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Abstract: In recent years, pasture production changed from conventional tilled single pastures
to minimum tilled mixed pastures in the Tsitsikamma region, South Africa. However, storage of
soil organic matter (SOM) under minimum tilled mixed pastures is not yet quantified. This study
evaluated SOM indices in the upper 60 cm soil of six-year-old mixed pastures in the Upper (UT) and
Lower (LT) Tsitsikamma regions. Soil samples were collected at 0–15, 15–30, 30–45, and 45–60 cm
soil layers of five farms (F1, F2, F3, F4, and F5) treated with different rates of fertilizer (NPK) alone
and in combination with dairy effluent (DE) and/or poultry manure (PM). Results of this study
indicated that there were no significant differences in bulk density, total nitrogen (N), and rate of
potentially mineralizable N (PMN) between farms in the UT region. In the LT region, NPK, DE, and
PM combinations improved soil C accumulation relative to the soil application of NPK. Higher C/N
ratios in the LT region suggested adequate C for microbial energy and maintenance. Integrating
manure into minimum tilled pasture mixtures as a replacement for synthetic fertilizers seems to
be a feasible option to promote SOM storage, but remains only feasible by applying site-specific
management strategies.

Keywords: irrigation; kikuyu-ryegrass-clover intercropping; organo-chemical fertilization; sandy
soils; soil organic matter indices; temperate climate

1. Introduction

Dairy farming is a major land use in the Tsitsikamma region of the Eastern Cape
Province, South Africa. In the past, animal production was centered on native fynbos
vegetation which has a low carrying capacity. As a result, perennial kikuyu grass (Penisetum
clandestinum) was established as pasture under irrigation [1,2]. However, a major problem
with kikuyu pasture is that forage production is low during winter because the lower
temperatures limit growth of this grass. Other pastures, incorporating temperate grasses
and clover (Trifolium spp.), are therefore over-sown into kikuyu for maintaining winter
feed production. The grasses used are typically annual (Lolium multiflorum) and perennial
(Lolium perenne) ryegrass [1,2]. Another problem with kikuyu is that it is quite invasive
and becomes dominant within a few years even if fields are sown to perennial ryegrass.
Thus, either ryegrass or clover were resown each summer using conventional intensive
tillage each year, leading to a loss of SOM. In recent years, a minimum tillage system was
introduced to combat SOM losses [3]. This system involves mulching of the kikuyu matt
at an above-ground level for a seedbed into which the ryegrass and clover are over-sown
with a minimum-till seed drill. Fertilization is essential to support production of the
pasture mixtures year-round, and thereby milk production. Increasing fertilizer prices are
however, threatening the profitability of the dairy industry [4,5], particularly in the context
of developing countries due to a lack of subsidies and dwindling purchasing power of
most farmers [6]. Poor establishment and persistence of these grass species remain a major
challenge in South Africa and probably in other countries [5]. Therefore, modification
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of agricultural practices is pertinent to ensure a favorable cost-to-income ratio for dairy
farmers and to promote SOM storage.

Soil organic matter is a key constituent critical for nutrient management in farming
systems [7]. This provides integrative benefits in protecting the environment and sustaining
agriculture and can be an appropriate tool for managing heterogeneity among farmer
fields [8]. While the use of animal manure to reverse declining soil quality and food
production has been a traditional practice used by many nations [9,10], it was replaced by
synthetic fertilizers due firstly to inconvenience with collection, storage, transport, and
application of animal manure; and secondly due to insufficiency to meet annual nitrogen
(N), phosphorus (P), and potassium (K) soil requirements [4,11,12]. To date, animal manure
is readily available globally with a substantial 7 Pg produced every year [4,13]. This also
applies to South Africa, although only 25% of the estimated 3 × 106 t of produced animal
manure is used as fertilizer source while 75% goes to waste [11]. Moreover, handling of
manure for dairy farming should be less of a problem because the manure is generated in
the grazed pastures and milking sheds.

Underutilization of animal manure as organic amendment stems from the fact that
synthetic fertilizers provide nutrients in plant-available forms unlike manure, which has to
undergo decomposition-mineralization processes [4,11]. Nevertheless, limited knowledge
by farmers in the use of synthetic fertilizers often leads to injudicious applications that
ultimately damage the environment [4,13]. In South African pastures for example, over-
fertilization is prevalent as farmers still use outdated fertilizer guidelines developed based
on data collected from conventionally cultivated soils, and such guidelines do not take into
consideration nutrient cycling from plant residues and animal excreta [5].

In the southern Cape coastal region, the heart of the dairy industry in South Africa,
over-sowing pastures is done with minimum tillage implements and occasionally shallow
or deep conventional tillage methods, which have exhibited variable and inconsistent
effects on soil carbon (C) and N [1–3,14]. In addition to tillage practices, other management
practices such as fertilization and irrigation also vary among farmers and can have negative
or positive implications on soil C and N sequestration. Surprisingly, there are no short-,
medium-, or long-term studies on the changes and distribution of soil C and N stocks
influenced by fertilization to a depth of 60 cm, despite the growing interest in the use of
organic fertilizers in this region. Despite the limited information, some studies elsewhere
indicated that synthetic fertilizers improved primary biomass production, but at the same
time deprived agricultural ecosystems of soil C compared to organic amendments [15–18].
A meta-analysis also showed that manure applications improved soil C stocks by an
average of 3.8 Mg ha−1 relative to synthetic fertilizer applications in arable and grassland
ecosystems [16].

Applications of animal manure and dairy effluent have direct benefits on SOM, mi-
crobial activity, soil structure, water holding capacity, and sustainable crop production,
and due to slow nutrient release, can have a positive impact on nutrient use efficiency and
SOM storage [9,12,19]. On the other hand, the trade-offs between milk production and soil
C storage were modeled [20] and it was found that milk production and soil C increased
with an increase in synthetic fertilizer application rates. In addition to their potential to
improve biomass production as source of animal feeds and soil C, high fertilizer application
rates are also known to suppress microbial activity and thus SOM decomposition [13,21].
Most of the evidence shows that the combination of organic and synthetic fertilizers is the
most promising and feasible option to increase farmers’ income while also promoting soil
quality and SOM storage in managed grassland ecosystems [19,22–24]. Conversely, a meta-
analysis indicated that the combination of organic manure and chemical fertilizer have
shown potential to increase greenhouse gas emissions compared to the sole application
of chemical fertilizers [25,26]. These contradictions and uncertainties have brought mixed
feelings among the dairy farming community regarding the best management to adopt
because such practice would not only affect SOM, but also dairy farming as a commercial
enterprise, whereby the primary focus is on milk production and good profits [3,20].
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Considering escalating costs of chemical inputs, however, many researchers have pre-
dicted that the use of organic manure as soil amendments is likely to increase rapidly across
the world [4,9,16,24]. Although it was concluded that ~4% of the total C in applied manure
is retained in the soil [9], continuous applications of dairy effluent and/or animal manure
in managed grassland systems can improve soil C and probably contribute effectively to
the ‘4 per 1000′ initiative launched in Paris with the aim of storing 4‰ of global soil C
annually in the upper 40 cm soil. Hence, it was suggested that farms and field trials as ideal
networks to realize the feasibility of the ‘4 per 1000′ target and demonstrate sustainable
soil management practices that farmers can implement to maintain agricultural resilience
against extreme climatic conditions [10].

The establishment of SOM threshold values is one measure that can be employed to
regulate fertilizer application and minimize either over- or under-fertilization [7]. How-
ever, it is unclear what critical SOM levels or threshold values are required to regulate
applications of external fertilizers. Such levels are key in short- and long-term soil fertility
maintenance. Due to the high variation in SOM storage capacity that depends on several
edaphic factors, threshold SOM values are site-specific.

In the Tsitsikamma region, to our knowledge, only one study was done to date in
quantifying SOM storage under pastures. Storage of SOM in the top 10 cm was quantified
on four selected farms with annual ryegrass pastures (conventionally tilled with rotary
cultivator and re-sown each year for at least 15 years), permanent kikuyu grass pastures
(remained untilled for more than 15 years), and undisturbed native vegetation [1]. In
comparison with soils under sparse native vegetation, those under both annual ryegrass
and permanent kikuyu pasture had higher organic C contents and stocks on the sandy
soils in the eastern side of this region. By contrast, in the higher rainfall, western side with
dense native vegetation, there was a loss of organic C contents and stocks under both types
of pastures.

Investigating SOM storage in irrigated Tsitsikamma farms in this study was prompted
by the change in management practices adopted for pasture production since the previous
investigation [1]. The quantification of SOM storage to only 10 cm soil depth is inadequate
when the importance of SOM is considered. Case studies were therefore chosen to assess
contents and stocks of SOM indices to a depth of 60 cm as influenced by current minimum
tillage practices, six years after the initial application of irrigated kikuyu-ryegrass-clover
pasture mixtures on five dairy farms in the eastern upper Tsitsikamma and on five farms
in the western lower Tsitsikamma. Indices (soil C, total N, C/N ratio, active C, and PMN
rates) were measured that form an important component of a soil quality index developed
specifically for kikuyu-ryegrass pasture systems in the southern Cape of South Africa [27].
Even though some practices were not part of the management during the development of a
soil quality index, we are of the opinion that these indices would be useful and sensitive to
detect management changes. We hypothesized that organic manure applied along with
dairy effluent and/or low fertilizer rates would improve contents and stocks of soil C, total
N, active C and PMN rates, particularly in the surface soil. Such baseline information is
critical to establish the possibility of developing universal management strategies for more
sustainable pasture production in Tsitsikamma and elsewhere in the world.

2. Materials and Methods
2.1. Study Area

The Tsitsikamma region forms a narrow belt west of Humansdorp between the Ka-
reedouw and Tsitsikamma Mountains towards the north and the Indian Ocean towards
the south. The area is regarded as the heart of the dairy farming industry in the Eastern
Cape. The Tsitsikamma region is named after the San word meaning place of abundant
water [28]. Owing to a change in rainfall and soil type from east to west, the Tsitsikamma
region (Figure 1) is divided into the Upper Tsitsikamma (UT) and the Lower Tsitsikamma
(LT) regions; as a result, production techniques and adapted enterprises differ in some
respects between the two areas.
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Figure 1. Sampled farms in the Upper (UT) and Lower (LT) Tsitsikamma.

This study was carried out on 10 pasture-based dairy farms in the Tsitsikamma of
which an equal number (five farms per region) was selected in the UT and LT regions
based on the following criteria: (1) pasture mixtures consisting of kikuyu, ryegrass, and
clover; (2) adopted minimum tillage or no tillage practices; (3) six years established pasture
mixtures; (4) irrigated pasture mixtures; and (5) availability of accurate fertilizer application
rates from the last 6 years. Although the farms have the above in common, they differ in
their management practices, e.g., they have varying fertilizer application rates, irrigation
frequencies and grazing tendencies (Table 1). However, there were no available records
on irrigation frequencies. Unscreened 2 t ha−1 of poultry manure and unknown rates of
solid dairy effluent were spread in some farms, while liquid dairy effluent was applied
with irrigation water via the center pivot system. None of these organic wastes’ chemical
composition was determined. However, in general, the application of N, P, and K through
either solid or liquid dairy effluent should be negligible compared to poultry manure which
probably amounted to 22–35 kg N ha−1, 17–22 kg P ha−1 and 15–23 kg K ha−1 [29].

Table 1. Soil management in the irrigated Upper (UT) and Lower (LT) Tsitsikamma dairy farms.

Region Farm MA (ha) PM Herbicide DE
N P K Ca

(kg ha−1)

UT 1 202 No Yes No 401 15 81 0
2 137 No Yes No 414 0 269 0
3 154 No Yes No 376 19 270 0
4 293 Yes Yes No 870 95 284 0
5 92 No Yes Yes 308 4 70 0
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Table 1. Cont.

Region Farm MA (ha) PM Herbicide DE
N P K Ca

(kg ha−1)

LT 1 171 Yes No Yes 345 11 60 0
2 166 Yes Yes Yes 263 14 50 560
3 82 No No No 234 0 127 0
4 143 No No No 234 0 127 0
5 42 Yes No Yes 297 43 80 500

MA, milking area; PM, poultry manure; DE, dairy effluent; N, nitrogen; P, phosphorus; K, potassium; Ca, calcium.

2.2. Physiography

The geology of the region shows an origin of predominantly Table Mountain sandstone.
A narrow strip of Bokkeveld shales exist from Witelsbos, west towards the Bloukrans River.
Quaternary dune sand (approximately 2–3 million years), some of which is still in an
unstable state covers the eastern coastal belt of the area [30].

The topography of the UT region is flat to rolling and is broken by deep gorges which
run from north to south. The LT region has a rolling topography bisected by gorges which
are not as deep as in the UT region. Most of the rivers are perennial. The altitude ranges
from sea level to approximately 350 m in the north [30].

As displayed in Table 2, annual rainfall varies from approximately 600 mm in the east
to 1250 mm in the west and the distribution is relatively even throughout the year [31].
The rainfall does however peak in autumn and spring while December, January, and
February are relatively dry months. Winters are mild and summers are hot, with mean
daily temperatures varying from 10 ◦C in winter and spring to 35 ◦C in summer and
autumn. Frost is a rarity during winter [30].

Table 2. Mean long-term monthly rainfall (mm) recorded at Cape St Francis, Klipdrift, and Witelsbos
within the Tsitsikamma region [31].

Month
Cape St Francis Klipdrift Witelsbos

94 Years 33 Years 68 Years

January 31 57 96
February 31 56 82

March 48 61 91
April 52 73 85
May 78 110 98
June 66 90 75
July 70 87 82

August 72 109 104
September 67 91 115

October 62 88 101
November 50 69 100
December 37 60 96

Total 659 951 1125

The introduction of pasture production resulted in small patches of native vegetation
remaining behind, which belong to the Tsitsikamma Sandstone Fynbos community. This
plant community includes a very narrow shoreward band of dune fynbos, which typically
consist of a variety of shrubs, herbs, and grasses, having a low stock-carrying capacity [30].

2.3. Soils

The soils originated from Table Mountain sandstone and are generally sandy. These
soils naturally have a low pH (3.3–4.5), are leached, and thus have a low plant nutrient sta-
tus. However, soils of the selected dairy farms have a higher plant nutrient status (Table 3)
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due to fertilization by the farmers to ensure adequate pasture production. Established
threshold values are 4.5 for pH (KCl), 30 mg kg−1 for P, 80 mg kg−1 for K, 500 mg kg−1

for Ca, 100 mg kg−1 for Mg, and less than 60 mg kg−1 for Na [32], implicating under- and
over-fertilization in a few instances. The soils on the level plateau are predominantly hy-
dromorphic (showing evidence of intermittent or permanent presence of excess water). The
dominant soils [33,34] are Cartref (Leptic Acrisol), Kroonstad (Albic Stagnosol), Longlands,
(Albic Cambisol), Katspruit (Luvic Stagnosol), Constantia (Albic Podzol), and Oakleaf
(Petric Durisol) forms, while Clovelly (Haplic Regosol) and Avalon (Plinthic Regosol) forms
are less dominant and make up the balance in the better drained areas. Organic matter
accumulation is a prominent feature of the soils. Subsoil material is often extensively
stained by mobile humus material which due to its mobility is responsible for the dark
brown color of stream and river waters.

Table 3. Mean pH and nutrient status of soil to 30 cm depth in dairy farms in the Upper (UT) and
Lower (LT) Tsitsikamma regions.

Chemical Properties
UT Region LT Region

1 2 3 4 5 1 2 3 4 5

pH (KCl) 4.7 4.7 5.0 5.2 4.8 5.8 5.2 5.0 4.9 5.8
Extractable P (mg kg−1) 39 20 20 53 22 35 50 20 40 55

Exchangeable K (mg kg−1) 115 84 128 140 120 80 115 40 90 120
Exchangeable Ca (mg kg−1) 400 360 520 590 600 650 635 440 620 700
Exchangeable Mg (mg kg−1) 100 110 180 140 170 140 130 80 90 152
Exchangeable Na (mg kg−1) 60 55 50 42 57 51 67 54 65 81

P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium; Na, sodium.

2.4. Data Collection

A systematic grid procedure was followed for collecting soil data from each center
pivot irrigation system (hereafter referred to as pivot) on a farm. Google Earth was used
to locate a farm with existing and working pivots (Figure 2a). The resulting image was
stored on a computer and imported to software that coincides with the Veris hydraulic soil
auger (Veris Technologies, Salina, KS, USA; Figure 2b,c). The boundaries of the pivots were
marked and pivot tracks delineated. After the tracks were discarded, a grid was drawn
with points 54 m apart, converted to a readable format by a Global Positioning System
(GPS), and transferred to the GPS (Figure 2d).

The above-mentioned soil auger, equipped with a probe measuring soil reflectance,
was used to take absorbance readings at 0–15, 15–30, 30–45, and 45–60 cm soil depths
(Figure 2a). Four absorbance readings were taken per depth interval at 1 m distances from
each other around all grid points and averages were calculated. The mean absorbance
readings were recorded by a spectrophotometer fixed on the soil auger and the resulting
values were stored on an attached computer.

Soil cores from a sufficient number of grid points randomly distributed under a pivot
were sampled for the standardization of the spectrophotometer on the soil auger. Three
soil cores were collected with the soil auger’s core sampler per depth interval within
the 1 m2 area around a grid point (Figure 2c). The soil cores were air-dried, mixed,
and weighed to estimate bulk density [35]. The composite samples were then sieved
through a 2 mm screen and half of each sample was dispatched to a commercial laboratory
(BemLab, Somerset West, South Africa) for determination of soil C and total N with a
Leco Elemental Combustion Analyzer (Leco Corporation, St Joseph, MI, USA). None of
the samples contained inorganic C. On the other half of the composite sample, active C
was measured using an adapted potassium permanganate oxidizable C method [36] and
potential mineralizable nitrogen (PMN) rate using the potassium chloride method [37].
Standard methods [38] were used to determine the fertility status of the soils: pH (1:2.5
soil to 1 mol dm−3 KCl), extractable P (Bray 2 solution) and exchangeable potassium (K),
calcium (Ca), magnesium (Mg), and sodium (Na) (1 mol dm−3 NH4OAc at pH 7) (Table 3).
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Figure 2. Google Earth to locate farms (a), Veris P4000 (b), core sampler (c), and sampling points
under center pivot (d).

2.5. Data Processing

Data used for this study are presented in contents (% or mg kg−1) and in stocks
(Mg ha−1 or kg ha−1). Content measurements were obtained from probe absorbance read-
ings and core soil samples whereas stock measurements were obtained from a conversion of
the content data to stocks. This conversion was done by taking bulk density and sampling
depth into account. Linear mixed model analysis, also known as REML analysis [39],
was applied to the averages of SOM indices and bulk density over grid points under
pivots. A nested and weighted analysis was used as the numbers of center pivots per
category (area, farm, and pivot) were very different and therefore only the first 7 pivots
were used for analysis. Fixed effects were specified as farm per region, depth, and their
interactions. The random effect was specified as depth within pivot, pivot within farm, and
farm within area. Fisher’s protected least significant difference test, with the standardized
range [40], was used to compare means at a 1% level, as the farm and pivot variances were
not homogeneous [41]. Data were analyzed using the statistical program GenStat® [39].

3. Results

A summary of REML analyses is presented in Table 4. The main effects of farm and
depth as well as their interactions had significant influences on SOM indices, but most
importantly on soil C and total N contents and stocks and C/N ratio in both the UT and LT
regions. Although bulk density, active C and PMN rates are considered sensitive to land
use or management changes, they only occasionally responded significantly to the main
and interaction effects. In fact, active C and PMN rates did not respond significantly to the
interactions of farm and depth.

3.1. Main Effects

Bulk density did not vary significantly between farms and across the sampled soil
profiles, and therefore did not have much influence when calculating the stocks of the
measured SOM indices. Despite the fact that the corrections of content levels with bulk
density resulted in negligible changes in stocks, our results are reported in both contents
and stocks.



Agriculture 2022, 12, 858 8 of 21

Table 4. Summary of the REML analyses on selected soil quality indicators under mixed pastures in
the Upper (UT) and Lower (LT) Tsitsikamma dairy farms.

Variation BD
Total C Total N

C/N Ratio
Active C PMN Rate

Conc. Stock Conc. Stock Conc. Stock Conc. Stock

UT Region
Farm ns ** ** ns ns ns ns ns ns ns
Depth ns ** ** ** ** ns ** ns ** **

Farm × depth ** ** ** ** ** ** ns ns ns ns

LT Region
Farm ns ** ** ns ns ** ** ** ns ns

Depth ns ** ** ** ** ** ** ns ** **
Farm x depth ** ** ** ** ** ** ns ns ns ns

BD, bulk density; C, carbon; N, nitrogen; PMN, potentially mineralizable nitrogen; Conc., concentration;
** indicate significant difference at p < 0.001; ns, not significant.

Comparisons between farms indicate that in the UT region, soil C contents (Figure 3a),
and stocks (Figure 3b) did not change significantly between F1, F2, F3, and F4 or between
F1, F3, and F5, but increased by an average of 0.73% and 7.59 Mg ha−1 in F5 compared
to F2 and F4. In the LT region, soil C contents (Figure 3a) and stocks (Figure 3b) were, on
average, 0.99% and 18.0 Mg ha−1 higher in F2 and F5 than in F1, F3, and F4, and 0.60%
and 10.9 Mg ha−1 (on average) higher in F1 than in F3 and F4. Soil C contents (Figure 3c)
and stocks (Figure 3d) among depths were significantly different in the following order:
0–15 > 15–30 > 30–45 > 45–60 cm soil depth. However, in the LT region, differences in soil
C contents below 30 cm soil depth and stocks below 15 cm soil depth were not significant.
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Regardless of the region, total N contents (Figure 4a) and stocks (Figure 4b) remained
virtually unaltered when comparisons were made between farms but changed significantly
with sampled soil layers (Table 4). Although differences were not always significant, total
N contents (Figure 4c) and stocks (Figure 4d) declined with an increase in soil depth. In the
UT region, total N contents and stocks were, respectively, 0.079% and 1.07 Mg ha−1 higher
in the 0–15 cm soil layer compared to the 15–30 cm soil layer, which also had, on average,
0.057% and 1.09 Mg ha−1 higher total N contents and stocks than the 30–45 and 45–60 cm
soil layers. In the LT region, total N contents and stocks were, respectively, 0.098% and
1.30 Mg ha−1 (on overage) higher in the upper 15 cm soil than in the soil below 15 cm.
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The C/N ratio as a measure of SOM quality was influenced neither by the management
in each farm (Figure 5a) nor the sampled soil layers (Figure 5b) in the UT region, but
changed significantly among the farms (Figure 5a) and between soil layers (Figure 5a) in
the LT region (Table 4). The C/N ratio was highest in F2 followed in a decreasing order by
F5, F1, F3 and then F4. Moreover, the C/N ratio was higher in the 15–30 cm soil layer than
the rest of the sampled depth intervals.
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Contradictory to the UT region, active C contents and stocks varied significantly in the
LT region (Table 4). In this region, active C contents were 170–355 mg kg−1 higher in F5 than
in F2, F3 and F4 (Figure 6a). Active C contents were similar between F1 and F2, but higher
than those recorded in F3 and F4, although differences were not significant between F2 and
F4. A similar pattern was observed with active C stocks (Figure 6b), but significant differ-
ences were observed between F3 (0.10 Mg ha−1) and F1 (0.67 Mg ha−1) or F5 (0.72 Mg ha−1).
Furthermore, active C contents (Figure 6c) and stocks (Figure 6d) varied with soil depth in
both regions, and thus followed the order: 0–15 > 15–30 > 30–45 = 45–60 cm soil layers.
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The PMN rates in terms of contents (Figure 7a) and stocks (Figure 7b) did not change
significantly between farms in either of the studied regions but changed with soil depth
(Table 4). Thus, the PMN rate for contents (Figure 7c) and stocks (Figure 7d) were higher in
the 0–15 cm soil layer than in the 15–30, 30–45 and 45–60 cm soil layers, but did not vary
significantly between the latter three soil layers.

3.2. Interactions

Interactions of farm and depth influenced bulk density, which increased with an
increase in soil depth regardless of farm management (Tables 4 and 5). Although differences
were not always significant, the highest bulk densities were recorded in the 45–60 soil layer
in all farms except in F2 of the UT region, where the highest bulk density was recorded in
the 30–45 cm soil layer. Comparing farms per soil layer indicated no significant changes in
bulk density in the UT and LT regions. However, in the 0–15 cm soil layer, F5 had lower
bulk density, especially when compared to F1, F3, and F4.
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Table 5. Changes in bulk density as influenced by farm × depth interactions under mixed pastures
in the Upper (UT) and Lower (LT) Tsitsikamma dairy farms.

Region Depth Farm
0–15 cm 15–30 cm 30–45 cm 45–60 cm

g cm−3

UT 1 1.335 A,a 1.495 A,a 1.489 A,a 1.525 A,a
2 1.295 B,a 1.492 A,B,a 1.566 A,a 1.646 A,a
3 1.224 C,a 1.365 B,C,a 1.602 A,a 1.539 A,B,a
4 1.221 B,a 1.466 A,B,a 1.486 A,a 1.518 A,a
5 1.250 C,a 1.427 B,C,a 1.599 A,B,a 1.677 A,a

LT 1 1.219 A,a 1.399 A,a 1.389 A,a 1.402 A,a
2 1.170 B,a,b 1.397 A,a 1.435 A,a 1.469 A,a
3 1.358 A,a 1.349 A,a 1.470 A,a 1.503 A,a
4 1.292 B,a 1.484 A,B,a 1.496 A,B,a 1.596 A,a
5 0.983 B,b 1.346 A,a 1.412 A,a 1.465 A,a

Different upper-case letters indicate significant differences (p < 0.001) among soil layers per farm, while different
lower-case letters indicate significant differences (p < 0.001) between farms per layer per region.
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In contrast, soil C contents and stocks displayed a different pattern as they decreased
with an increase in soil depth regardless of farm management (Table 6). In both the UT
and LT regions, all farms had higher soil C contents and stocks in the 0–15 cm soil layer
compared to the rest of the soil layers. However, in F3 and F4 of the LT region, soil C
contents and stocks in the 15–30 cm soil layer were statistically similar to those recorded in
the 0–15, 30–45, and 35–60 cm soil layers. Soil C contents between farms in the UT region
also did not differ significantly in the 0–15 and 15–30 cm soil layers, but were 0.62% higher
in the 30–45 and 45–60 cm soil layers of F5, especially when compared to F2 (Table 6).
A similar trend was observed with soil C stocks, although significant differences were
recorded between: F5 (29.6 Mg ha−1) and F1 (38.8 Mg ha−1) or F2 (38.2 Mg ha−1) in the
0–15 cm soil layer; F5 (31.3 Mg ha−1) and F4 (18.9 Mg ha−1) in the 15–30 cm soil layer; F5
(26.5 and 24.4 Mg ha−1, respectively) and F4 (15.2 and 13.4 Mg ha−1, respectively), and
F2 (11.5 and 8.88 Mg ha−1, respectively) or F1 (17.4 and 13.7 Mg ha−1, respectively) in the
30–45 and 45–60 cm soil layers. In the LT region, soil C contents and stocks in the 0–15 cm
soil layer were highest in F2 followed in a descending order by F5, F1, F3 and then F4.
Similar patterns were observed in the 15–30, 30–45 and 45–60 cm soil layers, although
differences were not always significant.

Similar to soil C, total N contents and stocks also declined with increasing soil depth in
both the UT and LT regions (Table 7). Across all the farms in the UT region, total N contents
and stocks were higher in the 0–15 cm soil layer compared to other three deeper soil layers,
which did not differ significantly in terms of total N contents and stocks. Total N contents
in F1 were statistically the same throughout the sampled soil profile, but stocks varied
significantly between 0–15 (3.98 Mg ha−1) and 45–60 (2.66 Mg ha−1) cm soil layers. In the
LT region, significant changes in total N contents and stocks with depth were observed in
F5, and the 0–15 cm soil layer had more total N content and stocks than the 15–30, 30–45,
and 45–60 cm soil layers. Furthermore, total N stocks in F2 were higher in the 0–15 cm soil
layer than those recorded in the 15–30 cm soil layer. Differences in total N contents and
stocks among studied farms were observed in the 0–15 and 15–30 cm soil layers for the UT
region and only in the 0–15 cm soil layer for the LT region. In the 0–15 cm soil layer, F5
had higher total N contents and stocks than F1, F2, F3, and F4, irrespective of the region.
Similar observations were recorded in the 15–30 cm soil layer in the UT region, although
differences were not significant between F5 and F3.

Except in F5 in the UT region and F2 and F5 in the LT region, C/N ratio exhibited
similar trends displayed by soil C and N as it decreased with an increase in soil depth
(Table 8). Both F1 and F2 of the UT region had higher C/N ratios in the 0–15 cm soil layer
than in the 45–60 cm soil layer. Conversely, F5 had significantly lower C/N ratio in the 0–15
and 15–30 cm soil layers than in the 30–45 and 45–60 cm soil layers. In F2 of the LT region,
the 15–30 cm soil layer had the highest C/N ratio followed by the 45–60, 0–15, and then
30–45 cm soil layers, but differences were not significant between the 0–15 and 30–45 cm
soil layers. In F5, C/N ratio followed the order: 30–45 > 15–30 > 45–60 > 0–15 cm soil layers,
although the C/N ratios were statistically similar between the 45–60 and 0–15 or 15–30 cm
soil layers. Changes in C/N ratio with depth were not significant in F3 and F4 in the UT
region and in F1, F3, and F4 of the LT region. The C/N ratio also varied between farms
except in the 15–30 cm soil layer in the UT region. In this region, F2 had a higher C/N ratio,
especially when compared to F5 in the 0–15 cm soil layer, while in the 30–45 and 45–60 cm
soil layers, F5 had a higher C/N ratio than F1, F2, F3, and F4. Differences in C/N ratio
between the latter farms were not significant. In the LT region, higher C/N ratios were
recorded in F2 compared to the rest of the farms, regardless of soil depth. However, there
were no significant changes in C/N ratio between F2 and F5 in the 30–45 cm soil layer.
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Table 6. Response of soil C contents and stocks (mean ± standard error) to the interactive effects of farm and depth under mixed pastures in the Upper (UT) and
Lower (LT) Tsitsikamma dairy farms.

Region Depth Farm
0–15 cm 15–30 cm 30–45 cm 45–60 cm 0–15 cm 15–30 cm 30–45 cm 45–60 cm

Carbon Content (%) Carbon Stocks (Mg ha−1)

UT 1 1.94 ± 0.057 A,a 1.10 ± 0.057 B,a 0.78 ± 0.056 B,a,b 0.60 ± 0.056 B,a,b 38.8 ± 1.16 A,a 24.8 ± 1.15 B,a,b 17.4 ± 1.14 C,b 13.7 ± 1.13 C,b
2 1.94 ± 0.058 A,a 0.95 ± 0.058 B,a 0.49 ± 0.055 C,b 0.36 ± 0.055 C,b 38.2 ± 1.15 A,a 21.5 ± 1.15 B,a,b 11.5 ± 1.10 C,b 8.88 ± 1.11 C,b

3 1.81 ± 0.065 A,a 1.31 ± 0.064 B,a 0.78 ± 0.071 C,a,b 0.66 ± 0.074 C,a,b 33.2 ± 1.27 A,a 26.7 ± 1.26
A,B,a,b 18.7 ± 1.37 B,C,a,b 15.1 ± 1.43 C,a,b

4 1.94 ± 0.054 A,a 0.85 ± 0.055 B,a 0.67 ± 0.056 B,a,b 0.58 ± 0.058 B,a,b 35.6 ± 1.09 A,a,b 18.9 ± 1.10 B,b 15.2 ± 1.12 B,b 13.4 ± 1.16 B,b
5 1.59 ± 0.066 A,a 1.46 ± 0.066 A,B,a 1.11 ± 0.066 B,C,a 0.97 ± 0.067 C,a 29.6 ± 1.30 A,b 31.3 ± 1.46 A,a 26.5 ± 1.30 A,a 24.4 ± 1.31 A,a

LT 1 1.97 ± 0.060 A,c 1.10 ± 0.060 B,c,d 0.98 ± 0.060 B,a,b 0.92 ± 0.063 B,b 35.8 ± 1.19 A,b,c 23.1 ± 1.18 B,b 20.2 ± 1.19 B,b,c, 19.2 ± 1.23 B,b
2 3.17 ± 0.071 A,a 1.72 ± 0.070 B,a,b 1.49 ± 0.071 B,a 1.47 ± 0.072 B,a 55.6 ± 1.46 A,a 36.0 ± 1.46 B,a 31.9 ± 1.47 B,a 32.1 ± 1.48 B,a
3 1.17 ± 0.103 A,d 0.66 ± 0.114 A,B,d 0.52 ± 0.113 B,b,c 0.49 ± 0.113 B,b 23.9 ± 2.06 A,c 13.4 ± 2.25 A,B,c 11.3 ± 2.23 B,c,d 11.1 ± 2.23 B,b
4 0.99 ± 0.083 A,d 0.56 ± 0.083 A,B,d 0.35 ± 0.083 B,c 0.42 ± 0.083 B,b 19.2 ± 1.67 A,d 12.4 ± 1.67 A,B,c 8.01 ± 1.68 B,d 9.98 ± 1.68 B,b

5 2.52 ± 0.070 A,b 1.51 ± 0.071 B,b,c 1.32 ± 0.072 B,a 1.46 ± 0.072 B,a 36.9 ± 1.46 A,b 30.4 ± 1.47
A,B,a,b 27.7 ± 1.49 B,a,b 32.1 ± 1.49 A,B,a

Different upper-case letters indicate significant differences (p < 0.001) among soil layers per farm, while different lower-case letters indicate significant difference (p < 0.001) between
farms per layer per region.
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Table 7. Interactive effects of farm x depth on total N contents and stocks (mean ± standard error) under mixed pastures in the Upper (UT) and Lower (LT)
Tsitsikamma dairy farms.

Region Depth Farm
0–15 cm 15–30 cm 30–45 cm 45–60 cm 0–15 cm 15–30 cm 30–45 cm 45–60 cm

% Mg ha−1

UT 1 0.196 ± 0.015 A,b 0.142 ± 0.016
A,a,b 0.134 ± 0.016 A,a 0.124 ± 0.016 A,a 3.979 ± 0.161 A,b 3.205 ± 0.161

A,B,a,b
2.875 ± 0.162

A,B,a 2.657 ± 0.162 B,a

2 0.185 ± 0.014 A,b 0.131 ± 0.015
A,b,b 0.095 ± 0.016 B,a 0.090 ± 0.016 B,a 3.611 ± 0.156 A,b 2.846 ± 0.154

A,B,b 2.199 ± 0.156 B,a 2.187 ± 0.160 B,a

3 0.214 ± 0.013 A,b 0.166 ± 0.014
A,B,a,b 0.111 ± 0.016 B,a 0.095 ± 0.016 B,a 3.892 ± 0.168 A,b 3.343 ± 0.171

A,B,a,b 2.635 ± 0.181 B,a 2.163 ± 0.187 B,a

4 0.243 ± 0.013 A,b 0.127 ± 0.015 B,b 0.100 ± 0.016 B,a 0.094 ± 0.016 B, 4.420 ± 0.154 A,b 2.812 ± 0.155 B,b 2.206 ± 0.157 B,a 2.098 ± 0.158 B,a
5 0.353 ± 0.012 A,a 0.228 ± 0.013 B,a 0.091 ± 0.017 C, 0.086 ± 0.017 C,a 6.393 ± 0.329 A,a 4.751 ± 0.325 A,a 2.053 ± 0.282 B,a 1.929 ± 0.282 B,a

LT 1 0.167 ± 0.014 A,b 0.114 ± 0.016 A,a 0.112 ± 0.015 A,a 0.107 ± 0.016 A,a 3.039 ± 0.164 A,b 2.413 ± 0.173 A,a 2.331 ± 0.163 A,a 2.263 ± 0.163 A,a

2 0.159 ± 0.022 A,b 0.059 ± 0.029 A,a 0.095 ± 0.025 A,a 0.065 ± 0.028 A,a 2.743 ± 0.217 A,b 1.196 ± 0.230 B,a 2.076 ± 0.219
A,B,a

1.448 ± 0.218A
B,a

3 0.141 ± 0.027 A,b 0.090 ± 0.031 A,a 0.094 ± 0.030 A,a 0.077 ± 0.032 A,a 3.002 ± 0.288 A,b 1.661 ± 0.305 A,a 2.033 ± 0.298 A,a 1.669 ± 0.305 A,a
4 0.120 ± 0.023 A,b 0.075 ± 0.027 A,a 0.090 ± 0.025 A,a 0.070 ± 0.028 A,a 2.320 ± 0.242 A,b 1.595 ± 0.234 A,a 1.912 ± 0.234 A,a 1.452 ± 0.242 A,a
5 0.351 ± 0.019 A,a 0.101 ± 0.024 B,a 0.080 ± 0.027 B,a 0.101 ± 0.024 B,a 4.811 ± 0.279 A,a 2.164 ± 0.327 B,a 1.600 ± 0.401 B,a 2.373 ± 0.408 B,a

Different upper-case letters indicate significant difference (p < 0.001) among soil layers per farm, while different lower-case letters indicate significant difference (p < 0.001) between farms
per layer per region.
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Table 8. Influence of farm x depth interactions on C/N ratio (mean ± standard error) under mixed
pastures in the Upper (UT) and Lower (LT) Tsitsikamma dairy farms.

Region Depth Farm 0–15 cm 15–30 cm 30–45 cm 45–60 cm

UT 1 9.80 ± 0.78 A,a,b 7.82 ± 0.77 A,b,a 6.06 ± 0.75 A,B,b 5.09 ± 0.75 B,b
2 10.76 ± 0.80 A,a 7.94 ± 0.78 A,B,a 5.25 ± 0.75 A,B,b 4.09 ± 0.76 B,b
3 8.55 ± 0.92 A,a,b 8.13 ± 0.92 A,a 7.29 ± 1.02 A,b 7.15 ± 1.07 A,b
4 8.08 ± 0.74 A,a,b 6.68 ± 0.74 A,a 6.76 ± 0.77 A,b 6.26 ± 0.81 A,b
5 4.50 ± 0.94 B,b 6.18 ± 0.94 B,a 14.77 ± 0.94 A,a 13.72 ± 0.96 A,a

LT 1 11.80 ± 0.84 A,b 9.47 ± 0.89 A,b 8.73 ± 0.84 A,a 8.52 ± 0.88 A,b
2 20.36 ± 0.91 B,a 29.48 ± 0.91 A,a 15.52 ± 0.93 C,a 22.73 ± 0.94 B,a
3 7.95 ± 1.40 A,b 7.94 ± 1.58 A,b 5.58 ± 1.57 A,b 6.63 ± 1.56 A,b
4 8.80 ± 1.12 A,b 8.80 ± 1.11 A,b 4.04 ± 1.12 A,b 7.94 ± 1.13 A,b
5 7.89 ± 0.91 C,b 14.26 ± 0.92 B,b 19.76 ± 0.95 A,a 11.94 ± 1.17 B,C,b

Different upper-case letters indicate significant difference (p < 0.001) among layers per farm, while different
lower-case letters indicate significant difference (p < 0.001) between farms per layer per region.

4. Discussion

A shortcoming of this study is that SOM storage was not measured under native
vegetation, which occurs as small patches and thus are not representative to serve as
reference for minimum tilled pasture mixtures. Furthermore, the previous study on the
dairy farms quantified SOM storage only to 10 cm soil depth, while not using comparable
field and laboratory techniques [1]. The current study can thus serve as a baseline for the
evaluation of minimum till pasture mixtures on SOM storage over the long run.

Although SOM storage prior to introduction of cultivated pastures in the UT and
LT regions is not known, we are of the opinion that inherent SOM in these regions had a
substantial impact on the current SOM status considering the relatively low amounts of
organic fertilizers applied. Approximately 2 ton ha−1 yr−1 of chicken manure was applied
in some farms (Table 1), while liquid effluent from milking paddocks was applied during
irrigation, which made it difficult to determine the rates of application. However, additives
such as chicken manure can increase soil C when applied at higher rates (1.38–1.75 ton
ha−1) compared to maintenance rates (0.24–0.57 ton ha−1) for a period of three years [42].
The higher rates are close to the applied rate of chicken manure in this study; as such,
applications of 2 ton ha−1 yr−1 for six years could be enough to enhance soil C in the mixed
pastures of Tsitsikamma. Quantity of organic fertilizers applied is admittedly important to
improve SOM, but the quality is also key for SOM accumulation.

Other factors that we assumed could improve SOM storage in Tsitsikamma were culti-
vation of mixed pasture species and grazing management, but again, there was no control
or any treatment (cultivation of single or double species) to corroborate this assumption
and differences in grazing management are not known. Therefore, changes in SOM storage
could be attributed to applied fertilizer sources.

4.1. Main Effects

As a mixture of a myriad of C fractions with different turnover timescales, soil C is
insensitive to short-term management changes and hence rather used in long-term studies
(>10 years) as a tool to assess soil quality status [17,43]. In this study, however, soil C
showed significant responses within six years of management practices that varied from
one farm to the other. Thus, the increase in soil C accumulation (0.71–1.20 Mg ha−1 yr−1)
in the UT region and the increase (1.20–4.42 Mg ha−1 yr−1) in the LT region attest to the
general findings that amendment of soils with different fertilizer sources alters C content in
the soil. In addition, organic sources are more effective in improving soil C sequestration
than synthetic fertilizers [10,15,21,22,24,44].

In the UT region, F5 was spread with liquid dairy effluent, which was probably richer
in C fractions associated with soil C storage than poultry manure applied in F4, while
F2 did not receive any form of organic fertilizer except excreta from grazing dairy cattle
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(Table 1). Non-significant differences in active C and PMN rates between farms in this
region also could be an indication that indeed soil C in F5 was dominated by recalcitrant
fractions (Figures 6 and 7) as reported in other studies [14,43]. Assessment of the chemical
composition of different organic manures showed that cattle manure was richer in organic
C (26.5 vs. 17.8%) and recalcitrant C fractions as reflected by significantly higher lignin
content (14.6 vs. 6.1%), lignin/N ratio (7.8 vs. 2.1), and C/N ratio (14.2 vs. 6.1) compared
to poultry manure [24].

In contrast, the C/N ratio (6.95–9.79) across all farms in the UT region was statistically
the same and closer to that of microbial biomass [13], suggesting a balanced N supply to C
substrate and a similar extent of decomposition [13,43,45]. However, the slightly higher
C/N ratio in F5 (Figure 4a,b), may indicate a slower decomposition rate [45]. In the LT
region, F1, F2, and F5 received both dairy effluent and poultry manure, whereas F3 and F4
were not subjected to either of the two, and that could partly explain lower soil C storage
in F3 and F4, while differences in soil C between F1 and F2 or F5 were probably due to the
varying amounts of organic C sources applied or differences in soil C saturation deficits in
each farm [9,43,46]. The higher C/N ratio in F2 followed by F5 indicated a lower supply
of N and/or higher soil C as a result of suppressed decomposition rates than in F1, F3
and F4 [13]. On the other hand, either soil C decomposition was preferential targeting
recalcitrant C, or recovery of labile C was more rapid as reflected by higher active C in F1
and F5 than in F4 in the LT region [13,44].

Both F2 and F4 in the UT region were treated with 414: 0: 269 and 870: 95: 284 kg
ha−1 of NPK fertilizer, respectively, which were fairly higher than in F5 (308: 4: 70 kg ha−1,
Table 1). In the LT region, N application rates were more or less the same between farms,
but a little higher in F1 (Table 1). High N rates often suppress microbial activity, and thus
C losses through decomposition [13,21]. However, in this study, high N applications in
F2 and F4 in the UT region and to some extent in F1 in the LT region, likely resulted in a
microbial community shift to a high N-demanding community that rapidly decomposed
SOM and exogenous organic C inputs [13,19]. A study on measured microbial responses
to N additions showed that N additions increased Gram-negative bacteria accompanied
by preferential decomposition of labile C, and fungi with a corresponding decline in
recalcitrant C [44]. Our results are somewhat inconsistent with previous studies that
reported increased C accumulation as a result of increased applications of NPK fertilizer
rates along with organic manure on intensively cultivated Aquic Inceptisols [22], Fluvo-
Aquic soils [23], and Ultisols [19]. This generally implies that the extent to which organic C
sources affect soil C may depend on their physical and chemical properties and N demand
for soil microbes to carry out decomposition-mineralization processes [12,13]. Moreover,
organic C inputs influence soil C directly, while synthetic fertilizers affect soil C indirectly
by improving primary biomass production and/or enhancing or suppressing microbial
activity, and all could be the cause of differences in soil C observed between farms in the
UT and LT regions [15,17,21,22].

As expected, a decrease in soil C, total N, active C, and PMN rates with an increase in
soil depth was observed in this study in both the UT and LT regions. Similar observations
have been reported in many studies conducted under natural and intensively managed
ecosystems [22,45–47]. Stratification of SOM indices with depth is often associated with root
distribution within the soil profile [46–48]. Unfortunately, root biomass was not measured
in this study. However, since similar pasture mixtures (kikuyu-ryegrass-clover) of the
same age were considered for soil sampling, we assumed that root distribution across
the soil profile would be similar and have more or less the same effects on SOM. Data on
below-ground biomass, however, are necessary to improve our understanding on SOM
changes in relation to root distribution across the soil profile, and therefore should be
considered in the future [48]. Regardless, based on previous studies, we can only infer
that root biomass was higher in the top 15 cm soil, and when considered together with
deposited organic and chemical fertilizer inputs on the soil surface resulted in increased
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soil C, total N and active C sequestration and PMN rates in the 0–15 cm soil layer compared
to the other three deeper soil layers.

Accumulation of SOM indices in the topsoil alters ecosystem properties by improving
water infiltration, supply of nutrients to shallow rooted plants, and controlling surface
runoff. On the other hand, surface stratification of these SOM indices renders them more
susceptible to losses than SOM buried in the deeper soil layers. This is possible because C
storage in the topsoil is influenced more by a combination of management practices and
climatic conditions than inherent soil properties [17,48]. For example, reported C and N
losses averaging to 6.99 and 0.58 Mg ha−1, respectively, in the topsoil of irrigated relative to
unirrigated adjacent pastures across four regions in New Zealand, while differences were
not significant below 30 cm soil depth [49]. Irrigation was also part of pasture management
in the UT and LT regions and was done at frequencies that varied from one farm to the
other. However, such data were not recorded. Although changes in soil C deeper in the
soil profile are difficult to detect [17], in this study, significant changes in soil C as opposed
to other SOM indices persisted beyond 30 cm soil depth, suggesting the potential for C
storage irrespective of the region [22,46,48].

4.2. Interactions

Active C and PMN rates, as indices for assessing the lability of SOM [27,43], were
influenced less by the interaction of farm and depth compared to soil C, total N, C/N ratio,
and to some extent bulk density. An increase in bulk density with soil depth, especially
in F2, F3, F4, and F5, regardless of the region, was an indication of soil compaction in the
deeper soil layers (Table 5). Soil compaction as a result of management or animal trampling
is usually more pronounced in the topmost layer as observed in the 0–15 cm soil layer of F1,
F2, and F4 compared to F5 in the LT region. As such, we assumed that higher bulk density
in the deeper soil layers was due to an increase in clay content that possibly restricted
free vertical water percolation, thus inducing subsurface lateral water flow along with
soluble SOM.

In contrast, all farms in both the UT and LT regions showed that effects of NPK fer-
tilizers alone or in combination with poultry manure or dairy effluent on soil C, total N,
and C/N ratio were pronounced in the top 30 cm soil and diminished with an increase
in soil depth where clay content and other inherent soil properties take control of SOM
storage [13,17,18,22]. In some farms, however, C/N ratio displayed variable trends at-
tributable to changes in soil C and total N. Many studies have indicated that amendment
of soils with fertilizers can promote root growth, resulting in deposition of organic material
in the deeper soil layers [13,22], which was seemingly not the case in this study. In this
study, increased bulk density with soil depth presumably restricted root penetration and
SOM storage in the 30–45 and 45–60 cm soil layers compared to the soil surface layers.
Even so, soil C in the deeper soil layers of F2 and F5 in the LT region was within ranges
(27.7–32.1 Mg ha−1) closer to soil C stocks recorded in the surface layers of most farms
(Table 6). It is possible that Ca applied in these two farms found its way into the deeper soil
layers, and therefore improved soil pH and root activity [18]. However, a study [13] with
moderate N rates (e.g., 240 kg ha−1, which is closer to N rates applied in the LT region)
can improve root length and biomass, especially in the deeper soil layers (>60 cm). In this
study, it seems a combination of these N rates (263 kg N ha−1 in F2 or 297 kg N ha−1 in F5)
with dairy effluent can improve C sequestration in the deeper soil layers.

There were also significant effects of NPK and organic inputs on soil C, total N,
and C/N ratio. Lower NPK fertilization rates along with dairy effluent in F5 in the UT
region resulted in 23% (on average) loss of soil C in the 0–15 cm soil layer compared
to NPK fertilizer application alone in F1 and F2. Soil C losses in F5 was due to rapid
decomposition as reflected by a lower C/N ratio and higher total N compared to F1 and F2.
In addition, irrigation frequencies were probably higher in F5, resulting in soil C leaching,
which subsequently enhanced soil C storage in the 15–30, 30–45, and 45–60 cm soil layers
compared to F1, F2, F3, and F4, although differences were not always significant. In the
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LT region, the highest soil C accumulations and C/N ratios in F2 followed by F5 and
then F1 are attributed to a combined application of NPK fertilizer, poultry manure, and
dairy effluent compared to sole applications of NPK fertilizer in F3 and F4. In this region,
although similar soil amendments were used by the farmers, there were some significant
differences in soil C across the sampled soil profiles. Although the amounts of applied
dairy effluent and irrigation frequencies per farm were not recorded, we assume that these
differences in soil C could be explained by differences in the amounts of dairy effluent
applied and/or irrigation frequencies. Baseline information, such as in this study, remains
critical for development and establishment of universal management strategies for more
sustainable pasture production in Tsitsikamma and elsewhere in the world.

5. Conclusions

Without ruling out the possibility that inherent SOM, mixed pastures, and grazing
management can alter SOM, different farm management practices, sampled soil layers,
and their interactions seemed to have an influence on SOM indices of the mixed irrigated
pastures on farms (F1 to F5) in both the UT and LT regions.

Soil C, total N, active C, and PMN rates were stratified in the surface soil layers, which
can be good to improve water infiltration and control surface runoff, or a disadvantage
because SOM in the topsoil is more prone to losses than that buried deeper in the soil
profile.

Dairy effluent plus lower NPK fertilization rates applied in F5 of the UT region and
their combination applied with poultry manure in F2 and F5 in the LT region showed
potential to sequester SOM not only in the upper soil layers (0–15 and 15–30 cm), but also
in the deeper soil layers (30–45 and 45–60 cm). Therefore, these combinations could be
alternatives to high NPK fertilization rates applied alone or in combination with poultry
manure in these regions and other agro-ecosystems with similar characteristics.

We acknowledge that the measured differences in SOM indices may be the result of
several edaphic factors other than fertilization. However, apparently by integrating manure
into the system as a replacement for synthetic fertilizers can be a feasible option not only to
ensure a favorable cost-to-income ratio for dairy farmers, but also to promote SOM storage
in the Tsitsikamma region under minimum tilled pasture mixtures. The case studies proved
that site-specific management strategies are required for SOM storage, even in the relatively
homogeneous Tsitsikamma dairy farming region.
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