) was used to test for significant differences between
the means. For parametric data with an unequal number of replicates,
Welch’s correction was applied. Significance for all univariate analyses
was regarded at p<0.05 and performed using the Graphpad Prism 6
software package.

Equation 2

Scaling, weighting, and integration of TRIAD results

Based on the criteria listed in Table 1, scaling from 0 (no effect) to 1
(maximum effect) and weighting of results were first applied within each
LOE, after which the integrated ecological risk was calculated. It should
be noted that if any of the tests presented risk lower than the reference
sites (averaged), a risk value of 0 was assigned.'

For the chemistry LOE, the concentrations of metals, nutrients, and salts
were considered. Only metals (aluminium [Al], arsenic [As], chromium
[Cr], copper [Cu], manganese [Mn], selenium [Se], uranium [U], and
zinc [Zn]) for which a target water quality range (TWQR) is provided in
the South African Water Quality Guidelines: Aquatic Ecosystems®' were
included in the assessment. These guidelines were used because no
criteria exist for soil water extracted using the saturated paste method.
Nonetheless, these guidelines have been developed by considering the
toxic effect of dissolved metals on faunal assemblages®' and therefore
were deemed appropriate for use in this study'®. However, to compensate
for uncertainty associated with the use of these guidelines, scaled result
values were weighted (see below). The concentration of each metal
(averaged per cropland) was scaled as follows'®:

Ecological risk assessment analysis and criteria for each line of evidence

Criteria Scaling (0-1)

Metals:

Metal content:

TWQR (Target water quality range as listed in the
South African Water Quality Guidelines: Aquatic
Ecosystems) and reference sites.

Soil water (capillary water that occupies soil

Chemistry pores) content (dissolved)

Nutrient and salt contents:

Reference sites

Caenorhabditis elegans: growth and

ZELDE reproduction inhibition/stimulation

Maturity Index
Ecology

Shannon Diversity Index

Research Article
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Reference sites

Nematode-specific index ranging from 1
(disturbed/enriched) to 5 (mature/structured)

Lower diversity = greater disturbance

Ratio to TWQR value and background
correct (reference sites)

Nutrient and salts:

Site hazard quotient calculation based on
ratio-to-reference approach. Assignment
of hazard classes to ranges on 0-1 scale

Integration using BKX
(‘bodemkwaliteitsindex’) method with
background correct (reference sites)

Integration using BKX
(‘bodemkwaliteitsindex’) method with
background correct (reference sites)
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R, =1-[/(1+17yga))] Equation 3
_ H1 - RVef .
2= 1_R Equation 4

1ref

where m and ref represent the concentration of the metal at the study
and reference sites, respectively, and TWQR the target water quality
range for the specific metal. R, and R, denote the first and second step
(i.e. result 1 and result 2) of the scaling approach, respectively.

The combined risk presented by the selected metals at each site was
calculated as follows:

Risk = [1-([1-R,], x [1-R,], X [1-R,]; ... [1-R,], ... [1 -Rz]n)%] x W
Equation 5

where 1 represents the number of metals and W the weighting factor (of
0.8), which accounts for the uncertainty associated with the use of the
specified target water quality criteria.”

However, the risk posed by nutrient (inorganic N [NO, + NO, + NH,] and
P) and salt (CI, SO,, Ca, K, Mg, and Na) ions were calculated differently
as the South African Department of Water Affairs and Forestry®' does not
provide TWQR values for most salts. The combined risk was calculated
based on the ratio-to-reference (RTF) method as implemented by Piva et
al. and Li et al.*® as follows:

c
RIF = 3 xZ

ref

Equation 6

where C_, and C_, represent the concentration of the constituent (nutrient
or salt ion) at the study and reference sites, respectively. Z represents
the statistical significance (p-value) between the means of the study
and reference sites as determined using an analysis of variance test. Z
equals 1 [if p<0.05], 3.5 - (50 x p) [if 0.05<p=<0.06], or 0.2 x p-0-325"
[if 0.06<p=<1]. Analysis of variance tests were performed using the
Graphpad Prism 6 software package. Thereafter, the hazard quotient
(HQ) was calculated per site as follows:

Honutrients + salts = (%paramRTFd.B X 1) + (%param1.3sRTF<2.6 X 3) +
(%paramz.asmks.s x9) + (%paramﬁ.SsRTRw x27) + (%paramﬁrfzw x81)
Equation 7

where %param,. is the percentage of RTF values within the specified
range to the total number. Based on this assessment, each site’s
hazard level can be categorised in one of five classes, namely: Absent
(HQ=100), Slight (100<HQ<300), Moderate (300=HQ<900), Major
(900=HQ<2700), and Severe (2700=HQ<8100).3® However, in
order to integrate these results into the ERA, each class was scaled by
assigning an equal range between 0 and 1 as follows: Absent (0-0.2),
Slight (0.21-0.4), Moderate (0.41-0.6), Major (0.61-0.8), and Severe
(0.81-1). This was achieved by setting the limits of each HQ class to
represent the limits of the corresponding scaled class and adjusting the
values accordingly.

The risk results of the (1) metals and (2) nutrients and salt assessments
were integrated into a single risk number (between 0 and 1) per site per
sampling interval as follows:

Risk = 1-[(1-R, ) X (1-R

nutrients + salts)

172 Equation 8

The ecology (Maturity and Shannon Diversity indices) LOE was scaled
using the BKX (‘bodemkwaliteitsindex’) method, as this allows results
from different tests (within a LOE) to be integrated, while both lower and
higher than reference values can be used.™ The following equation was
applied:

BKX = 1 - 10L=liogx; Equation 9
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where x is the ratio between the study and reference sites and n is the
number of results (toxicity endpoints).

The BKX method was also used for scaling the ecotoxicology (C. elegans
growth and reproduction inhibition tests) LOE.

Finally, the integrated ecological risk number (between 0 and 1) for the
chemistry, ecology, and ecotoxicology LOEs was calculated per site per
sampling interval as follows:

Integrated ecological risk = 1 - [(1 - R

chemistry:
(1 ]1/3

) x (1 -

eoa/ogy) X
h Reoaloxicology)

Equation 10

Equal weights (of 1) were assigned to risk numbers calculated for each
LOE. Following Jensen et al.’, each risk number was categorised as
presenting either no, low, moderate, or high risk. Lastly, the standard
deviation between the LOEs was calculated in order to evaluate the
concordance between the three LOEs.”3

Results and discussion

Soil quality TRIAD assessment

For the execution of the ERA, data for the ecotoxicology LOE were
generated and are reported below, while data for the chemistry and
ecology LOEs were sourced from Du Preez et al.’ The latter authors
found that the studied croplands, when compared against the reference
sites, were irrigated with water that contained elevated salt and nutrient
(inorganic N and P) concentrations, which influenced especially Na
concentrations in the soil (chemistry LOE). Furthermore, nematode-
specific and general community indices (ecology LOE) showed that the
studied croplands, including the reference sites, presented disturbed
soil ecosystems. (See Du Preez et al.5 for a detailed discussion on the
results.)

Results from the ecotoxicology LOE are presented as the percentage
inhibition (against the negative control) of C. elegans growth and
reproduction (Table 2). The percentage growth inhibition for the positive
control, also measured against the negative control, was calculated as
55.3%; the tests were thus valid (i.e. ranging between 20% and 80%
inhibition). Significant (p<0.05) inhibition of growth was observed for
HB2 (5.8%), HB3 (5%), and HB4 (8.2%) during the first sampling interval.
During the second sampling interval, significant (p<0.05) growth
inhibition was observed for HB1 (9%) and HB4 (6.7%), while significant
(p<0.05) stimulation was observed for HB3 (-7.7%). Reproduction of
C. elegans was significantly (p<0.05) inhibited during the first sampling
interval at all croplands associated with the Hartbeespoort Irrigation
Scheme, as well as Ref 8 (19.5%). During the same sampling interval,
C. elegans reproduction was significantly (p<0.05) stimulated for CW 6
(-44.4%) and Ref 7 (-31.6%). Furthermore, during the second sampling
interval, HB1 (31.1%), CW6 (26.6%), and Ref 7 (38.4%) presented
significant (p<0.05) reproduction inhibition, while HB3 (-37.7%) and
CWS5 (-42.1%) presented significant (p<0.05) reproduction stimulation.

The ecotoxicology results indicated that substantial variability occurred
between the executed tests (growth and reproduction), as well as between
sampling intervals. Chaenorhabditis elegans reproduction data also
presented larger inhibition/stimulation ranges, when compared against
growth, which indicates that reproduction was likely more sensitive.
This supports findings by Hoss et al.** who studied the response of C.
elegans to contaminated soils and found reproduction to be the most
sensitive parameter (compared to growth and fertility). Furthermore, the
reproduction of target organisms is regarded as being more ecologically
relevant than growth.’® This represents one of the key advantages of C.
elegans toxicity testing because intact (whole) individuals with different
functioning physiological systems (e.g. digestive and reproductive)
are exposed®, resulting in the potential measurement of multiple
physiological endpoints. The stimulation of C. elegans reproduction can
be regarded as a toxic response (e.g. hormesis)®” and was therefore
included in the ERA.
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Integrated ecological risk assessment

When considering the chemistry LOE, nutrient and salt contents
presented moderate risk (Table 3) at most of the croplands (HB2, HB3
and HB4) associated with the Hartbeespoort Irrigation Scheme during
the first sampling interval. However, for the remainder of the study sites,
as well as during the second sampling interval, either no or low risk was
evidenced for nutrient and salt contents. Metals presented only low risk
(at some sites) during the first sampling interval and no risk during the
second sampling interval.

The moderate risk evidenced for nutrient and salt contents at some
croplands can lead to a negative impact on both the abiotic and biotic
components of soil quality. From an abiotic perspective, elevated salt
levels may cause salinity-induced water stress, which can have a
negative impact on plant growth.?® Furthermore, increased nutrient
levels can result in excessive crop growth, while also resulting in algae
and aquatic plants clogging irrigation infrastructure.®?® From a biotic

Integrated ecological risk assessment of cropland soils
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perspective, increased soil salinity can inhibit microbial growth339,
while specific ions can present toxicity-induced effects®4°. Furthermore,
increased nutrient levels, although potentially serving as a food source to
soil communities, can alter food-web structures.*-*3

For the ecology LOE, no risk was evidenced during both sampling
intervals with the exception of low risk at HB4 (first sampling interval)
and HB1 (second sampling interval). The ecotoxicology LOE presented
no risk for all croplands during the first sampling interval and low risk
at only HB3 and CW5 during the second sampling interval. It is clear
that, although ecological disturbance and soil pore water toxicity were
evidenced at most of the study sites, either no or low risk was calculated
due to the reference sites also presenting ecological disturbance and
soil pore water toxicity. Therefore, even though elevated salt and nutrient
concentrations may pose a threat to soil quality, it was not evidenced in
this study.

Table 2: Percentage inhibition (positive values) and stimulation (negative values) of sub-lethal toxicity endpoints (growth and reproduction) following
exposure of Chaenorhabditis elegans to soil pore water from the studied croplands associated with the Hartbeespoort (HB), Crocodile (West)
(CW), and reference (Ref) irrigation schemes. The percentage inhibition/stimulation per irrigation scheme is also provided. Values that differ
significantly (p<0.05) from the negative control (M9) are indicated with an asterisk.
HB1 HB2 HB3 HB4 CW5 CW6 Ref 7 Ref 8
First sampling interval
Growth 0.7 5.8* 5* 8.2* -2.6 -0.2 -4 0.3
Reproduction 14.5* 18.6* 11.2* 23.3* 79 -44.4* -31.6* 19.5*
Second sampling interval
Growth 9.0* =25 -1.7* 6.7* -1.3 0.9 -0.2 1.5
Reproduction 31.1* -11.2 -37.7* 25.8 -42.1* 26.6* 38.4* -6.5
Table 3:  Integrated ecological risk assessment of the chemistry, ecology, and ecotoxicology lines of evidence (LOES) per cropland per sampling interval.

The risk values associated with the chemistry LOE were integrated into a single value per cropland per sampling interval. Risk numbers are
classified (and colour coded) as presenting either no, low, moderate, or high risk according to Jensen et al.”®

First sampling interval Second sampling interval

HB1 HB2 HB3 HB4 CW5 CW6 HB1 HB2 HB3 HB4 CW5 CW6

Chemistry (soil water) LOE

Nutrients and salts in solution

Metals in solution

Ecology LOE

Maturity and Shannon Diversity
indices

Ecotoxicology LOE

C. elegans: growth and reproduction

Chemistry LOE

Ecology LOE

Ecotoxicology LOE

Integrated ecological risk (IER) 0.25

Deviation 0.05 0.17 0.16 0.12 0.11 ‘ 0.02 ‘ 0.15 ‘ 0.14 ‘ 0.14 0.04

Risk indicators 0.00 < IER < 0.20 0.21 < IER < 0.50 low risk

051 <IER < 0.75 0.76 < IER < 1.00
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Ultimately, the integrated ERA evidenced only low risk during the first
sampling interval, at HB2, HB3, HB4 and CW6, and no risk during the
second sampling interval. This outcome can be regarded as valid as the
standard deviation in ecological risk recorded between the three LOEs for
the studied croplands was low (< 0.17) during both sampling intervals.
This is indicative of low uncertainty relating to the execution of TRIAD
tests and integration of the LOEs.” According to Mesman et al.*, the
maximum proposed deviation value is 0.4 — well above values evidenced
during this study.

Confounding influence of conventional agricultural
activities

The ecological disturbance and soil pore water toxicity recorded at the
reference sites are indicative of anthropogenic disturbance related to
conventional farming practices. Du Preez et al.> showed that a strong,
positive correlation existed at the study sites between soil inorganic N
content, crop production (and the associated agricultural activities),
and r-strategist nematodes, which are more tolerant to environmental
disturbance than K-strategists.?##> This suggests that agricultural
activities (e.g. tillage and fertiliser application) likely induced shifts in
faunal community structures and impacted soil quality.> The physical
disturbance or tilling of soils, as was performed at all the studied and
reference sites at one or multiple points within a 2-year time period
before sampling (from personal communications with farmers),
negatively impacts soil quality.* Zhong et al.*’ reported that tillage not
only influenced soil structure, organic content, and the water retention
capability of soils, but also the soil faunal community structure. With the
application of nutrients (as fertilisers), Hu et al.*® reported an increase
in the abundance of especially bacterivore nematodes, while elevated
levels of N and P may reduce soil biodiversity. Similarly, Sarathchandra
et al.*® reported a reduction in faunal diversity as a result of N application.

Considerations and recommendations

In the present study, the negative impact of agricultural practices
associated with conventional farming masked the potential ecological
risks posed to cropland soils. This represents an important limitation
in the application of the soil quality TRIAD. Nonetheless, the soil quality
TRIAD, as part of an ERA, has potential in agricultural systems that are
less disturbed (e.g. conservation and/or organic systems) by agricultural
activities.?

Furthermore, the lack of soil quality guidelines and target values
specific for soil pore water extracted using the saturated paste method,
creates some degree of uncertainty. Although weighting was applied
in the present study to reduce this uncertainty, the development of
such guidelines would be of benefit to environmental managers and/or
researchers who aim to make use of the soil quality TRIAD approach.
Alternatively, chemical extraction methods for which soil screening
values are available can be considered."

Conclusion

The standardisation of the soil quality TRIAD approach, as part of an
ERA, provided a framework for the assessment and monitoring of
agricultural systems threatened by anthropogenic pollution. Although
we have demonstrated important limitations in the application of this
framework in conventionally farmed croplands, it still holds promise
for systems with minimal soil disturbance. It is therefore possible that
this framework will be applicable in the assessment of conservation
(regenerative) and organic crop production systems.
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