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It is widely recognized that the application of organic materials is one of the most effective

ways of increasing soil organic carbon (SOC) levels and improving soil quality, but do all

forms of organic matter input have the same impact on soil properties A network of

seven experimental sites investigated the effects on soil quality of annual applications

over a minimum of 3 years of compost and food-based digestate in comparison with

farmyard manure (FYM) and livestock slurry. Two of the sites were existing experimental

platforms which had previously benefitted from applications of FYM, livestock slurry

and green compost allowing the effects of longer-term applications (6–17 years) on soil

properties to be quantified. The application of all organic materials increased soil nutrient

supply (total nitrogen, extractable phosphorus, potassium, and magnesium) within a

short timescale (<3 years), whereas SOC contents were only increased following the

long-term (9 years or more) application of bulky organic materials (compost and FYM).

SOC increases were associated with improvements in soil biological (microbial biomass)

and physical properties (reduced bulk density), although the level of improvement was

dependent on the quality of the organic material applied (as determined by its lignin

content, an indicator of resistance to decomposition). Applications of low dry matter

content materials (digestates and livestock slurries) had a limited capacity to improve soil

biological and physical functioning, due to their low organic matter loading.

Keywords: organic materials, soil organic carbon, soil quality, digestate, compost

INTRODUCTION

The application of organic materials to agricultural soils is a widely recommended practice not
only as a source of essential plant nutrients which can provide savings in inorganic fertilizer use
(Defra, 2010), but also as a means of increasing soil organic carbon (SOC) levels with associated
improvements in soil biological and physical functioning (Bhogal et al., 2009). Indeed, the benefit
of a range of organic material applications (livestock manures, composts, biosolids, etc.,) for SOC
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and soil quality has been widely documented and reviewed
(e.g., Edmeades, 2003; Johnston et al., 2009). Studies have been
conducted to evaluate the potential of organic materials as
nutrient sources (Schröder et al., 2005) and soil conditioners
(Diacono andMontemurro, 2010), as well as ameans to sequester
carbon (C) in the mitigation of climate change (Powlson et al.,
2012).

Developing nutrient management and circular economy
policies (e.g., European Union, 2015) have led to increasing
amounts of organic materials being directed away from landfill
and beneficially recycled to agricultural land, to complete
natural nutrient and C cycles. Consequently, the utilization of
a wide range of “alternative” organic materials to the more
traditional livestock manures is being actively encouraged within
agricultural systems. Notably the anaerobic digestion of source-
segregated food waste is an area of significant growth in the UK,
with around 5 Mt of the 7 Mt of food waste currently sent to
landfill each year predicted to be available for digestion by 2020
(DECC and Defra, 2011). In order to provide confidence in the
use of these materials within agricultural systems, it is important
to demonstrate their long-term effects on soil and food quality as
well as developing sustainable nutrient management practices by
minimizing environmental losses (Bhogal et al., 2016; Nicholson
et al., 2017).

The long-term impact of digestates on soil properties is a
largely unexplored area of research, particularly where food waste
is the feedstock (Nkoa, 2014), but can lessons be learnt from the
application of other, similar organic materials such as livestock
slurries? Do all organic carbon (OC) inputs have the same impact
on soil properties regardless of the source? For example, changes
in the total SOC pool have been shown to depend on the amount
of organic material (C) applied, but not on the type of material
(e.g., Rasmussen et al., 1980) whereas there is conflicting evidence
on the response of other soil properties to the type of material
applied. For example, Bhogal et al. (2009) observed that repeated
OC inputs (for at least 7 years) in the form of livestock manures
led to improvements in soil physical properties (bulk density,

TABLE 1 | Experimental site details.

Site (Grid reference) Soil properties Annual rainfall (mm)c Cropping rotationd

Texturea Clay (g/kg) pH Organic C (g/kg)b 2011 2012 2013

Aberdeen (NJ870117) sl 160 5.8 48 790 SB WB WOSR

Ayr (NS 382227) scl 190 5.2 23 1,190 G G G

Devizes (SU153558) zcl (over chalk) 200 8 497 850 Lin WW WW

Faringdon (SU252940) c 620 7.1 34 830 WW WW WC

Harper Adamse (SJ714203) sl 110 5.7 23 690 POT SB WW

Lampeter (SN542614) cl 260 5.3 45 980 G G G

Terringtone (TF548186) zcl 280 8.0 16 630 WW WW WOSR

asl, sandy loam; scl, sandy clay loam; zcl, silty clay loam; c, clay; cl, clay loam.
bMeasured on the control treatment at the beginning of the experiment.
c30 year average annual rainfall.
dCrops grown each harvest year: SB, spring barley; WB, winter barley; WOSR, winter oilseed rape; WW, winter wheat; G, grassland; POT, potatoes; Lin, Linseed; WC, whole crop

oats/peas.
eExisting experimental platforms, see text and Bhogal et al. (2009) for details.

porosity, and available water capacity) whereas OC additions in
the form of crop residues (straw) did not. By contrast, Peltre et al.
(2015) measured changes in specific draft force that were related
to the amount of OC applied and its effect on bulk density rather
than due to differences in the type of organic material (including
compost, livestock manures and sewage sludge applied annually
over 11 years).

A recent research programme evaluating the use of digestate
and compost derived from food waste in UK agriculture has
provided a good opportunity to explore some of these issues
(“DC-Agri;” www.wrap.org.uk/dc-agri). At its inception (in
2010) there were less than five commercially operated anaerobic
digestion (AD) plants processing food waste in the UK, compared
to over 100 plants currently in operation (2016), returning c.1.4
Mt digestate to agricultural soils on an annual basis (WRAP,
2014). This compares to the annual return of c.93 Mt of farm
manures (Nicholson et al., 2008), 1.1 Mt of biosolids (Water,
2010) and 1.3 Mt of compost (c. 20% as green/food compost;
WRAP, 2013). The experimental programme evaluated the
soil quality implications of repeated applications of food-based
digestate and green/food compost and included comparator
materials more commonly applied to agricultural soils (livestock
manures, green compost). This paper uses the results from this
work to determine whether the soil quality benefits of organic
materials depend on the amount (number of applications × OC
content) or on the form of OC applied.

MATERIALS AND METHODS

Experimental Sites and Treatments
In autumn 2010, a network of seven sites was established on
a range of soil types and across different agroclimatic zones in
Great Britain, namely: Aberdeen and Ayr in Scotland, Devizes,
Faringdon, Harper Adams, and Terrington in England, and
Lampeter in Wales (Table 1). Two of the sites were permanent
(cut) grassland and five were in an arable rotation. At each site,
18 experimental plots (60–160 m2 in size, depending on the
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site) were laid out in a randomized block design comprising
three replicates of six treatments (five organic materials and
a control receiving inorganic fertilizer only; Table 2). Crops
were grown according to best farm practice using commercially
recommended seed rates, with crop protection products applied
according to good agricultural practice to control weeds, pests
and diseases, with the aim of growing healthy and productive
crops. At the arable sites, annual cultivations (by plow/disc
≤25 cm deep) occurred in opposite directions each year to
minimize soil movement between the plots. The grass sites were
cut twice during each season for silage.

In the first cropping year, organic materials were applied
in autumn 2010 at Ayr and Terrington, and at the other sites
(Aberdeen, Devizes, Faringdon, Harper Adams, and Lampeter)
once ground conditions and Nitrate Vulnerable Zone (NVZ)
regulations allowed in spring 2011. Organic material applications
were repeated in autumn 2011 at Aberdeen, Devizes, Faringdon,
Lampeter, and Terrington and in spring 2012 at Ayr and Harper
Adams, with a final application in autumn 2012 at all seven sites.
Cattle farmyard manure (FYM) and slurries were used at all sites
(from sources local to each site), except Terrington where pig
manures (FYM and slurry) were used. The sites at Harper Adams
and Terrington were existing experimental platforms and had
previously benefitted from applications of FYM and livestock
slurry for 16–17 years prior to 2010 and green compost for
6 years (Bhogal et al., 2009, 2011), with Harper Adams also
previously receiving food-based digestate applications for 3 years.
At Aberdeen, green compost had also been previously applied for
1 year (Litterick, 2009). All the digestate and composts used at
the experimental sites were certified quality products according
to the PAS Assurance Schemes (PAS 100 for composts and PAS
110 for digestates; BSI, 2011, 2014).

All the high-dry matter (solid) organic materials were applied
at a target rate of c.250 kg nitrogen (N)/ha, and the low dry
matter (liquid) materials were applied at rates between 120 and
250 kg N/ha, depending on the volume (restricted to≤80 m3/ha)
and based on analysis provided by the supplier. Supplementary
inorganic fertilizer N was applied to all treatments to balance
crop N supply with that recommended for the crop, in line
with the control treatment, using MANNER-NPK predictions of
organic material crop available N supply (Nicholson et al., 2013).
Phosphate (P2O5), potash (K2O) and sulfur (SO3) were applied
at a single rate to all treatments, based on the requirements of
the untreated control (Defra, 2010; SAC, 2010). Mineral fertilizer

TABLE 2 | Experimental treatments.

Treatment Details

1 Control (no organic material application; recommended rates

of inorganic fertilizer)

2 Green compost equivalent to 250 kg N/ha

3 Green/food compost equivalent to 250 kg N/ha

4 Food-based digestate equivalent to 120–250 kg N/ha

5 Farmyard manure equivalent to 250 kg N/ha

6 Livestock slurry equivalent to 120–250 kg N/ha

applications aimed to ensure (as far as was practically possible)
that no major nutrient limited crop growth, and that crop yields
and residue returns were the same on all treatments (i.e., the only
difference in OC inputs was from the applied organic material
treatments).

Triplicate samples of each organic material were taken at
spreading every year and analyzed as detailed in Table 3. In
some years there were slight discrepancies between the total N
analysis provided by the organic material supplier (which was
used to calculate application rates) and that determined at the
time of application, which, on some occasions, led to N loadings
in excess of the target rate (Table 3). Over all the sites, the average
annual N loading was close to the target ranges at c.160–250
kg/ha/yr total N (Table 3). FYM supplied the most P, K and
S, compost the most total N (although over 95% of this was
in slowly available organic forms), and the food-based digestate
and livestock slurry supplied the most readily available N (RAN;
Table 3).

Soil Quality Measurements
In spring 2013, c.6 months following the final application of
treatments, a range of topsoil (0–15 cm) chemical, biological, and
physical properties were measured at each site (Table 4). This
involved taking c.5 kg topsoil from each plot for determination
of soil chemical properties, microbial biomass, respiration and
potentially mineralisable N (PMN), three replicate intact soil
cores (0–5 cm depth) per plot for determination of soil bulk
density, porosity and water held at field capacity, and a
representative 500 g/plot topsoil sample for determination of
water held at 2 and 15 bar. Shear strength (10 vanes/plot)
and penetration resistance (10 penetrometer readings/plot) were
determined in the field.

Data Analysis
At each site, the effect of the different organic material treatments
on soil quality was evaluated using conventional analysis of
variance (ANOVA) and comparison of P-values; post-hoc testing
was undertaken to evaluate which treatmentmeans were different
from each other using a Duncan’s multiple range test (using
Genstat version 12; VSN International Ltd., 2010).

Multi-predictor models (using R statistical software; R Core
Team, 2014) were then used to establish whether differences
observed at the individual sites were consistent across all sites
or whether the responses differed with site (i.e., soil type and
climatic conditions), land use (grass/arable) and prior history
(i.e., whether the sites had a previous history of repeated
organic material additions, as at Harper Adams and Terrington;
Aberdeen was not included as a site with a prior history
as green compost had only been applied for 1 year). Both
generalized linear mixed models (GLMMs) and general linear
models (GLMs) were used, with experimental site included as a
random effect in the former and as a fixed effect in the latter, with
all models nested. The importance of individual predictors within
the models (i.e., site, land-use and prior history) was assessed
by comparing Akaike’s Information Criteria (AIC) values (i.e.,
a lower AIC value indicated a better fit), with an improvement
in AIC of greater than six indicating a substantially improved
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TABLE 3 | Organic material analyses and annual loading rates, 2010–2013 (mean with standard error in parenthesis; n = 21a).

Determinant Unitsb Food-based digestate Livestock slurry Green compost Green/food compost Farmyard manure

pH – 8.50 (0.06) 7.37 (0.09) 8.26 (0.09) 7.91 (0.10) 8.16 (0.13)

Dry matter g/kg 21.6 (1.8) 46 (4.7) 700 (30.0) 660 (16.6) 270 (22.5)

Total nitrogen (N) kg/t fw 4.67 (0.18) 2.67 (0.14) 9.59 (0.49) 11.8 (0.63) 6.67 (0.53)

RANc kg/t fw 3.78 (0.17) 1.44 (0.12) 0.24 (0.03) 0.81 (0.10) 0.46 (0.09)

% of total nitrogen 81 (1.54) 54 (3.2) 2 (0.34) 7 (0.54) 7 (1.36)

Total phosphate (P2O5) kg/t fw 0.61 (0.07) 0.69 (0.05) 3.59 (0.21) 4.16 (0.30) 4.27 (0.54)

Total potash (K2O) kg/t fw 1.96 (0.08) 2.29 (0.17) 6.93 (0.48) 6.48 (0.28) 7.98 (0.90)

Total magnesium (MgO) kg/t fw 0.07 (0.01) 0.49 (0.05) 3.68 (0.16) 3.66 (0.15) 2.65 (0.22)

Total sulfur (SO3) kg/t fw 0.36 (0.06) 0.78 (0.16) 3.30 (0.19) 3.74 (0.14) 5.23 (0.93)

Organic carbon g/kg dm 331 (8.8) 380 (10.2) 172 (7.2) 184 (6.3) 305 (17.5)

Lignin carbon g/kg dm 67 (10.2) 68 (7.5) 115 (5.9) 109 (4.0) 170 (15.1)

% of total carbon 21 (2.91) 18 (1.89) 68 (2.98) 62 (2.95) 55 (3.79)

ANNUAL LOADING RATE

Total nitrogen (N) kg/ha/yr 220 (13.5) 192 (12.6) 261 (12.3) 211 (9.5) 247 (18.1)

RAN kg/ha/yr 178 (12.6) 102 (8.1) 6 (0.9) 14 (1.4) 17 (3.2)

Total phosphate (P2O5) kg/ha/yr 29 (3.6) 51 (4.6) 97 (4.0) 74 (4.5) 159 (19.5)

Total potash (K2O) kg/ha/yr 92 (6.0) 167 (15.3) 186 (9.0) 117 (6.6) 294 (30.9)

Total magnesium (MgO) kg/ha/yr 3 (0.58) 36 (4.4) 104 (6.7) 67 (4.0) 99 (7.8)

Total sulfur (SO3) kg/ha/yr 16 (1.9) 58 (13.5) 89 (3.3) 67 (3.2) 193 (34)

an, number of sites and seasons (mean of samples taken from seven sites in each of three seasons for most organic materials); three replicate samples were taken at each site in each

season.
bkg/t fw, kilograms/ton fresh weight; % dm, percent dry matter.
cRAN, Readily available nitrogen (i.e., ammonium-N + nitrate-N).

fit (i.e., a meaningful difference) and values of between two and
six a minor improvement (Richards, 2005, 2008). This approach
is well-recognized (e.g., Verzani, 2014), with the results from
the models supported by observed patterns in the data. Most
of the multi-predictor models assumed a normal distribution,
with responses transformed to normality as required (e.g., by
log transforming data). Model fits were assessed using standard
diagnostics such as Quantile-Quantile (QQ) plots. Due to poorly
distributed data, SOC was analyzed using the non-parametric
Kruskal–Wallis Test, a one-way test of response variable vs.
treatment, without controlling for site.

RESULTS

Organic Carbon Loading Rates
Total OC loadings from the organic materials applied over
the 3 year experimental period, together with OC loadings
from historic applications (at Harper Adams and Terrington),
are summarized in Table 5. Over the 3 year experimental
programme the green compost and FYM treatments supplied
similar amounts of OC (c.9 t/ha OC), the green/food compost c.7
t/ha OC, livestock slurry c.5 t/ha OC and food-based digestate c.1
t/ha OC, with differences between the sites reflecting the different
sources and hence composition of the organic materials. Harper
Adams and Terrington were existing experimental platforms
and had benefitted from historic applications of FYM, slurry,
and green compost, and at Harper Adams from food-based
digestate applications. The recent and historic organic material

applications extended the range of OC loadings from<1 t/ha OC
up to c.50 t/ha OC.

Effect of Organic Material Additions on Soil
Quality
There was a substantial improvement in model fit when site was
included in the multi-predictor model (AIC values improved by
>6 in many cases) for nearly all of the measured parameters
(Table 6), which was not surprising given the range of soil types
and agroclimatic locations. However, land-use (grass vs. arable)
and prior history (i.e., whether there was previous history of
organic material additions) also had an impact on the response
of some parameters to the treatments applied (Table 6). As the
underlying baseline soil conditions varied across the sites, the
results have been presented as a percentage difference from the
control treatments in order to normalize the data and identify
the overall direction of change in soil properties as a result of
the organic material additions across all the sites. Error bars
have therefore not been shown on the charts, as these would be
misleading given they would be due to variations in both site and
treatment. For the full (individual site) experimental results1

Soil Organic Carbon
Topsoil SOC contents were highly variable across the sites,
despite this, the Kruskal–Wallis test indicated a significant

1http://www.wrap.org.uk/content/digestate-and-compost-agriculture-dc-agri-
reports.
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treatment effect (P < 0.001; Table 6). Inspection of the individual
site ANOVAs revealed that treatment effects were only evident
at the two sites with a prior history of green compost, FYM and
livestock slurry applications (i.e., Harper Adams and Terrington).
Here, there was clear evidence that repeated applications of
bulky organic materials for 9 years or more increased SOC
(Figure 1), with both green compost and FYM resulting in a

TABLE 4 | Soil quality measurements and methodologies.

Soil property Method

CHEMICAL

Organic carbon (OC) Modified Walkley Black or “Tinsley” (MAFF,

1986)

Total nitrogen (N) Kjeldahl (MAFF, 1986)

pH Water (MAFF, 1986)

Extractable phosphorus (P) Olsen (MAFF, 1986); Modified Morgan’s (SAC,

2010)

Extractable potassium (K) and

magnesium (Mg)

Ammonium nitrate (MAFF, 1986)

Cation exchange capacity (CEC) Ammonium acetate (MAFF, 1986)

BIOLOGICAL

Biomass C and N Chloroform-extraction (Brookes et al., 1985).

Correction factor = 2.22 (Wu et al., 1990)

Respiration Alkali (KOH) absorption under controlled

laboratory conditions (Anderson and Domsch,

1989)

Potentially mineralisable nitrogen

(PMN)

Anaerobic incubation (Keeney, 1982)

PHYSICAL

Total available water capacity

(AWC) and Easily available water

capacity (EAWC)

Volumetric moisture content between 0.05 and

15 bar or 0.05 and 2 bar, respectively (MAFF,

1982)

Bulk density Intact soil cores (MAFF, 1982)

Porosity Porosity = 1 – (bulk density/particle

density)*100; where particle density = 2.65

(MAFF, 1982)

Shear strength Field: “pilcon” shear vane to 7.5 cm (MAFF,

1982)

Penetration resistance Field: penetrometer to 15 cm (MAFF, 1982)

c.20–25% increase in SOC relative to the fertilizer only control
treatment, equivalent to an additional 5–6 t/ha SOC in the
topsoil (calculated using the measured bulk density). Where
these materials had been applied for only 3 years (as at the
other five experimental sites) and similarly for the green/food
compost additions (which were applied for 3 years at all sites)
there were small but non-significant increases in SOC (Figure 1).
The application of organic materials with a low dry matter
content (i.e., livestock slurry and digestate) had very little impact
on SOC levels (Figure 1) such that even after almost 20 years
of repeated livestock slurry additions at Harper Adams and
Terrington (supplying up to 26 t/ha OC; Table 5), the 5–10%
increase in SOC was not statistically significant (P > 0.05).

Although the 9 years of green compost applications supplied
only half the OC (c.30 t/ha) that had been supplied by the
almost 20 years of FYM applications (50–60 t/ha OC), it resulted
in a comparable increase in total SOC levels. Retention of the
OC (i.e., the increase in SOC relative to the control treatment
expressed as a percentage of the total C loading) following the
green compost additions (20–24%) was therefore almost double
that from FYM (12%), which suggested the green compost was
more resistant to decomposition. This was supported by the
lignin composition of the applied materials, with the green
compost containing c.70% lignin compared to c.55% in the FYM
(Table 3).

Soil Microbial Biomass
The multipredictor modeling suggested that there was no
treatment effect on microbial biomass C, but a strong treatment
× site interaction and prior history effect on biomass N (Table 6).
The determination of microbial biomass involves analysis of the
dissolved organic C and N content of a soil sample before and
after fumigation, with the before-and-after difference equating
to the microbial biomass (Brookes et al., 1985). Either the C
or N content can be used as a measure of the size of the soil
microbial population, with C contents typically larger, but more
variable than N (with a microbial C:N ratio ranging between 4
and 8). This variability most likely explains the absence of any
overall treatment or prior history effect on microbial biomass C,

TABLE 5 | Total organic carbon loadings (t/ha) at the experimental sites.

Treatment Aberdeen Ayr Devizes Faringdon Harper Adams Lampeter Terrington

Green compost 14.5 (13 + 1.5)a 9.6 9.9 9.5 28.2 (9.6 + 18.6)b 9.2 27.1 (9.6 + 17.5)c

Green/food compost 8.9 (5.7 + 3.2)a 6.7 6.2 5.6 5.1 6.8 7.5

Food-based digestate 0.8 1.3 1.2 1.1 3.1 (0.7 + 2.4)b 1.0 1.3

FYM 8.0 8.2 9.0 7.9 61.1 (10.6 + 50.5)b 10.4 46.9 (11.1 + 35.8)c

Slurry 4.3 3.8 6.2 4.2 26.0 (4.9 + 21.1)b 6.8 10.6 (1.2 + 9.4)c

Results are for the 3 year DC-Agri experimental programme (2010–2013), plus historic applications where applicable (breakdown between the recent and historic applications given in

parenthesis).
aGreen compost was applied at two rates in 2009 at Aberdeen (Litterick, 2009); supplying c.1.5 t/ha OC to the green compost treatment and c.3.2 t/ha OC to the green/food compost

treatment.
bAt Harper Adams, cattle FYM and slurry were applied annually for 16 years prior to DC-Agri, supplying c.51 and c.21 t/ha OC, respectively (Bhogal et al., 2009, 2011); green compost

was introduced in 2004 and applied for 6 years, supplying c.19 t/ha OC; food-based digestate was applied for 3 years, supplying c.2.4 t/ha OC (Charles Murray, pers. comm).
cAt Terrington, pig FYM and slurry were applied annually for 17 years prior to DC-Agri, supplying c.36 and c.9 t/ha OC, respectively (Bhogal et al., 2009, 2011); green compost was

introduced in 2004 and applied for 6 years, supplying c.18t/ha OC.
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TABLE 6 | Summary of multipredictor modeling results performed on data from all sitesa.

Parameterb Site Treatment Treatment × Site Grass/arable Prior history

Organic carbonc nd ***c nd nd nd

Total N N *** * N N

Extractable P *** *** N N N

Extractable K *** *** *** N N

Extractable Mg N N *** *** N

pH *** *** *** *** *

CEC *** * N N N

Microbial biomass C (ln) *** N N N N

Microbial biomass N (ln) *** * *** N ***

Soil respiration (ln) *** N N N N

PMN (ln) *** *** N N N

Bulk density N *** N *** *

Porosity *** *** * *** *

Shear strength (ln) *** * N N N

Penetration resistance (ln) *** *** N N N

Moisture @ 0.05 bar *** *** N *** N

Moisture @ 2 bar *** * *** *** N

Moisture @ 15 bar *** * *** *** N

Easily AWC *** * N *** N

aModels tested for the effect of site, treatment, treatment × site interaction (i.e., is the effect of treatment the same at all sites?), grass/arable (i.e., is the effect of treatment different

at grass sites compared to arable sites?); prior history (i.e., is the effect of treatment different at sites with a prior history of organic material additions?). ***Strong evidence of an effect

(AIC improved by > 6); *Weak evidence of an effect (AIC improved by 2–6); N, no evidence of an effect (AIC values similar i.e., <2 difference); nd, not determined as not possible to fit

model due to lack of transformation to normality or other sensible error structure not appropriate); Parameters were untransformed unless indicated (ln = logged) and were fitted with a

Gaussian Error Structure. Note that the main effects of “Site” or “Treatment” were assessed without the higher order interaction term included in the model.
bThere was evidence of the effect of site on respiration rates, but no effect of any of the other factors testing in the modeling exercise. There were no differences in AWC that could be

explained by the models. This confirmed the single site analyses, so AWC has not been included in this table.
c***P < 0.001 in the Kruskal–Wallis Test.

FIGURE 1 | Change in soil organic carbon (SOC) following the repeated addition of organic materials for 3 and 9–20 years. Results are expressed as a percentage

difference from the control treatment averaged over two sites with a prior history of green compost, FYM, and slurry additions, five sites with 3 years of green

compost, FYM, and slurry additions and seven sites with 3 years of food-based digestate and green/food compost additions.

despite this being evident in the microbial biomass N results. It is
also surprising that there was no effect of land use (grass/arable)
on both microbial biomass C and N, although there were only

two grassland sites compared to five arable sites in the dataset.
Individual site ANOVAs confirmed the effect of prior history,
with increases in both biomass C and N (P < 0.01) only
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observed at the two sites (Harper Adams and Terrington) with
a prior history of green compost, FYM and livestock slurry
additions (Figures 2, 3). Although the repeated compost and
FYM additions had the same effect on the total SOC pool (a 25%
increase), the FYM had a proportionally greater effect on the soil
microbial biomass increasing it by 50–60% compared to a c.20%
increase in biomass following repeated green compost additions
(Figures 2, 3). Despite these differences in soil microbial biomass,
topsoil respiration rates did not differ significantly (P > 0.05)
between the treatments (Table 6).

Soil Nutrient Supply
As expected, the application of all the organic materials
increased soil nutrient supply (Table 7) with improvements

in topsoil total N, extractable P, extractable Mg (P < 0.05
at four of the seven sites for each of these nutrients) and
extractable K (P < 0.05 at six of the seven sites). Overall,
there was little difference in the response between grass and
arable sites, and sites with a prior history of organic material
additions (Table 6), which suggested that the addition of organic
materials had improved soil nutrient status over a relatively
short time-frame (within 3 years). The greatest increases in
topsoil nutrient status were following FYM applications, which
increased topsoil total N by on average 10%, extractable P by
c.35%, extractable K by c.80% and extractable Mg by c.20%.
Moreover, the capacity of soils to retain and exchange nutrient
cations was also improved, as measured by the cation exchange
capacity (CEC), with significant treatment effects measured at

FIGURE 2 | Change in soil microbial biomass carbon following the repeated addition of organic materials for 3 and 9–20 years. Results are expressed as a

percentage difference from the control treatment averaged over two sites with a prior history of green compost, FYM, and slurry additions, five sites with 3 years of

green compost, FYM, and slurry additions and seven sites with 3 years of food-based digestate and green/food compost additions.

FIGURE 3 | Change in soil microbial biomass nitrogen following the repeated addition of organic materials for 3 and 9–20 years. Results are expressed as a

percentage difference from the control treatment averaged over two sites with a prior history of green compost, FYM, and slurry additions, five sites with 3 years of

green compost, FYM, and slurry additions and seven sites with 3 years of food-based digestate and green/food compost additions.
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TABLE 7 | Percentage change in topsoil nutrient status and cation exchange

capacity (CEC) following the repeated addition of organic materials.

Treatment Total N Ext. P Ext. K Ext Mg CEC

Green compost 9.1 6.6 33.3 8.3 6.7

Green/food compost 6.2 9.8 21.3 −3.1 3.3

Food-based digestate 2.6 2.4 20.9 −9.2 1.1

FYM 8.1 36.8 84.3 17.8 7.0

Livestock slurry 4.2 9.1 48.2 10.1 0.4

Results are expressed as a percentage difference from the control treatment averaged

across all seven sites.

two of the seven sites (Harper Adams and Lampeter), and
weak evidence of an effect across all sites (Table 6). Here, the
application of bulky organic materials (green compost and FYM)
resulted in the greatest increases (6–7% increase relative to the
control).

The organic material additions had a significant effect on
topsoil pH at four of the seven experimental sites, namely, the
two grassland sites and those with a prior history of organic
material additions. This was confirmed by the modeling results
which showed strong evidence of a difference between grass
and arable sites and weak evidence of a prior history effect
(Table 6). At the grassland sites, pH tended to increase by 0.3–
0.5 pH units where all organic materials had been applied,
most likely a reflection of the pH (and neutralizing value) of
the organic materials. The only exception was on the food-
based digestate treatment at Lampeter where pH decreased by
0.2 units, which was probably a reflection of the local soil
conditions (e.g., buffering capacity and moisture content) in
combination with the acidifying effect of the nitrification process
as the ammonium-N within the digestate was converted to
nitrate-N. At the two arable sites with a prior history, the pH
was increased by 0.3–0.5 units on the long-term FYM and
livestock slurry treatments (but not the green compost; P< 0.05),
again most likely reflecting the pH of the applied materials,
but only apparent where these materials had been applied for
20 years.

Topsoil potentially mineralisable N (PMN), a biological
measure of the soils capacity to supply N through the
mineralization of soil organic N reserves, also increased following
FYM and livestock slurry additions at three of the seven
experimental sites (Devizes, Harper Adams, and Terrington,
P < 0.05), with the multipredictor modeling results showing a
strong treatment affect which was similar across all sites. There
was no improvement in model fit by comparing grass and arable
sites or sites with a prior history (Table 6). However, two of the
three sites with significant treatment effects were those with a
prior history of organic material applications, with the relative
increase in PMN (compared to the fertilizer only control) most
marked where FYM, livestock slurry and green compost had
been applied for 9+ years (Figure 4). Again, differences were
proportionally greater where FYMhad been applied for c.20 years
(>100% increase) compared to green compost additions over
9 years (c.60% increase), despite similar total SOC and total N
contents.

Soil Physical Properties
There was a marked improvement in the multipredictor model
fits for the variation in topsoil bulk density across the sites due
to treatment (i.e., AIC improved by >6), with grassland sites
responding differently to arable sites, and a weak improvement in
themodel fit due to prior history (AIC improved by 2–6;Table 6).
At the arable sites, the application of bulky organic materials
(i.e., FYM and green compost) for 9 or more years resulted in
lower BD and consequently higher porosity; these treatments also
had the highest SOC contents (Figure 1). Unlike the changes in
SOC, the decrease in BD was greater following repeated addition
of FYM (c.8% decrease relative to the control) compared to
green compost (c.5% decrease relative to the control), despite
the similar total SOC contents (Figure 5). This was similar to
the pattern observed for both microbial biomass and PMN
(Figures 2–4).

The topsoil bulk density at the grassland sites responded
differently to the applied treatments compared with the arable
sites (Table 6). Grassland soils generally have inherently lower
bulk density than arable soils (largely due to higher SOC
contents). At both of the grassland sites there were small (c.5%)
decreases in bulk density following the application of compost
and FYM for 3 years, which were statistically significant at Ayr
(P < 0.05) and marginal (P = 0.06) at Lampeter. However
bulk density increased (and porosity decreased), where organic
materials with a low dry matter content (i.e., food-based digestate
and livestock slurry) had been applied (Figure 6).

Results from the modeling exercise also revealed a weak
effect of treatment on topsoil shear strength (a measure of the
force required to work the soil), but no differences between
grass and arable sites and no effect of prior history (Table 6).
Looking in more detail at the individual site analyses, shear
strength decreased at Harper Adams following the application
of green compost, FYM and livestock slurry for 9 or more years
(P < 0.05), with no treatment effects observed at the sites where
materials had only been applied for 3 years. Again the decrease
in shear strength at Harper Adams was greater on the long-
term FYM treatment (c.20% decrease relative to the control)
compared to the long-term green compost and livestock slurry
treatments (c.10% decrease). By contrast, topsoil shear strength
(and penetration resistance) at the Ayr grassland site increased
following 3 years of food-based digestate (P < 0.05), with no
effect of the other organic material treatments.

The decreases in soil bulk density (and increases in porosity)
did not, however, lead to statistically significant increases in
the total available water capacity (AWC) at any of the sites.
However, the multipredictor modeling suggested a significant
effect of treatment on the volumetric water content held at field
capacity (0.05 bar), 2 bar and 15 bar and the easily available water
capacity (EAWC—water held between field capacity and 2 bar
pressure), with the model fits markedly improved by taking into
account land use (i.e., grass/arable; Table 6). Inspection of the
individual site analyses revealed an increase in the volumetric
water content held at field capacity, 2 and 15 bar where FYM
and to a lesser extent, green compost had been applied at the
Lampeter grassland site (P < 0.05), but a decrease in EAWC
where food-based digestate had been applied at Ayr (P < 0.05).
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FIGURE 4 | Change in potentially mineralisable nitrogen (PMN) following the repeated addition of organic materials for 3 and 9–20 years. Results are expressed as a

percentage difference from the control treatment averaged over two sites with a prior history of green compost, FYM, and slurry additions, five sites with 3 years of

green compost, FYM, and slurry additions and seven sites with 3 years of food-based digestate and green/food compost additions.

FIGURE 5 | Change in soil bulk density following the repeated addition of organic materials for 3 and over 9 years at the arable sites. Results are expressed as a

percentage difference from the control treatment.

These differences were most likely due to changes in BD (which
was used to calculate the volumetric moisture content). There
were no treatment effects on the volumetric moisture contents
at the arable sites (P values ranged from 0.13 to 0.95, except at
Aberdeen where P = 0.06 for the 2 bar measurement).

DISCUSSION

The results from this multi-site field study have provided further
evidence of the beneficial effects to soil quality and health
of recycling different organic materials to agricultural land.
Some soil properties such as nutrient status (N, P, K, Mg),
responded to all organic material additions (both solid and
liquid) within a short timescale (<3 years), but other properties,

such as total SOC, microbial biomass, and selected soil physical
properties only changed to a statistically significant extent after
multiple applications (9 or more years) of bulky organic materials
(compost and FYM).

Given the central role of SOC in driving soil processes
and properties (Kibblewhite et al., 2008), sustainable soil
management is very much about managing SOC (Newell Price
et al., 2015). Comparable increases in SOC were observed for
both 9 years of green compost additions and 20 years of FYM
additions. The capacity of a soil to hold OC is finite, such that
after a change in management practice SOC may increase (e.g.,
after the introduction of regular organic material additions) or
decrease (e.g., after plowing out long-term grass) toward an
equilibrium (after 100 years or more) that is characteristic of the
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FIGURE 6 | Change in soil bulk density following the repeated addition of organic materials for 3 and over 9 years at the grassland sites. Results are expressed as a

percentage difference from the control treatment.

soil type, land use and climate (Powlson et al., 2012). Annual
rates of SOC accumulation (or depletion) therefore change over
time and gradually decline to zero as the new equilibrium is
approached. Typically, c.50% of the SOC accumulation achieved
after 100 years of introducing a management change, occurs
within the first 20 years (Powlson et al., 2012). It is possible that
the rate of SOC accumulation on the long-term FYM treatment
at Harper Adams and Terrington was entering this slower phase.
However, the retention of OC supplied by the green compost
was almost double that of the FYM, suggesting that the OC in
green compost was in a more stable form, due to loss of labile C
during the composting process. The higher lignin content of the
green compost (c.70%) compared to the FYM (c.55%) supports
this conclusion. The greater stability of the OC supplied by the
green compost additions therefore enabled a more rapid build-
up of SOC over a shorter timeframe. Retention of OC from the
FYM was c.12%, which is identical to that reported by Maillard
and Angers (2014) in a global meta-analysis of long-term field
experiments with animal manures. Retention of compost OC (at
20–25%) was almost double that of FYM, although not as great
as that reported by Bhogal et al. (2010) from four UK studies
where green compost had been applied for 5–8 years and OC
retention was over 40% (±8%). Given the interest in exploring
potential land management strategies for increasing soil carbon
storage in the mitigation of climate change, these OC retention
coefficients are useful for improving national GHG inventory
methodologies (Maillard and Angers, 2014) and demonstrate
the value of green compost for increasing soil carbon
storage.

A key result, however, was that whilst green compost was
found to be a good source of stable organic C able to build-up
SOC pools over a relatively short time-frame, it did not produce

the same level of improvement in associated soil biological and
physical functioning as a similar increase in SOC produced by
FYM applications (albeit over a longer time period and with a
higher OC loading—another 4–6 years of experimentation would
be required in order to establish whether a similar green compost
OC loading could achieve the same level of improvement in
soil biological and physical functioning as achieved on the
long-term FYM treatment). As a more readily decomposable
C source, the SOC increase induced by the FYM applications
was able to support a bigger microbial population than that
produced by the green compost additions. Importantly, this also
led to a proportionally greater improvement in soil physical
functioning (BD, porosity, and workability) and provides field
evidence of the influence of the microbial community in the
development of soil structure which has hitherto predominantly
been concluded from laboratory studies (e.g., Watts et al., 2001,
2005). Moreover, it demonstrates the importance of the quality
(particularly the C composition) of organic inputs, as well as
the quantity, in influencing soil quality. Indeed, in a laboratory
study Watts et al. (2005) clearly demonstrated the involvement
of the soil microbial community in soil aggregation, with the
incorporation of grass residues (with a low C:N ratio) resulting
in greater micro-aggregation than straw incorporation, and no
aggregation occurring where charcoal (with a C:N ratio of 600)
was incorporated.

The extent of decomposition of organic matter that is added
to soil is one of the important factors that define the “quality”
of the amendment. Composting increases the proportion of
aromatic structures (Chefetz et al., 1996), which will influence
the composition of the resultant soil organic matter (Spaccini
et al., 2009) and the soil biological community it supports (e.g.,
Ros et al., 2006). For example, Lucas et al. (2014), in a laboratory

Frontiers in Sustainable Food Systems | www.frontiersin.org 10 April 2018 | Volume 2 | Article 9

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Bhogal et al. Organic Additions and Soil Quality

incubation study, observed that the formation of large macro-
aggregates was highest in soils amended with vetch, followed by
livestock manure, with green compost either having no effect or
reducing aggregate formation relative to a non-amended control.
This was related to the amount ofmicrobially available C supplied
by the different materials and the composition of soil microbial
community they supported, with the vetch andmanure providing
greater amounts of labile C and a shift toward fungal-dominated
soil microbial communities. In a 9 year field experiment, Annabi
et al. (2011) observed that the addition of three different
composts (municipal solid waste, sewage sludge/green waste, and
a biowaste compost) had a larger positive effect on aggregate
stability than FYM. Compost derived frommunicipal solid waste
was the most efficient in improving aggregate stability in the
first 6 years of the experiment due to a larger labile organic C
content stimulating soil microbial activity. However, after the
first 6 years, the two other, more stable composts, became more
efficient, linked to a greater increase in soil organic C contents.

The “quality” of the organic materials applied not only
affects the soil microbial community response, but has also has
implications for the whole of the soil food web. For example,
Leroy et al. (2008) measured significant differences in earthworm
populations following repeated organic material additions (four
applications over c.2 years), with FYM and cattle slurry having
the highest earthworm abundance, compost intermediate, and
an un-amended control having the lowest earthworm numbers.
Stroud et al. (2016) measured a similar effect when comparing 3
years of FYM and compost additions, with the compost having
no impact on the abundance of Lumbricus terrestris earthworms,
whereas FYM increased abundance by c.38%. Rates of OC
addition were the same for all treatments in these experiments,
with the different earthworm abundance attributed to differences
in the nutritional value of the organic materials.

Application of organic materials with a low drymatter content
(digestate and livestock slurries) produced few measurable
changes in soil properties in the short-term. Indeed, these
materials are typically applied to recycle nutrients to the soil/crop
system and reduce the need for manufactured fertilizer, rather
than to improve SOC levels and overall soil quality. In fact, Coban
et al. (2015) observed that the application of digestate (derived
from livestock manures) caused a priming effect resulting in
the mineralization of native soil organic matter and concluded
that intensive and repeated application of such materials “should
be avoided” due to the potential to decrease SOC. However,
SOC levels were not (P > 0.05) affected by the short-term
(<3 years) application of digestate and livestock slurry in this
study. Moreover, in the long-term (i.e., up to 20 years) repeated
livestock slurry additions increased SOC and soil biological
and physical functioning, although not to the same level as
comparable applications of FYM. It is therefore possible that
repeated digestate applications over a similar timeframe could
lead to similar improvements. Nkoa (2014) reviewed evidence
from a number of studies which suggested that in the majority
of cases, the short-term effects of digestate application resulted
in an improvement in soil quality (microbial biomass, N and P

contents), with one study reporting a reduction in bulk density
and increase in soil moisture retention (Garg et al., 2005).

At the grassland sites, compost and FYM additions decreased
bulk density, but there was evidence of soil compaction (i.e.,
increased bulk density) where digestate and livestock slurry had
been applied for 3 years. Soil compaction is often observed where
livestock slurries have been applied due to heavy trafficking by
the tanker during application, particularly if conducted under
wet conditions. However on almost all occasions, all the organic
materials (including the livestock slurries and digestates) were
applied by hand, so it is unlikely that soil compaction occurred as
a result. It is possible that the volume, viscosity and conductivity
of the liquids applied may have caused partial break-down
(slaking) of the surface soil aggregates, leading to a decrease
in porosity and increase in bulk density. However, this has not
been widely reported as a problem with slurry applications to
grassland and further experimentation would be required in
order to elucidate the reasons behind the observed increases in
bulk density.

CONCLUSIONS

The results provide robust evidence of the soil quality benefits
of recycling organic materials to agricultural land. However,
the level and nature of benefit depends on both the quantity
(carbon loading) and quality (decomposability) of the organic
material applied. Most organic materials are valuable sources of
plant nutrients, enabling a reduction in manufactured fertilizer
use. However, significant improvements in soil biological and
physical functioning appear to be dependent on supplying
sufficient OC that is biologically available (e.g., materials with
a low C:N and concentration of aromatic compounds). In this
study, this was achieved through repeat addition of FYM. Where
more rapid increases in SOC are required, to increase soil carbon
storage for example, then materials which are more resistant to
decomposition, such as composts, would be more beneficial.
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