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Abstract: The response of crop yields to fertilizers is a long-standing topic of agricultural production.
Currently, in dairy-pasture systems, nitrogen (N) fertilizer is used as a management tool that is said
to be directly proportional to pasture yield. We evaluated a large dataset consisting of data from
153 fields over five years to examine the effects of N fertilization on pasture yield and nitrogen use
efficiency in the Eastern Cape province of South Africa. Fertilizer application rates were grouped into
three treatments viz., <200, 200–350, and >350 kg N ha−1, and herbage yield response over the years
was analyzed with mixed models. There were no differences found between treatments for total
annual herbage yield over the years. High N fertilizer rates did not translate to a higher herbage yield
of pastures. The N rate had a weak but significant negative correlation with the total annual yield and
only accounted for 6% of the yield variation. The N use efficiency of pastures improved with reduced
N application rates. Pasture yield varies through different seasons. Spring and summer account
for the highest yield, coinciding with warm and moist conditions favorable for N mineralization in
the soil. Farmers need to consider the time of the year and plan their monthly or seasonal fertilizer
application accordingly to account for peak N mineralization rates.

Keywords: pasture yield optimization; nitrogen use efficiency; nitrogen fertilization

1. Introduction

Dairy-pasture producers in South Africa are accustomed to nitrogen (N) fertilizer applica-
tion rates as high as 600 to 1000 kg of N ha−1 to achieve herbage yields of 12 to 16 t ha−1 [1,2].
As a result, N utilization was poor with nitrogen use efficiencies (NUE) of 60–65 kg N
ton−1 of pasture produced. In dairy-pasture systems, nutrient inputs are not only limited
to fertilizers but also include cycling through animal excreta and N fixation by legumes.
Animal excreta can supply as much as 1000 kg N ha−1 year−1 [3–5]. Fixed N from legume
crops such as lucerne (Medicago sativa) and clovers (Trifolium spp.) have been reported to
fix around 380 and 250 kg of N ha−1 year−1, respectively [6,7]. Even with these multiple
inputs of N, farmers are reluctant to reduce N fertilizer rates. Fertilizer N is often seen as a
quick fix to remediate slow pasture growth, although the reason for the slow growth rates
is not necessarily an N limitation.

Considering the many avenues of nutrient inputs in dairy pasture systems, over-
fertilization is likely [8,9]. Pasture productivity deteriorates when fertilizer is applied in
excess [10]. Furthermore, over-fertilization results in losses through leaching and run-off of
nutrients, which impairs water quality at the ground and surface water levels [11,12]. Over-
fertilizing with N also increases greenhouse gas emissions, particularly nitrous oxide [9]. It
is thus important that producers refine fertilizer programs to match crop requirements and
consider the amount of soil N that could be mineralized from organic matter [8].
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In the Eastern Cape province of South Africa, where dairy-pastures are common, the
application of fertilizer N, phosphorus (P), and potassium (K) is mostly based on fertilizer
recommendation guidelines that are meant for conventional systems [2]. The guidelines
are still followed even though dairy pastures were converted to minimum-tillage systems
with multispecies pastures. The adapted systems improved soil health by increasing the
soil organic matter content, and in turn, the potential of the soil to mineralize N [13].
Improving soil health is a mechanism to improve pasture yield, fertilizer use efficiency, and
farm productivity.

There have been numerous studies that have documented the response of pasture
yield to N fertilizer application rates [8,14,15]. The commonality in the studies is that
the effects of fertilization are observed through systems that observe the response in
small plot experiments that attempt to mimic the real production systems. Additionally,
other fertilization trends, such as that of P and K, are often not considered and can be
limiting. This approach is therefore likely to miss the influence of different pasture and
soil management systems, which are usually not uniform. Therefore, we evaluated a
large dataset consisting of data from 153 fields over five years to examine the effects of
N fertilization on pasture herbage yield and nitrogen use efficiency in the Eastern Cape
province of South Africa.

2. Materials and Methods
2.1. Study Area and Research Design

A study was laid out as an unbalanced completely randomized design with two
treatment factors, namely the N fertilizer rate and year. A total of 153 irrigated fields
ranging from 5 to 10 ha in size were evaluated in the Tsitsikamma Cradock/Cookhouse
regions, which fall in the south-western and mid-western parts of the Eastern Cape province
of South Africa (Figure 1). Although these regions differed in terms of temperature,
rainfall, as well as irrigation management (Table A1), all are classified as a warm temperate
climate, fully humid with a warm summer (Cfb) according to the Köppen–Geiger climate
classification [16]. These fields, which have been under no-till for at least 15 years, were
grouped into three N fertilizer rate treatments, namely, <200 kg N ha−1, 200–350 kg N ha−1,
and >350 kg N ha−1 (Table 1). Fields were monitored over five years (2015–2019).
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Table 1. A description of the N fertilizer treatments (i.e., application rate), five-year mean N, P, and K
rate of each treatment, and the number of fields included each year (Y1 = 2015, Y2 = 2016, Y3 = 2017,
Y4 = 2018, and Y5 = 2019).

Application Rate
(kg ha−1)

Mean N Rate ± SD
(kg ha−1)

Mean P Rate ± SD
(kg ha−1)

Mean K Rate ± SD
(kg ha−1) Y1 Y2 Y3 Y4 Y5

<200 158 ± 9.7 13 ± 3.4 68 ± 5.6 30 28 68 56 69
200–350 270 ± 9.5 25 ± 2.3 91 ± 4.2 47 73 53 69 69

>350 410 ± 9.4 37 ± 4.2 121 ± 5.6 76 52 32 28 15

The fields had been planted with mixtures of kikuyu (Cenchrus clandestinus), annual
and perennial ryegrass (Lolium spp.), red clover (Trifolium pratense) and/or white clover
(T. repens), lucerne (Medicago sativa), and chicory (Cichorium intybus).

Farmers generally irrigated every second week, with irrigation amounts ranging from
15 to 25 mm in the Tsitsikamma and more regularly in the Cradock/Cookhouse region,
but this depended on rain, water availability, soil moisture status, and evapotranspiration.
The Tsitsikamma area receives its predominant rainfall in the winter and spring season,
while the Cookhouse and Cradock area receives the most rainfall in the spring and summer
seasons. The three areas are different in soil texture. The Tsitsikamma area has sandy soils
while soils in the Cookhouse and Cradock areas are classified as sandy clay-loam soils.

2.2. Data Collection

The data used in this study were collected from a program called Fourth Quadrant
(http://fourthquadrant.co.za accessed on 28 March 2020). Fourth Quadrant is a comprehen-
sive program that allows the farmer to record the farms’ physical data, which includes daily,
monthly, or annual milk produced, cow numbers and movement, and budget reported on
a daily, monthly, or annual scale. Pasture management data include, among other parame-
ters, monthly herbage yield, grazing cycles, and daily pasture operations such as planting,
irrigation, mulching, fertilization, and weekly pasture growth. For this study, fertilizer data
viz., N, P, and K were collated along with pasture growth rates that correspond to fields
for which fertilizer data were captured. NUE was expressed as N applied (kg) per ton of
pasture produced [17]. The data were captured by the farmer into the Fourth Quadrant.
Before analysis, the data were scanned for accuracy, and where discrepancies surfaced,
the data were verified with the farmer through personal communication between the first
author and the farmer.

The pasture yield was measured with a disc pasture meter, also known as a rising plate
meter (RPM) [18,19]. The pastures were measured across the fields taking multiple RPM
readings. Areas of unevenness were avoided, such as around gateways, water troughs,
pugged areas, and near fence lines. This was performed in order to obtain a representative
and accurate pasture growth measurement. When taking pasture readings, the RPM was
pressed down to the canopy of the pasture. The RPM then measured the height and density
of the pasture. These readings were then converted into herbage yield (t DM ha−1).

2.3. Data Analyses

Mixed models were employed to evaluate the data using the restricted maximum
likelihood (REML) procedure [20]. Fixed-effect factors included N treatment, year, and
the interaction of year and N treatment. Dependent variables included annual herbage
yield, monthly herbage yield, NUE, and P and K fertilizer rates. Fisher’s protected least-
significant-difference test, with the standardized range [21], was used to compare means
at the 5% level. The Kenward–Roger estimation procedure was used to account for the
unbalanced data and heteroskedasticity [22]. The data were analyzed using Statistica.

http://fourthquadrant.co.za
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3. Results
3.1. Annual Herbage Yield

The interaction and main effects of N treatment and year did not affect (p > 0.05)
annual herbage yield (Table 2). The annual herbage yield was 16.1 ± 1.8 t ha−1 across
all treatments. However, there was a weak but significant negative correlation between
the annual herbage yield and N rate (Figure 2). The regression explained 6.4% of the
yield variation.

Table 2. The ANOVA F-statistic and p-values for the interaction between years and nitrogen applied.
Bold is used to illustrate the p-values < 0.05.

Annual Yield (t ha−1)

F-Statistic p-Value

Year 1.54 0.208
N rate 0.254 0.781

Year × N rate 0.833 0.586

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 13 
 

yield, monthly herbage yield, NUE, and P and K fertilizer rates. Fisher’s protected least-

significant-difference test, with the standardized range [21], was used to compare means 

at the 5% level. The Kenward–Roger estimation procedure was used to account for the 

unbalanced data and heteroskedasticity [22]. The data were analyzed using Statistica .  

3. Results 

3.1. Annual Herbage Yield 

The interaction and main effects of N treatment and year did not affect (p > 0.05) 

annual herbage yield (Table 2). The annual herbage yield was 16.1 ± 1.8 t ha−1 across all 

treatments. However, there was a weak but significant negative correlation between the 

annual herbage yield and N rate (Figure 2). The regression explained 6.4% of the yield 

variation.  

Table 2. The ANOVA F-statistic and p-values for the interaction between years and nitrogen ap-

plied. Bold is used to illustrate the p-values < 0.05. 

 Annual Yield (t ha−1) 
 F-Statistic p-Value 

Year  1.54 0.208 

N rate 0.254 0.781 

Year × N rate 0.833 0.586 

0 50 100 150 200 250 300 350 400 450 500 550 600

Nitrogen rate (kg ha-1)

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

H
er

b
a

g
e 

y
ie

ld
 (

t 
h

a
-1

)

y = 19.752 - 0.0125x; r = -0.253;  r2 = 0.064; p < 0.001

 

Figure 2. The relationship between herbage yield (t ha−1) and N application rate (kg ha−1). The solid 

line and dotted ribbon indicate the regression coefficient and 95% confidence interval, respectively. 

3.2. Seasonal Response of Herbage Yield to N Rate 

The interactions and main effects of N treatment and season-affected (p < 0.01) herb-

age yield (Table 3).  

  

Figure 2. The relationship between herbage yield (t ha−1) and N application rate (kg ha−1). The solid
line and dotted ribbon indicate the regression coefficient and 95% confidence interval, respectively.

3.2. Seasonal Response of Herbage Yield to N Rate

The interactions and main effects of N treatment and season-affected (p < 0.01) herbage
yield (Table 3).

Table 3. The ANOVA F-statistic and p-values for the N treatments, season, year, and their interactions.

F Statistic p-Value

Year 60.96 <0.001
Season 218.63 <0.001
N rate 28.46 <0.001

Year × Season 6.9 <0.001
Year × N rate 40.12 <0.001

Season × N rate 5.33 <0.001
Year × Season × N rate 6.85 <0.001
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The yield response to the N rate varied between seasons. A higher herbage yield was
noted in 2015 and 20192 for the summer and spring seasons of fields that were receiving
>350 N ha−1 compared to yields achieved with lower N rates (Figure 3). It is also important
to note that, in 2019, only 15 fields were receiving >350 N ha−1 as denoted in (Table 1).
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Figure 3. Monthly herbage yield response per season to N rate treatments of the dairy-pastures in
the Eastern Cape, South Africa from 2015 to 2019. Error bars denote standard error of the mean. No
common letter above bars denotes a significant difference (p < 0.05) within a year.

3.3. Nitrogen Use Efficiency

The NUE was affected by the main effect of the N rate, and not by the main effect of
the year or the interaction between the N rate and year (Table 4).

Table 4. The ANOVA F-statistic and p-values for the interaction between years and nitrogen use
efficiency. Bold is used to illustrate the p-values < 0.05.

NUE (N t−1)

F-Statistic p-Value

Year 1.17 0.334
N rate 35.27 <0.001

Year × N rate 0.652 0.733

When less than 200 kg N ha−1 was applied, the NUE was most efficient, as only
11.3 kg N was required to produce 1 ton of herbage (Figure 4). When more than 350 kg N ha−1
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was applied, 25 kg N was required to produce 1 ton of herbage. This response was stable
over the years, so no improvement or degradation in the NUE was observed over time
(p > 0.05).
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Figure 4. The effect of N treatment (kg N ha−1) on nitrogen use efficiency (NUE). Main effects of N
treatment are shown for 153 fields observed from 2015 and 2019. Error bars denote standard error of
the mean. No common letter above bars denotes a significant difference (p < 0.05).

3.4. Association of P and K Fertilization with N Treatments and Herbage Yield

The P and K rates did not affect herbage yield (p > 0.05; results not shown). The supply
of P and K to ensure optimal growth was therefore sufficient. However, to investigate the
inclination of farmers to apply high rates of other fertilizers when the N rate is high, P and
K fertilizer rates were also investigated.

There was an interaction (p < 0.05) between the P fertilizer rate in response to the
N fertilizer rate and year (Table 5). There was more P fertilizer applied in the fields
that received >350 kg N ha−1, while fields that received <200 kg N ha−1 received the
lowest P rates. No responses (p < 0.05) in the P rate were noted in any year in fields
that received less than 350 kg N ha−1 (Figure 5). Although years 1 to 3 received the
highest P application rates (Figure 5), there was no response in yield observed when
comparing yields between treatments (Table 2). In years 4 and 5, the P fertilizer rate in
fields that received >350 kg N ha−1 did not differ from the P rates in fields that received
<350 N kg ha−1 (Figure 5).

Table 5. The ANOVA F-statistic and p-values for the interaction of N treatments and years responding
to applied P and K. Bold is used to illustrate the p-values <0.05.

Phosphorus Fertilizer Rate
(kg ha−1)

Potassium Fertilizer Rate
(kg ha−1)

F-Statistic p-Value F-Statistic p-Value

Year 3.88 0.010 2.23 0.084
N rate 6.81 <0.001 5.42 0.016

Year × N rate 2.32 0.032 0.562 0.813
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Figure 5. Phosphorus fertilizer application rate in response to N rates between 2015 and 2019 (Y1–Y5)
in the dairy-pastures in the Eastern Cape Province, South Africa. Error bars denote standard error of
the mean. No common letter above bars denotes a significant difference (p < 0.05).

The response of the K fertilizer rate was consistent across the years for all N rate
treatments (p < 0.05) as no interaction effect was noted, but the main effect of the N rate
was significant (Table 4). Fields that received less than 200 kg N ha−1 also received the
lowest rates of K, and fields that received >350 kg N ha−1 received the highest rates of K
(Figure 6). Fields that received more N also received more K, but without an improvement
in herbage yield (Figure 2).
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4. Discussion
4.1. Herbage Yield and Nitrogen Use Efficiency

Despite the dry conditions that prevailed during the study years, the fields that received
less than 200 kg N ha−1 were able to attain competitive herbage yields (15.9 t ha−1 year−1).
Evidence from this study showed that high N fertilizer rates do not necessarily translate
to higher herbage yield of pastures that have been managed under minimum tillage for
at least 15 years. This is confirmed by the lack of significant differences in annual yield
produced between the N fertilizer rates under investigation. A weak but significant negative
correlation of the N rate with annual herbage yield points to adverse effects of N fertilization
at high N rates. The findings of this study are similar to that of Viljoen et al. [8] and
Johnson et al. [19] who found that there are limited benefits for pasture and tropical grasses
yield in high N input systems. Viljoen et al. [8] found that pasture yield is maximized at
200 kg−1 ha−1, while. Johnson et al. [19] reported that N fertilizer application rates greater
than 78 kg−1 ha−1 did not result in further increases of forage mass. Some studies have
found opposite responses, i.e., higher N rates resulting in higher yields. However, the
response is expected to be context-specific. It is not unusual to achieve higher crop yields
with a high N fertilization rate, particularly in soils that have a poor soil biological profile
or low soil organic matter content. These soils are likely to have low soil mineral N contents
due to the soil’s poor natural ability to mineralize N [23]. However, pasture soils in the
Eastern Cape Province generally have high soil organic C contents of more than 3% in the
0–150 mm soil layer [2].

In the current study, N fertilizer rates that surpassed 200 kg ha−1 did not contribute
towards annual yield any more than when less than 200 kg N ha−1 was applied. Risk factors
associated with high fertilizer rates include increased economic and environmental costs.
The high herbage yields in fields where less than 200 kg of N ha−1 were applied can be
attributed to mineral N released into the soil solution during organic matter decomposition
and mineralization of N [8]. Thus, the N from the fertilizer serves as supplementary N to
the soil solution, additionally to what is naturally available in the soil. In soils that do not
have the ability to release natural N from organic matter, high N application rates may be
expected to be beneficial until the biological activity of the soil has been improved [23].

However, the relationship between the N applied and yield showed that N fertilization
accounted for only 6% of the yield variations. This finding indicated that other parameters
not investigated by this study probably contributed to yield response. Although the role of
N is understood to be primary in plant growth, it is important that farmers do not view
fertilizer N as the only solution to optimizing yield.

In the study, it was found that there is variation in pasture yield through different
seasons. The highest yield was achieved during spring and summer provided there
was sufficient moisture, which will enhance organic matter decomposition leading to an
increase in mineral N availability (Figure 3). The lowest production occurred in winter,
which reflected colder conditions and low N mineralization rates. Thus, applying high N
amounts when temperature and moisture is limiting does not lead to higher yields. The
study also showed that fields receiving less than 200 N ha−1 had a more consistent growth
throughout the years except for the winter months (Figure 3). Interestingly even though
the winter months had a low herbage yield, they were still higher than the herbage yields
of fields receiving >200 N ha−1 for the same months except for the summer and spring of
year 1 and year 5. The study illustrated that winter, and sometimes autumn, are the most
critical seasons; thus, farmers need to pay careful attention to them since growth is severely
compromised (Figure 3). Sun et al. [14] also found similar findings in New Zealand where
seasonal differences were observed in yield. Less herbage yield was produced between June
and October, and it is between these months that N fertilization was mostly concentrated.
This information supports the suggestion by Viljoen et al. [8] to follow a variable rate of N
fertilizer according to the time of year. Failure to account for mineralization from organic
matter to determine optimal N fertilizer rates is a serious shortcoming both in South Africa
and elsewhere in the world. Recommendations for N fertilizer application rates should be
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based on the age of the pasture and organic C content, as well as the time of the year to
consider N mineralization. Although there are opportunities for farmers to reduce the rate
of N application and thus reduce their input costs, more research is needed to understand
how accounting for N mineralization should be conducted for different contexts.

There is potential to improve NUE of the pasture-based dairy farms in South Africa
by opting for lower N fertilizer rates. The average N requirement per ton of herbage for
fields receiving less than 200 kg N ha−1 was 11 kg, while fields that received more than
200 kg N ha−1 ranged from 18 to 24 kg N ton−1 herbage produced (Figure 4). This means
that for a similar yield, the input cost of N fertilization per hectare was twice as high in
the latter fields. Varvel and Peterson [23] reported that N removed by crops is 50% of the
applied N at low N rates and at least 20–30% at high N rates. The implication is that high-N
systems are inefficient, and this is also demonstrated in this study. Recent studies show
that soil mineral N has a big influence on N optimization [24]; thus, future research needs
to look at the soil dynamics that influence mineral N content and link them to the NUE
of pastures.

Conventional fertilizer strategies are based on a practice where N fertilizer is applied
at a set rate following grazing [2,25]. This practice needs to be reviewed as this study
demonstrated that excessive N fertilization does not increase yield.

4.2. Influence of P and K Fertilization over N Use Efficiency of Pasture

During the study years, fields were also dosed with varying amounts of P and K in
each N treatment. Table 1 showed that different N treatments differed in their P and K
applications. It is not clear whether these rates were applied according to soil requirements
or because of farmer habits. What is clear, though, is that large responses to tactical
application of N fertilizer can be obtained without the need for additional P and K fertilizer,
especially if the soil analysis indicates that there is sufficient P and K in the soil.

Fields that received >350 N ha−1 are an expensive system due to their high application
rates of not only N, but P and K as well. Although K fertilization differed between
treatments, it did not differ in terms of rates applied within years of the same treatment.
This means that the field was receiving similar amounts of K fertilizer each year (Figure 6).
Swanepoel et al. [2] reported nutrient loading of cultivated pasture soils in South Africa,
which is likely because of practices noted in the current study.

Fertilization of pastures irrespective of nutrients being applied must be performed with
insight from the soils’ biological, chemical, and physical characteristics. The measurement
of these components provides inferences about the amounts of nutrients needed to be
applied to top up the removal by pasture and correct a specific deficiency or conform to
the demand from pasture crops. The measurement of the soil’s biological perspective is
especially important for determining the soils’ ability to supply its own N. This will help in
reducing the amount of applied N.

It is important to note that soil analyses play a central role in determining fertilizer
requirements. Therefore, future research needs to establish the role soils play in the efficient
use of N. Soil biological analyses that are linked to soil N mineralization are critical analyses
that ought to be considered when making recommendations on N fertilization.

The South African dairy industry is faced with the challenge of rising input costs such
as feed, fertilizer, fuel, and electricity. An increase in these input costs means a higher cost
of production per liter of milk, and this results in deteriorating profit margins for dairy
farmers. A reduction in fertilizer costs while maintaining or increasing pasture yield will
assist in improving farm productivity. These results show that there is an opportunity to
reduce input costs, particularly those associated with N fertilization.

5. Conclusions

High N fertilizer rates do not necessarily translate to a higher herbage yield of pastures.
In fact, high N fertilizer rates may have a negative effect on the herbage yield and NUE.
The results suggest that it is more efficient to fertilize at lower N rates provided that other
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essential elements are not limited in pastures that have a high potential to mineralize N
from soil organic matter. Additionally, other essential nutrients such as P and K only need
to be applied if they are deficient in the soil based on soil analysis. The application of these
nutrients unnecessarily may lead to contamination of ground and surface water sources,
which, in turn, affect water quality. Farmers also need to consider the time of year and
plan their monthly or seasonal fertilizer application accordingly to account for peak N
mineralization rates.
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Appendix A

Table A1. Mean temperature (◦C) and total annual rainfall (mm) and irrigation (mm) in the Tsit-
sikamma, Cookhouse, and Cradock areas between 2015 and 2018 (ARC-ISCW, 2020).

Area Long-Term
Rainfall Rainfall Irrigation Minimum

Temperature
Maximum

Temperature

mm year−1 ◦C

Tsitsikamma 762 251 11.4 22.5
Cradock 210 1231 7.7 26.7

Cookhouse 224 1157 9.8 25.6
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