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Abstract

Two experiments were conducted to examine the
effects of biological and topographic factors affecting
sheep dung disappearance rates in hill country
pastures. Three farmlets were used from the long-
term phosphorus fertiliser trial at Ballantrae, that
had received either 0 (NF), 125 (LF) or 375 (HF) kg
of single superphosphate/ha since 1980. Experiment
1 examined the effect of farmlet, slope (low and
medium slope class) and aspect (E, SW, NW), whereas
Experiment 2 examined the effect of farmlet, both as a
source of dung (from sheep grazing the LF or the HF
farmlet) and as a deposition site (applied on the LF or
HF farmlet). Despite a lower fibre concentration, dung
from sheep grazing the HF farmlet did not disappear
at a faster rate than dung from other farmlets, but soil
activity in situ was most influential for the rate of dung
disappearance. A faster rate of dung disappearance on
the HF farmlet was consistent with a greater capacity
of turnover of plant biomass and animal excreta in
this high fertility environment. These experiments
contribute to the understanding the biological and
topographic drivers of dung disappearance rates, and
enable further advances in the modelling of nutrients in
topographically complex agroecosystems.

soil,
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topography, soil nutrient dynamics.

Introduction
Ruminants play an important role in nutrient cycling in
grazed grasslands. Nutrients recycled back to the soil-
pasture system via animal excreta are a significant input
to soils in these production systems, and increases in
soil fertility and pasture nutrition have been observed
in response to these nutrients (Haynes and Williams
1993; Sakadevan et al., 1993). Soil microbial activity
is stimulated by nutrients recycled in animal dung,
and, as nutrients become available for plant uptake,
they influence pasture species composition and yield
(Aarons et al., 2009).

The importance of livestock dung in the soil-plant-
grazing-animal continuum is primarily related to the
large amounts of nutrients (derived from feed intake)
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applied to pastures and the pathways that these nutrients
follow to be reincorporated into the soil. Published
sheep dung disappearance rates differ considerably,
since factors, such as local climate, soil conditions,
and dung consistency, alter decomposition (Williams
and Haynes 1995; Shand and Coutts 2006; Bahamonde
et al., 2017). Modelling efforts to capture long-term
soil phosphorus (P), organic carbon (C) and nitrogen
(N) dynamics under hill country grazing have shown
that animal dung is an important contributor to the flux
of P, C and N through these systems (Hoogendoorn
et al., 2011; Bilotto et al., 2019). However, there is a
lack of information on the integration of biological and
topographic drivers of nutrient cycling in these complex
landscapes. Using above-ground dung disappearance as
a proxy, this project examined the effects of biological
(e.g., dung chemical composition and deposition site)
and topographic (e.g., slope and aspect) factors leading
to dung disappearance. It was hypothesised that both
biological and topographic factors would affect the rate
of'sheep dung disappearance over time. Two experiments
were designed to explore the effects of dung chemical
composition, slope and aspect (Experiment 1) and dung
chemical composition and deposition site (Experiment
2) on the rate of disappearance of dung from sheep
grazing hill country pastures.

Materials and Methods

Experimental site

The experiments were undertaken at the Ballantrae Hill
Country Research Station from May 215 to October 1%,
2020. The self-contained farmlets used to examine these
effects have been described elsewhere (Mackay et al.,
2021). Briefly, the no fertility (NF; 9.7 ha), low fertility
(LF; 8.1 ha) and high fertility (HF; 6.8 ha) farmlets had
been receiving an annual rate of 0, 125 or 375 kg of
single superphosphate (SSP; 0-9-0-11) per hectare since
1980. These farmlets have been in place since 1975
and were stocked with breeding ewes in response to
herbage growth rates in an attempt to maintain a similar
grazing pressure across farmlets, i.e., similar number of
stocking units per unit of pasture production (Mackay
et al, 2021). Landscape topographical features at
Ballantrae were typical of a large proportion of North
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Island hill country grazing environments (Blaschke et
al., 1992), with soils classified as Brown and Pallic
soils largely with imperfectly drained silt-loam textures
(Hewitt 1998; Lambert et al., 2000).

Experiment 1 examined the effect of farmlet, i.e.,
dung collected from sheep grazing on each of the
three farmlets, with dung applied exclusively on their
corresponding farmlet, slope (low slope class (<12°)
and medium slope class (12-24°)), and aspect (East
(E), Southwest (SW), and Northwest (NW)) on dung
disappearance over time. Given the lesser amounts of
dung deposited on the steepest slopes (Rowarth 1987),
the disappearance rates on the steepest slope class
(>24°) were not examined. Experiment 2 examined the
effect of farmlet, both as a ‘source’ of dung (collected
from the LF or HF farmlet) and as a ‘deposition site’
(i.e., dung placed on the LF or HF farmlet), over the
same 19-week time period.

Soils and pastures
Soil samples were collected from each farmlet
following the procedure described by Mackay et al.
(2021). Briefly, 20 soil cores were collected and bulked
for chemical and physical analysis at each of the 12 sites
within farmlets (2 slopes x 3 aspects x 2 reps). Bulked
soil samples were analysed for pH in water, total N, C
and P, Olsen P, sulphate-S and extractable organic S,
and exchangeable cations via a commercial laboratory.
The cores were extracted in depth increments, up to a
300-mm depth, but the results reported herein are those
obtained from the analysis of the topsoil (0-75 mm).
Herbage samples were collected from each farmlet
on April 29" 2020. These were collected from both
exclusion cages and grazed pastures for chemical
analysis and botanical composition, following the
procedures described by Lambert et al. (2014).
Herbage samples collected from exclusion cages (six
per farmlet) and grazed pastures (six per farmlet) were
obtained from the medium slope, and were analysed
for concentrations of dry matter (DM), organic
matter (OM), OM digestibility (OMd), crude protein
(CP), soluble CP, neutral detergent fibre (NDF), acid
detergent fibre (ADF), acid detergent lignin (ADL),
soluble sugars and starch (SSS), fat, and minerals using
near infrared (NIR) spectroscopy. Separation of plant
green tissue (into perennial ryegrass, other grasses,
white clover, other legumes and other species) from
dead tissue was conducted according to Lambert et al.
(1986).

Dung

Both experiments started in late May 2020, and lasted
for 19 weeks before all dung disappeared. Fresh sheep
dung was collected from each of the farmlets and mixed
thoroughly. Subsamples were taken for NIR analysis

and DM concentration analysis, and dung was oven-
dried and ground to less than 2 mm prior to chemical
analysis. Prior to on-pasture application, the following
procedure was used. A total of 70 g of dung fresh weight
(based on an initial assessment of DM; the aim was to
apply 20 g of DM) was placed in nylon mesh bags with
an ear tag label and tied with cable tie (a ‘unit’; a total of
280 units used). These were placed in plastic bags and
stored under refrigeration until applied on the pasture.
Once on site, 180 units were used in Experiment 1, and
100 units were used in Experiment 2. Units were placed
on each site and covered with a plastic squared mesh
and pinned to the ground with tent pegs. Dung samples
were retrieved on days 15, 22, 29, 35, 43, 50, 63, 85,
106 and 124 after the initial application on pasture (day
0). All fresh weights were recorded, and samples were
subsequently dried in a forced-air oven at 60°C for 48 h
until stable dry weight was obtained.

Statistical analysis

The disappearance of dung was analysed using
Restricted Estimate Maximum Likelihood (REML)
analysis in the Ime4 R package version 4 1.1-26 (Bates
et al., 2015) in R version 4.02 (R Core Team 2020). In
Experiment 1, plot was the random effect, and farmlet
(three levels), slope (two levels) and aspect (three
levels) were the factors of interest, along with time on
pasture (i.e., days for sample collection relative to day
0) as a quadratic term. Similarly in Experiment 2, plot
and dung (both as a source and deposition site with
two levels each) were the random and fixed factors of
interest, respectively, along with time on pasture as a
quadratic term. The model terms were evaluated using
type III ANOVA with Satterthwaite’s method with the
ImerTest package version 3.1-3 (Kuznetsova et al.,
2017).

Results

Soils at the selected Ballantrae farmlets had high organic
matter (OM) and total carbon (C) concentrations and
were slightly acidic (Table 1). Total soil nitrogen (N)
and C concentrations, as well as bulk density values,
were similar across farmlets, despite large differences
in pasture production associated with high P inputs
(Mackay et al., 2021). Olsen P values across farmlets
were a consequence of sustained varying P inputs over
the last four decades (Table 1).

For both exclusion cages and grazed pasture sites on
medium slopes, numerical differences in herbage DM
and CP concentrations, along with differences in OMd
and ME values, were seen across farmlets (Table 2).
Although no statistical analysis was performed, the
linear increases in P, potassium (K), sulphur (S), calcium
(Ca) and cadmium (Cd) concentrations from NF to HF
herbage reflected the varying P inputs on these farmlets
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Table 1 Soil chemical and physical composition of samples (0-75 mm) collected from the different farmlets
Experiment 1 Experiment 2

Item Farmlet Farmlet

NF LF HF LF HF
OM, % 9.6 9.2 10.0 13.6 12.6
Total N, % 0.43 0.42 0.47
Total C, % 5.6 5.3 5.8 7.9 7.3
Soil pH 5.4 5.3 5.3 5.5 5.6
Bulk density, Mg/m?® 0.85 0.87 0.84
Olsen P, mg/l 3.6 11.8 64.0 <2.0 52.0

No fertility (NF), low fertility (LF) and high fertility (HF) farmlets that have been receiving an annual rate of either 0, 125 or 375 kg/ha of single
superphosphate (SSP) since 1980, respectively.

Table 2 Chemical and botanical composition of herbage collected from the medium slope of the three farmlets.
ltem Farmlet

NF LF HF NF LF HF

Exclusion cage Grazed pasture

Chemical composition (% DM unless stated otherwise)
DM, % 29.0 26.5 22.0 39.0 35.5 32.7
OM 90.0 88.6 89.0 87.9 89.0 84.7
CP 15.8 19.2 19.2 11.8 14.7 14.4
Soluble CP, % CP 38.3 39.0 41.7 35.3 40.8 38.0
NDF 57.4 53.4 53.4 56.4 56.9 55.2
NDFd, % NDF 40.7 49.3 56.0 35.0 37.2 41.0
ADF 27.3 25.3 271 27.7 27.6 29.3
ADL 3.9 3.9 3.3 4.1 41 4.3
SSS 6.7 55 6.7 5.7 4.9 4.6
Fat 3.2 3.4 3.3 25 2.7 2.2
OM digestibility 57.0 59.1 61.4 50.7 53.6 48.7
ME, MJ/kg DM 9.1 9.5 9.8 8.1 8.6 7.8
P 0.19 0.24 0.42 0.16 0.22 0.35
K 1.68 2.10 2.73 0.97 1.16 1.45
S 0.24 0.27 0.36 0.19 0.22 0.28
Ca 0.49 0.55 0.62 0.50 0.52 0.65
Cd, mg/kg DM 0.09 0.14 0.26 0.12 0.22 0.55
Botanical composition (% DM unless stated otherwise)
Green (G) tissue 69.3 77.8 79.9 43.2 50.2 51.4
Ryegrass, % G 0.4 14.5 30.4 4.4 11.0 32.6
Other grasses, % G 86.6 76.5 50.4 76.0 70.7 53.8
White clover, % G 2.9 2.2 12.0 4.0 3.4 8.0
Other legumes, % G 0.5 2.0 41 0.0 0.5 1.5
Other species, % G 8.1 3.6 3.0 7.4 4.8 3.6

No fertility (NF), low fertility (LF) and high fertility (HF) farmlets that have been receiving an annual rate of either 0, 125 or 375 kg/ha of single
superphosphate (SSP) since 1980, respectively.
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(Table 2). Perennial ryegrass, as a percentage of total
plant vegetative DM tissue, increased from 0.4 and
4.4% in NF herbage to 30.4 and 32.6% in HF herbage
in both exclusion cages and grazed pasture samples,
respectively. The percentage of other grasses and other
species (i.e., weeds) followed the opposite trend in both
sampling sites.

The fibre (NDF) concentration of sheep dung was

lower (P=0.02), and the P and Cd concentrations of
dung were higher (P=0.01 and P<0.001, respectively)
from the HF farmlet compared with the other two
farmlets (Table 3). Total C and N concentrations in
dung were similar across farmlets.

As expected, time on pasture had a significant effect
(P<0.001) on dung disappearance, when expressed
as dung remaining in both experiments (Table 4).

Table 3 Chemical composition of sheep dung collected from the three farmlets
Item Farmlet P value
NF LF HF

Mean SE Mean SE Mean SE
OM, % 69.5 23 69.4 3.2 7.7 2.7 0.80
NDF, % 54.12 0.8 52.12 1.7 46.4° 25 0.02
ADF, % 38.8 1.4 38.8 1.7 33.6 1.3 0.06
Total C, % 40.3 1.3 40.2 1.8 41.6 1.6 0.81
Total N, % 2.23 0.13 217 0.13 2.65 0.19 0.1
P, % 0.542 0.07 0.73° 0.08 1.13¢ 0.18 0.01
K, % 1.08 0.21 0.85 0.08 1.42 0.56
S, % 0.32 0.01 0.33 0.02 0.35 0.01
Cd, mg/kg DM 0.252 0.03 0.38° 0.03 0.68¢ 0.05 <0.001

No fertility (NF), low fertility (LF) and high fertility (HF) farmlets that had been receiving an annual rate of either 0, 125 or 375 kg/ha of single
superphosphate (SSP) since 1980, respectively. Numbers with different superscripts differ (P<0.05).

Table 4 Type Il analysis of variance (ANOVA) structure and factors affecting sheep dung disappearance from different farmlets

Factor Experiment 1 Experiment 2
Levels p-value Levels P value

Slope (low or medium slope) 2 0.10

Aspect (E, NW or SW) 3 0.29

Farmlet (dung from sheep on NF, LF or HF) 3 0.48

Time (days on pasture as a quadratic term) 3 <0.001 3 <0.001

Slope x Aspect 6 0.30

Slope x Farmlet 6 0.36

Aspect x Farmlet 9 0.07

Slope x Time 6 0.21

Aspect x Time 9 0.26

Farmlet x Time 9 0.04

Source (dung from sheep on LF or HF) 2 0.79

Deposition site (dung placed on LF or HF) 2 <0.001

Source x Deposition site 4 0.95

Source x Time 6 0.86

Deposition site x Time 6 <0.001

No fertility (NF), low fertility (LF) and high fertility (HF) farmlets that had been receiving an annual rate of either 0, 125 or 375 kg/ha of single

superphosphate (SSP) since 1980, respectively.
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Sheep dung remaining after 30, 50 and 90 days on the farmlets (no fertility (NF), low fertility (LF) and high fertility (HF)

farmlets that have been receiving an annual rate of either 0, 125 or 375 kg/ha of single superphosphate (SSP) per

hectare since 1980, respectively).

In experiment 1, there was an aspect x farmlet trend
(P=0.07); specifically, where the NW aspect showed
a slower rate of dung disappearance but only in dung
collected from the NF and LF farmlets, compared with
dung collected from the HF farmlet. A farmlet x time
interaction on pasture (P=0.04) was due to the change
in shape of the dung disappearance curve over time.

In Experiment 2, dung deposition site (but not
source) and deposition site X time on pasture were
significant (P<0.001). Before day 60, dung placed on
the HF farmlet disappeared at a much faster rate than on
the LF farmlet, but this difference tended to lessen after
that period, especially in the LF source to LF deposition
site (LF:LF; Figure 1). In both experiments, dung
disappearance showed the best fit as a quadratic curve,
but no improvements were seen in r? using higher-order
polynomials.

Discussion

Despite lower fibre concentration (NDF; Table 3), dung
from sheep grazing the HF farmlet did not disappear at a
faster rate than from the other two farmlets (Experiment
1). This was confirmed in Experiment 2, where dung
collected from the HF farmlet did not disappear at a
faster rate than that collected from the LF farmlet. Dung
on NW-facing slopes (which are often prone to more
severe moisture stress) disappeared at a slower rate in
two of the three farmlets. Conversely, deposition site
(i.e., site where the dung was applied) was pivotal to
the rate of dung disappearance, especially during the
first 8 weeks.

Sheep faecal matter comprises undigested feed
constituents, endogenous secretions, bacteria, and
water (Waghorn et al., 1999), characteristically packed
in the form of pellets or pads, depending on the moisture
and structural carbohydrate concentration of the diet
(Haynes and Williams 1993). The dung applied in this
experiment was more pellet type, and had a mean DM
concentration of 27%, slightly drier that that reported
for sheep pellets (Williams and Haynes 1995) which
was consistent with values reported for sheep grazing
temperate grass-clover diets in New Zealand (Waghorn
et al., 1999). Concentrations of fibre (both ADF and
NDF) were consistent with sheep dung values reported
from New Zealand (Waghorn ez al., 1999) and elsewhere
(Arnuti et al., 2020). The higher NDF concentrations
in dung collected from sheep grazing the NF and LF
farmlets, compared with dung collected from the HF
farmlet, were likely attributable to numerically higher
dietary fibre concentrations and lower digestibility
of herbage, which was a consequence of the lower
contribution of perennial ryegrass and legumes in the
diet (Table 2).

In grazed pastures, significant quantities of nutrients
are recycled annually in animal dung. For example,
dung P is the prevalent pathway for animal returns
to grazed pastures (Haynes and Williams 1993). This
is far from being evenly distributed on the landscape
(Bilotto et al., 2019); rather, it is returned in small
areas at high concentrations (Gillingham, 1980). The
concentration of P in dung from grazing ruminants is
often much greater than in the herbage consumed, and
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has been reported to be up to a four-fold greater (Shand
and Coutts 2006). In the current study, the ratio of P in
dung vs. grazed pasture ranged from 3.4 (NF) to 3.2
(HF), which was consistent with previous findings.
This confirmed the significant relationship between P
concentration in herbage on offer (i.e., grazed pasture
in Table 2) and P concentration in dung deposited over
time, as seen in other studies (Rowarth et al., 1985).

The decomposition of dung has often been associated
with its chemical constituents, which in turn has been
linked to the nutritive value of the herbage consumed
(Shand et al., 2006). In the current study, the deposition
site (i.e., site where the dung was applied), rather than
dung origin and chemical composition, had the biggest
influence on the rate of disappearance during winter
and spring. The faster rate of disappearance of dung
applied on the HF sites was consistent with changes
in the soil microbial pool size, associated with the
fungal population (Parfitt ez al., 2010) and with greater
earthworm biomass, diversity and activity in the HF
farmlet (Schon et al., 2019). This led to more rapid
cycling of nutrients, which suggested a greater capacity
for turnover of plant shoot and root biomass and animal
faeces from these sites.

Conclusions

The faster rate of dung disappearance on the high
fertility farmlet (the ‘site history’ effect) was consistent
with a greater capacity for turnover of plant biomass
and animal excreta in this environment. This was in
agreement with the minimal long-term impact of P
fertility (and associated livestock carrying capacity)
on soil C accumulation across these farmlets (Mackay
et al, 2021). These experiments contributed to
understanding of the influence of biological and
topographic drivers of dung disappearance rates in hill
country landscapes, and enabled further advances to be
made in the modelling of nutrients and contaminants in
these topographically complex agroecosystems.
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