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Abstract
Fertilizer- intensive  sugarcane  plantations  are  expanding  in  sub- Saharan  Africa  
(SSA)  amidst  increased  groundwater  pollution  and  carbon  footprint  concerns.  
Yet,  the impact of  nitrogen (N) levels  on N losses,  productivity and profitability  
in these plantations remains unclear. To address this gap, we conducted a com-
pletely randomized design experiment in a Ugandan sugarcane plantation using 
three N fertilization rates (low, standard and high) as treatments. N leaching under 
the different treatments was determined using the average drainage fluxes across 
a 1-m-layered profile which we estimated with a suite of pedotransfer functions 
(PTFs)  and  leachate  N concentrations  from suction  cup  lysimeters.  Soil  nitrous  
oxide fluxes were determined using static vented chamber bases and gas chroma-
tography.  Partial  factor  crop  productivity  was  estimated  from  the  average  field  
fresh weight under each treatment and the amount of N fertilizer applied, while 
the return on investment was determined from the factory price of the field fresh 
weight and the market price of fertilizers. Our findings indicate that three out of 
five PTFs effectively estimated soil hydraulic properties at our test site, based on 
the  close  match  between  measured  and  predicted  soil  matric  potential  values.  
Notably, N leaching at low and standard N rates were comparable but significantly 
lower than at higher-than-standard N rates. Additionally, we measured compara-
ble soil nitrous oxide emissions and field fresh weight but partial factor productiv-
ity and return on investment declined along the fertilizer intensification gradient. 
In conclusion, the study demonstrates the promising application of certain PTFs in 
N-leaching modelling in the data-scarce SSA. Furthermore, obtaining comparable 
field fresh weight with minimal N losses at lower-than-standard N rates presents 
an opportunity to mitigate groundwater pollution and greenhouse gas emissions. 
However, the potential impact of the switch from standard to low N rates on soil 
organic carbon stocks and sugarcane yields warrants further investigation.
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1   |   INTRODUCTION

Sugarcane (Saccharum officinarum) is an important source 
of  sugar  (Brumbley  et  al.,  2008;  de  Morais  et  al.,  2015; 
Singh et al., 2008) and biofuel (Carmo et al., 2013; Mello 
et al., 2014) in many (sub) tropical countries and accounts 
for nearly 1.75% (26.5 million hectares) of  the world's ar-
able land area (Leff  et al., 2004).  The ongoing debate on 
energy  production  suggests  that  the  global  dependency  
on fossil  fuels and the associated greenhouse gas (GHG) 
emissions  to  the  atmosphere  can  be  significantly  re-
duced  if  the  bioenergy  potential  of  crops  like  sugarcane  
is  efficiently  harnessed  in  large  plantations  (Bordonal  
et  al.,  2018;  Popp  et  al.,  2014).  However,  the  shift  from  
fossil  fuel  to  bioenergy  requires  massive  crop  biomass  
production,  which  is  mostly  achieved  through  nitrogen  
(N)  fertilization,  with  application  rates  ranging  between  
60 and 400 kg N ha−1 year−1  for  both  freshly  established  
and ratoon sugarcane crops  (Meyer  & Antwerpen, 2010; 
Robinson  et  al.,  2011;  Stewart  et  al.,  2006;  Tamale  
et  al.,  2022).  Nonetheless,  these  rates  often  exceed  stan-
dard crop N requirements even in the case of  the deeply 
weathered and nutrient-poor Ferralsols (where most sug-
arcane crops are grown; Cherubin et al., 2015), resulting 
in significant N losses to the environment and atmosphere 
(Robinson et al., 2011; Tilman et al., 2002).

One pathway through which N is  lost  from fertilizer-
based sugarcane systems is nitrate (NO3

−) leaching (Blum 
et  al.,  2013;  Ghiberto  et  al.,  2011;  Stewart  et  al.,  2006; 
Thorburn et al., 2011), a process involving movement of ap-
plied N to the groundwater (Bijay-Singh & Craswell, 2021; 
Ju & Zhang, 2017; Zhou et al., 2016). Hence, N leaching 
represents  both  a  serious  contamination  problem  for  
drinking water  and a  large economic loss  for  these  agri-
cultural  systems (Bijay- Singh & Craswell, 2021).  It  is  for  
this reason that the last three decades have seen a surge 
in concerted scientific investigations to better understand 
the  factors  that  underpin  N  leaching  dynamics  in  fertil-
ized sugarcane systems across tropical and subtropical re-
gions (e.g., Japan; Okamoto et al., 2021, Australia; Stewart 
et al., 2006; Thorburn et al., 2011; Brazil; Blum et al., 2013; 
Ghiberto  et  al.,  2011).  These  efforts  included:  (1)  the  
use  of  tracers  (such  as  15N- enriched  fertilizer;  Ghiberto  
et al., 2009; Meier et al., 2006) to quantify N loss via deep 
percolation and (2) the evaluation of  process-based mod-
els  (e.g.,  Leaching  Estimation  and  Chemistry  Model,  
LEACHM; Hutson, 2003, Agricultural Production Systems 
simulator,  APSIM;  Holzworth  et  al.,  2014,  HYDRUS;  
Šimůnek  et al.,  2008)  for  simulating  water  fluxes  and  N 
transport  in  the  vadose  zone  under  fertilized  sugarcane  
(Shishaye, 2015; Thorburn et al., 2011).

Application of process-based models is underpinned by 
the availability of data on the climate, crop phenology and 

characteristics,  depth to the water table and soil hydrau-
lic  properties  (namely,  the  soil  water  retention  function  
and  hydraulic  conductivity  function;  Nasta  et  al.,  2021). 
However, soil hydraulic properties data are often lacking 
for most parts of  sub-Saharan Africa. In such data-scarce 
regions, the use of  pedotransfer functions (PTFs) to esti-
mate soil hydraulic properties from readily available basic 
soil physical and chemical properties (i.e., grain size dis-
tribution, soil bulk density and organic carbon) is highly 
recommended (Nasta et al., 2021; Van Looy et al., 2017). 
Notwithstanding, PTF use in sub-Saharan Africa remains 
challenging because only a few region-specific PTFs exist 
(Aina & Periaswamy, 1985; Pidgeon, 1972) while the de-
velopment  of  new  ones  is  currently  hampered  by  the  
lack  of  basic  physical  and  chemical  soil  properties'  data  
(Tomasella  &  Hodnett,  2004).  Amidst  these  challenges,  
several studies reported successful application of existing 
PTFs (e.g., Rosetta; Schaap et al., 2001) developed for tem-
perate zones to test sites outside their training and valida-
tion areas with satisfactory accuracy. For instance, Tombul 
et al. (2004) accurately predicted the hydraulic properties 
of  sandy  clay  loam  soils  in  a  semi- arid  basin  in  Turkey  
with  Rosetta  PTF  and  so  did  da  Silva  et  al.  (2017)  for  
sandy soils in south-eastern Brazil. Whereas such findings 
provide promising prospects for PTF application in data-
scarce regions, no single study, to date, has evaluated the 
suitability of  temperate PTFs in predicting soil hydraulic 
properties in sub-Saharan Africa. Consequently, the scale 
of the N leaching problem under fertilized sugarcane sys-
tems in sub-Saharan Africa is poorly understood.

Besides N leaching, sugarcane plantations by virtue of 
the wet and humid tropical environments in combination 
with the relatively high N inputs,  are considered signifi-
cant anthropogenic sources of  nitrous oxide (N2O; Allen 
et al., 2010; Dattamudi et al., 2019; Wang et al., 2016). This 
greenhouse  gas  has  a  larger  radiative  forcing  relative  to  
carbon dioxide (Forster et al., 2007) and a strong depleting 
effect on stratospheric ozone (Ravishankara et al., 2009). 
It  is  estimated  that  nearly  2.2  kg  N2O-N  ha−1 year−1  is  
released  globally  from  sugarcane  plantations  (Yang  
et  al.,  2021).  However,  such  estimates  still  suffer  from  
considerable  uncertainty  because  their  derivation  is  pri-
marily premised on studies conducted in Australia (Allen 
et  al.,  2010;  Wang  et  al.,  2016)  and  Brazil  (e.g.,  Carmo  
et al., 2013; Soares et al., 2015), with little to no represen-
tation of sub-Saharan Africa.

Despite the N losses, the sugarcane crop still recovers 
a proportion of the applied N in its biomass. However, the 
N recovery rates under sugarcane plantations are not fully 
reconciled  with  some  studies  reporting  values  between  
20% and 40% (Antille & Moody, 2021; Meyer et al., 2007) 
while others reported values between 60% and 70% (Franco 
et al., 2011; Furtado da Silva et al., 2020).  Consequently,  
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N  utilization  efficiency  (or  partial  factor  productivity)  
and return on investment under sugarcane remain poorly 
understood  especially  in  the  case  of  sub- Saharan  Africa  
where  studies  on  N losses,  productivity  and  profitability  
in  sugarcane  plantations  are  rare.  Hence,  we  conducted  
a study in a 5.6-hectare ratoon sugarcane field located in 
north-western Uganda with the following objectives:

1.	 To evaluate the feasibility of using five-well-established 
PTFs developed in Brazil, Europe and North America to 
predict the soil water retention and hydraulic conduc-
tivity functions for Ugandan Ferralsols. We hypothesize 
that  Brazilian  PTFs  would  be  optimal  predictors  of  
soil  hydraulic  properties  in  Uganda  compared  with  
their temperate counterparts (European and American 
PTFs)  because  they  were  derived  using  a  soil  dataset  
that  is  morphologically  and  pedologically  similar  to  
our  tropical  test  site  soils.

2.	 To determine the effect of increasing N application rates 
(low, standard, high) on N losses (soil N leaching flux 
and soil N2O fluxes). We hypothesize that soil N leach-
ing  losses  and  soil  N2O emissions  will  increase  along  
the  fertilizer  intensification  gradient  (low  < stand-
ard <  high)  because N fertilization will  likely  increase 
the available N in the soil beyond the plant and micro-
bial N demands resulting in increased N losses via deep 
water percolation and (de)nitrification pathways.

3. 	To  determine  whether  fertilizing  below  or  above  the  
standard  N  fertilization  rates  results  in  incremental  
productivity  and  profitability  benefits  for  sugarcane  
farmers.  We  postulate  that  field  fresh  weight,  crop  N  
uptake,  productivity  and economic  returns  will  likely  
increase along the fertilization intensification gradient 
(low < standard <  high)  potentially  offsetting  N  losses  
due to soil N2O emissions and leaching and thereby de-
liver increased economic returns for the farmers using 
higher-than-standard N rates.

2   |   MATERIALS AND METHODS

2.1  |  Study area description and available 
datasets

The study was carried out in a 5.6 hectare ratoon sugarcane 
field  in  Kanyege,  north- western  Uganda  (1°41′37.9″  N,  
31°30′6.3″ E, 1062 m a.s.l). The area is covered with large-
scale sugarcane farms that supply raw materials to Kinyara 
Sugar Works Limited, the second-largest sugar processing 
company in Uganda. Atmospheric and weather data were 
obtained from: (1) an ATMOS 41 weather station (METER 
Group  Inc,  USA)  installed  2  m  above  the  ground  in  an  
open area at  the study site.  The weather station recorded 

precipitation, air temperature, wind speed, air relative hu-
midity and net solar radiation at 15-min intervals between 
May 1, 2019 and June 30, 2020; (2) a weather station operated 
and  maintained  by  the  Uganda  National  Meteorological  
Authority (UNMA) located at 1°41′8.7″, 31°43′5.7″, 1146 m 
a.s.l about 27 km from the study site. We used data from the 
UNMA weather station for the period January 1 to April 30, 
2019, before the installation of the ATMOS 41 weather sta-
tion at the study site. UNMA weather data were recorded 
at  an  hourly  temporal  resolution.  Potential  evapotranspi-
ration  (ETp)  was  estimated  with  the  Penman–Monteith  
equation  (Allen  et  al.,  1998;  Batsukh  et  al.,  2021)  using  
wind speed,  air  relative humidity,  net  solar radiation and 
minimum and maximum temperature data from ATMOS 
41 and UNMA weather stations.

The mean annual rainfall over the study region is about 
1700 mm and is distributed in two wet seasons (March to 
May and August to November) separated by an extended 
dry season between December and February and a short dry 
season in June and July (Lukwago et al., 2020). The mean 
annual temperature is approximately 25°C. The soils in the 
study area are well drained and deeply weathered (Tamale 
et al., 2022) and are classified as Petroplinthic/Pisoplinthic 
Rhodic  Ferralsols  (IUSS  Working  Group  WRB,  2015). 
These  soils  were  mainly  formed from the  weathering  of  
Precambrian  basement  complex  parent  material  con-
sisting  of  granites  and  gneisses  (Lehto  et  al.,  2014).  The 
static depth of  the groundwater table ranges between 13 
and 30 m below the ground level over the Masindi region 
(Nanteza et al., 2016).  The study area has an undulating 
topography and ridge crests reaching a maximum altitude 
of 1150 m a.s.l (Conlong & Mugalula, 2001). While slopes 
in the study region can reach a maximum of 10%, the se-
lected  study  site  for  the  sugarcane  experiment  was  rela-
tively flat with slopes ranging between 1% and 3%.

2.2  |  Experimental design

The study was conducted in a ratoon IV sugarcane field in 
Kanyege,  north- western  Uganda  (Figure  1a,b).  Ratooning  
entails  harvesting  the  established  sugarcane  monocrop  at  
maturity  by  cutting  the  aboveground  biomass  (stems  and  
leaves) and leaving the roots and shoots to sprout in the next 
season  and  produce  a  new  crop.  Originally,  the  cane  was  
planted  in  furrows  by  overlapping  5  cm ear- to- ear  budded  
setts along the entire length of the furrow. At the same time, 
a 1.5 m spacing was maintained between furrows. The study 
follows  the  analysis  of  a  completely  randomized  design  
(CRD; Tamale et al., 2022) experiment established at the be-
ginning of  February 2019.  The CRD experiment consisted  
of  12  treatment  plots  laid  out  in  a  5.6- hectare  (ha)  field.  
Each  treatment  plot  measured  40  m  ×  40  m,  had  an  inner  
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measurement core of 30 m × 30 m to avoid boundary effects 
and was separated from adjacent plots by a 40 m guard row 
to prevent spillover of treatments (Figure 1b). The 12 experi-
mental plots reflect three N fertilizer treatments (low, stand-
ard and high N applications) replicated four times (n = 12; 
three treatments × four replications). The standard fertilizer 
rate (SFR) of 70 kg N ha−1  applied  as  urea,  (NH2)2CO  per  

crop growth cycle is the commonly used N application rate 
by sugarcane farmers in northwestern Uganda as per our in-
terview with the key informant, Masindi District Sugarcane 
Growers' Association chairperson prior to the establishment 
of the experiment. In contrast, low and high N fertilizer rates 
were less common and referred to 0.5 and 1.5 times SFR, re-
spectively. The fertilizers were applied to all treatment plots 
once on May 14,  2019 (at  about 3 months from sprouting)  
in the 16-month growing cycle of the ratoon crops, follow-
ing the standard practice by sugarcane farmers in the region 
(i.e., one-time N application at the surface without incorpo-
ration into the soil). For all treatments, inter- and intra-row 
weeding was done manually  with a  hand hoe three times  
during the first 8 months following sprouting, by which time 
the canopy was sufficient to subdue emerging weeds.  The 
experimental activities illustrated in Figure 1 are explained 
in detail in Sections 2.3–2.5.

F I G U R E  1   (a) Geographic location of the study area (black 
dot) in the north-western part of Uganda, (b) sketch of the 
completely randomized design (CRD) experiment set up in a 
5.6 ha field. The CRD experiment consisted of 12 treatment plots 
(measuring 40 m × 40 m) in which soil matric potential, nitrate 
concentrations and soil nitrous oxide flux, were measured using 
tensiometers (yellow circles), suction cup lysimeters (red circles) 
and static chamber bases (blue circles), respectively, under 
standard (SFR; 70 kg ha−1), low (0.5 times SFR) and high (1.5 times 
SFR) nitrogen (N) applications. The plots are labelled by reporting 
plot (P) number and four replications of N applications (LOW, 
SFR and HIGH). Biomass measurements (green circles) and soil 
sampling between 0 and 0.5 m depth (black crossed circle) were 
carried out in each treatment plot, while deep soil sampling (0.5–1. 
0 m; empty black circles) were located between the treatment plots.

F I G U R E  2   Sketch of the 1-m-deep soil profile composed of 
four soil layers (Ap, A, Bs1, Bs2 corresponding to 0–10 cm, 10–30 cm, 
30–50 cm and 50–100 cm soil depths, respectively). Precipitation 
(P) and evaporation (E) occur at the soil surface. The sink term, 
U controls transpiration through the roots in the root zone 
(zR = 60 cm) and water which moves across the bottom of the soil 
profile is lost by drainage (D). T1 and T2 are the observation nodes 
(z = 60 cm and z = 90 cm) at which simulated and measured matric 
potential values were compared to test the pedotransfer function 
performance. L is the location of the suction cup lysimeter in the 
layered soil profile.
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2.3  |  Soil sampling

Disturbed  and  undisturbed  soil  samples  were  collected  
from  three  random  locations  in  every  replicate  plot  at  
three  depths  (0–10,  10–30,  30–50  cm;  crossed  circles  in  
Figure 1b) and from deeper soil layers (50–100 cm; empty 
circles in Figure 1b) in four pits dug in the guard row spaces 
to  minimize  alteration  to  the  soil- microenvironment  
within  the  inner  measurement  cores  of  the  respective  
treatment plots.  The sampling depths reflect  the vertical  
variability of the soil profiles in which four soil layers were 
identified  (Ap,  A,  Bs1  and  Bs2; Figure  2).  The  disturbed  
soil  samples  were  air- dried  and  sieved  to  2  mm  before  
being  used  for  texture  (sand,  silt,  clay)  and  soil  organic  
carbon  (SOC)  content  analyses.  Grain  size  distribution  
was  determined  following  the  van  Reeuwijk  (1993)  pro-
tocol. The protocol entails destruction of all organic mat-
ter in the soil  samples using hydrogen peroxide solution 
followed by separation of  the sand- sized particles  (effec-
tive diameter from 0.05 to 2 mm) from the silt- (effective 
diameter from 0.002 to 0.05 mm) and clay-sized particles 
(effective  diameter  less  than 0.002  mm;  Gee  & Or, 2002) 
by wet sieving while the silt- and clay-sized fractions were 
determined  using  the  hydrometer  method.  The  textural  
class of each soil sample was determined using the United 
States  Department  of  Agriculture  (USDA)  classification  
and is coarse-textured (sandy clay to sandy clay loam) in 
the surface layers (0–30 cm) and predominantly fine tex-
tured (clay) in the subsurface layers (30–100 cm; Table 1).

Note,  the  collected  soil  samples  contained  no  CaCO3 
and were, hence, considered free of inorganic C. SOC and 
soil organic nitrogen (SON) were determined with a C/N 
elemental  analyser  (vario  EL  cube;  Elementar  Analysis  

Systems  GmbH,  Hanau,  Germany).  Soil  pH  H2O  (1:2.5)  
was  measured  using  a  pH  meter.  Undisturbed  soil  sam-
ples were used to determine the soil bulk density (g cm−3), 
defined  as  the  oven- dry  mass  (>24  h  at  105°C)  per  bulk  
volume (Kopecky ring, 251 cm3). SOC and SON were mul-
tiplied by bulk density to obtain SOC- and SON-stocks, re-
spectively, while accounting for the stone content.

2.4  |  Overview of the temporal 
measurements

Temporal  measurements  included:  (1)  the  estimation  
of  drainage  fluxes  and  (2)  N  losses  under  the  different  
treatments.

2.4.1  |  Estimation of drainage fluxes

Soil water drainage fluxes at the study site were estimated 
using  the  water  subroutine  of  the  Leaching  Estimation  
and Chemistry Model (LEACHM; Hutson, 2003) by simu-
lating the water flow across a 1-m-deep layered soil profile 
(Figure 2) representative of the 5.6 ha experimental area. 
The one-dimensional transient vertical water flow across 
the soil profile was modelled via a numerical solution of 
Richards' equation:

where 𝜃  is  the  volume fraction  of  water  (cm3 cm−3), t  is  
the  time  (d),  z  is  the  depth  (cm),  K  is  the  unsaturated  

(1)��

�t
=

�

�z

[
K(�)

�H

�z

]
−U (z, t)

T A B L E  1   Mean (±standard error, SE; 4 ≤ N ≤ 36) basic soil physical and chemical properties at the soil depths of 0–10, 10–30, 30–50 and 
50–100 cm based on measurements done at the experimental site (N denotes the number of soil samples).

Soil physico-chemical properties

Soil depth (cm)

0–10 10–30 30–50 50–100

Bulk density (g cm−3) 1.08 ± 0.02 1.24 ± 0.02 1.20 ± 0.03 1.14 ± 0.03

Stone content (%) 4.0 ± 1.0 3.0 ± 0.9 4.0 ± 1.6 7.6 ± 3.3

Sand (%) 52 ± 2.2 47 ± 2.5 33 ± 1.5 29 ± 0.4

Silt (%) 21 ± 2.4 18 ± 2.0 13 ± 1.3 15 ± 5.4

Clay (%) 27 ± 1.1 35 ± 0.8 54 ± 1.5 56 ± 5.3

pH H2O (1:2.5) 5.5 ± 0.1 5.5 ± 0.1 5.5 ± 0.0 5.4 ± 0.1

SON (%) 0.18 ± 0.0 0.14 ± 0.0 0.09 ± 0.0 0.06 ± 0.0

SOC (%) 2.7 ± 0.1 2.0 ± 0.0 1.1 ± 0.0 0.6 ± 0.0

C/N 14.8 ± 0.12 14.3 ± 0.13 11.7 ± 0.12 10.0 ± 0.13

SON stocks (Mg N ha−1) 1.94 ± 0.04 3.39 ± 0.04 2.26 ± 0.05 3.67 ± 0.09

SOC stocks (Mg C ha−1) 28.8 ± 0.7 48.6 ± 0.8 26.4 ± 0.8 36.6 ± 0.6

Note: SON and SOC indicate soil organic nitrogen and soil organic carbon, respectively.
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hydraulic conductivity (cm d−1), H  is  the hydraulic head 
(the sum of  the pressure and gravitational soil water po-
tential,  cm) and U  is  the sink term representing absorp-
tion of water by plants (d−1).

The  root  distribution  was  assumed  to  be  uniform  
throughout the root zone (zR = 60 cm; Figure 2). The sur-
face boundary conditions were specified as  precipitation 
(P), potential evaporation (E), while the bottom boundary 
condition was specified as unit-gradient drainage with an 
initial matric potential of −100 cm (D; Figure 2).

Soil  water retention function was described using the 
van Genuchten (1980) equation, which relates the degree 
of saturation, Se (−), to the soil matric potential, ψ (cm):

where 𝜃r (cm3 cm−3) and 𝜃s (cm3 cm−3) are the residual and 
saturated  volumetric  water  contents,  α  (cm−1)  and  n,  (di-
mensionless) are the empirical shape parameters of the soil 
water retention function.

According to van Genuchten (1980), the hydraulic con-
ductivity function is defined as:

where Ks  (cm  d−1)  is  the  saturated  hydraulic  conductiv-
ity, m  is  an empirical  shape parameter  (m  = 1-  1/n) 𝜏  (−)  
is  the  tortuosity  parameter  usually  assumed  as  either  0.5  
(Mualem, 1976) or −1 (Schaap & Leij, 2000).

The  soil  hydraulic  parameters  (𝜃r, 𝜃s, α, n  and  Ks)  in  
each  soil  layer  were  estimated  from  the  spatial- average  
of  sand,  silt,  clay  and  soil  bulk  density  values  (Table  1) 
using five well- known PTFs developed in Brazil,  Europe 
and  North  America.  These  PTFs  included:  (1)  Rawls  
et  al.  (1982),  (2)  ROSETTA  (Schaap  et  al.,  2001),  (3)  
Tomasella and Hodnett (1998), (4) Weynants et al. (2009), 
(5) Wösten et al. (1999), hereafter, denoted as RAWLS82, 
ROSETTA,  T&H98,  WEY09  and  WOS99,  respectively.  
Table A1 in the Appendix lists the equations of five PTFs 
(RAWLS82, ROSETTA, T&H98, WEY09 and WOS99) used 
to estimate the soil hydraulic parameters (𝜃r, 𝜃s, α, n  and 
Ks) featuring in the van Genuchten's soil water retention 
function (Figure A1) and hydraulic conductivity function 
(Figure A2).

Hence, we obtained five numerical simulations based 
on  the  five  PTFs  listed  above.  Next,  we  evaluated  the  
performance  of  the  five  PTFs  by  comparing  the  match  
between simulated (PTF-based) and measured matric po-
tentials using: (1) the coefficient of determination (R2), (2) 
the index of  agreement  (d),  (3)  Nash–Sutcliffe  efficiency 
(NSE) and (4) root mean square error (RMSE) indices. Soil 

matric potential measurements were obtained two to four 
times a month using two pairs of  tensiometers (outer di-
ameter = 16 mm, inner diameter = 12 mm; MMM tech sup-
port GmbH & Co. KG, Germany) installed at 60 and 90 cm 
depth in 8 of the 12 replicate plots of the CRD experiment. 
Hence,  a  total  of  32  tensiometers  were  installed  at  the  
study site (yellow circles;  Figure 1b).  Optimal prediction 
is obtained with a value equal to zero for RMSE and equal 
to one for R2, d and NSE. Measured and simulated values 
of  soil  matric  potential  on  March  4  and  March  9,  2020,  
were ignored because these measurements were close to 
the tensiometer's detection limit. Finally, the daily drain-
age flux was assumed as  the mean of  the daily  drainage 
fluxes obtained with the best-performing PTFs.

2.4.2  |  Nitrogen losses

The  N  losses  under  different  treatments  (low,  standard  
and  high)  included:  soil  N  leaching  and  soil  N2O  emis-
sions and are elaborated below.

Nitrogen leaching estimation
First, N concentrations in percolating water below the root-
ing zone were measured with suction cup lysimeters (out-
side  diameter  = 22 mm, interior diameter = 16 mm, wall 
thickness =  3  mm; MMM tech support  GmbH & Co.  KG,  
Germany).  Before installation of  the suction cup lysime-
ters, the effective rooting depth (zR) for the sugarcane crop 
was determined.  This  involved digging nine 1.1  m depth 
pits in ratoon fields of varying ages (1.5 months ratoon 4, 
8 months ratoon 9 and 15 months ratoon 4) and obtaining 
10 soil monoliths in each pit measuring 20 cm in length, 
20  cm  in  width  and  10  cm  in  depth.  The  soil  monoliths  
from each depth increment were placed on top of a 2 mm 
sieve and thoroughly washed in a basin full of clean water 
to separate the bulk soil from the root biomass. The roots 
were oven dried at 60°C for 48 h and weighed to determine 
the  root  biomass  per  depth  increment.  We  established  
that over 90% of the roots in ratoon sugarcane fields were 
contained in the top 60 cm. Hence,  zR  (60 cm) is  the soil  
depth containing most plant roots (i.e., >90%). Therefore, 
the lysimeters were installed vertically at 90 cm soil depth 
(well  below  zR)  using  a  gouge  auger  whose  diameter  
nearly matched the outer diameter (OD) of the lysimeter 
ceramic cup (OD =  22 mm) to ensure good capillary con-
tact between the ceramic cup and the soil matrix. In ad-
dition,  we  obtained  soil  material  closest  to  90  cm  depth,  
made  it  into  a  slurry  and  injected  back  the  slurry  into  
the drilling hole before installing the lysimeter. We, then 
heaped  soil  around  the  lysimeter  shaft  at  the  surface  to  
prevent any preferential water flow along the shaft, which 
would potentially bias N concentration measurements at 

(2)Se(ψ) =
� − �r

�s − �r

=
1

(
1+ |�ψ|n

)(1−1∕n)

(3)K
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     |  7 of 23TAMALE et al.

the preferred depth. In total, we installed 18 suction cup 
lysimeters in nine treatment plots (one pair x nine plots; 
red circles;  Figure 1b)  but  two suction cup lysimeters  in 
plot  6  (P6- SFR)  malfunctioned  and  we  were  unable  to  
sample soil  water from this plot.  All suction cup lysime-
ters were installed 2 weeks before the first water sampling 
to ensure minimal alteration to the biochemical processes 
near the suction cup lysimeters. To capture the expected 
variability in soil  water content due to crop root uptake, 
we  installed  one  suction  cup  lysimeter  in  the  inter- row  
space while  the other one was installed in the intra- row 
space. A day before sampling, we applied a 40 kPa suction 
to  the  lysimeter  using  a  hand  vacuum  pump  for  24  h  to  
collect  adequate volumes of  soil  water.  On the sampling 
day,  the  suction  was  released  and  the  solution  was  col-
lected from the lysimeter shaft using an airtight syringe. 
The collected water from the two-suction cup lysimeters 
in a plot was transferred to a pre-labelled plastic bottle and 
mixed thoroughly for about 30–60 s to obtain a homogene-
ous water sample for every plot. Each homogenized water 
sample  was  analysed  for  nitrate  (NO3

−)  concentrations  
using a portable RQflex® 10 reflectometer test kit (Merck, 
Germany)  equipped  with  a  specific  bar  code  and  test  
strips  (detection  range:  0.3–90  mg  N/L).  Soil  pore  water  
sampling and NO3

− leachate concentration determination 
were  done  once  every  2  weeks  for  most  of  the  sampling  
period. However, measurements were more frequent dur-
ing  the  first  month  following  fertilization  (1  day  before  
fertilization,  three and 5  days  after  fertilization and then 
once a week until  the end of the first  month) to capture 
an expected NO3

− flush in percolating water following N 
application.

Next,  we  applied  a  trapezoidal  interpolation  on  the  
measured  NO3

−  concentrations  in  percolating  water  to  
estimate the daily NO3–N concentrations and afterwards 
multiplied by the mean daily drainage flux obtained with 
the best- performing PTFs (in LEACHM) in Section 2.4.1 
to  obtain the daily  N leaching fluxes under the different  
treatments.

Soil nitrous oxide flux measurements
Soil  nitrous oxide (N2O) flux measurements from the re-
spective treatments of the CRD experiment were reported 
in an earlier study by Tamale et al. (2022). Briefly, soil N2O 
flux measurements involved randomly installing four static 
PVC chamber bases (area = 0.044 m2, volume = ~12 L) at the 
soil surface (~0.03 m) within the inner measurement core 
of  each  treatment  plot  (blue  circles;  Figure  1b)  a  month  
prior  to  sampling  (April  2019).  On the  sampling  day,  all  
chamber  bases  in  each plot  were  covered  with  polyvinyl  
hoods (volume =  6.78 L) to obtain a pooled gas sample at  
each  of  four  time  intervals  (3,  13,  23  and  33  min)  using  
the  approach  proposed  by  Arias- Navarro  et  al.  (2013). 

Soil  N2O  fluxes  were  measured  intensively  in  the  first  
6  months  that  followed  fertilization  and  monthly  for  the  
remaining  sampling  period.  The  intensive  soil  N2O  flux  
measurements  were  to  capture  the  expected  soil  N2O 
flush following N fertilization. They were done as follows: 
1  day  before  fertilization,  3,  5  and  7  days  after  fertiliza-
tion,  once  a  week  in  the  4  weeks  that  followed  fertiliza-
tion and twice a month in the second to the sixth month 
after  fertilization.  The  obtained  gas  samples  were  stored  
in  pre- evacuated  airtight  12  mL  Labco  exetainers®  fitted  
with Labco Grey Chlorobutyl Septum and quarter-turned 
plastic screw caps (Labco Ltd, Lampeter, UK) which mini-
mized gas leakages during storage and transportation. The 
gas-filled exetainers were periodically transferred (within 
a maximum of 120 days from sampling) to a laboratory at 
ETH Zürich,  Switzerland,  where  GHG concentrations  in  
the obtained gas samples were analysed with gas chroma-
tography (GC; Scion 456-GC Bruker, Germany). A total of 
1200 pooled gas samples were obtained over the sampling 
period (14 months). Soil N2O fluxes were calculated based 
on the Hüppi et al. (2018) scheme implemented using the 
online Soil GHG flux shiny tool.

2.5  |  Productivity and profitability

With  respect  to  productivity,  we  harvested  four  random  
1 m × 1 m quadrants in every treatment plot of the CRD ex-
periment at about 16 months (green circles; Figure 1b) and 
weighed the field fresh weight from every quadrant to de-
termine biomass. Note that our field fresh weight data only 
represents  biomass/yield  estimates  from  sugarcane  fields  
with minimal sprouting failures. Next, we determined crop 
N  uptake  by  multiplying  the  mean  dry  biomass  by  its  N  
content determined from the C/N Analyser (Vario EL cube; 
Elementar  Analysis  Systems  GmbH,  Hanau,  Germany)  at  
the  University  of  Augsburg,  Germany.  Partial  factor  pro-
ductivity—an integrative index that quantifies the total eco-
nomic output of the respective fertilization regimes relative 
to the utilization of the applied N (Antille & Moody, 2021) 
was  estimated  by  dividing  the  field  fresh  weight  from the  
respective  CRD  treatment  plots  by  their  corresponding  
N  fertilizer  rates.  Return  on  investment  was  determined  
by  obtaining  data  on  the  factory  price  of  sugarcane  field  
fresh  weight  (80,000–280,000  Ugandan  shillings,  UGX)  
and the  market  price  of  urea  fertilizers  for  the  years  2018  
through 2022 (about 106,000 UGX) from Masindi Sugarcane 
Growers' Association. We converted the local prices to US 
dollars using the average world bank exchange rate for the 
period 2018–2022. Next, using field fresh weight estimates 
for  the  production  cycle  2019–2020  and  maintaining  the  
same  N  application  rates  (low,  standard  and  high)  across  
2018 and 2022, we determined how fluctuating market prices 
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of fertilizers and fairly constant prices of sugarcane biomass 
as per the account of the focal point person (Chairperson) at 
Masindi Sugarcane Grower's Association affected the return 
on  investment  under  different  fertilization  regimes  over  a  
5 year period (2018–2022).

2.6  |  Statistical analyses

Differences in soil N leaching flux, plant N uptake, soil N2O 
emissions, field fresh weight and partial factor productivity 
among  the  CRD  treatments  were  analysed  using  univari-
ate analysis of variance (ANOVA) followed by the post hoc 
Tukey's honestly significant difference (HSD) test for multi-
ple comparison between treatment groups. Before running 
the ANOVA, we checked whether all the response variables 
were normally distributed based on quantile–quantile (QQ) 
plots and Shapiro tests and if their respective variances were 
homogeneous based on the Levene test. Except for the soil 
N2O fluxes, all the other response variable datasets, namely, 
soil N leaching flux, plant N uptake, field fresh weight and 
partial factor productivity, were Tukey transformed before 
running the ANOVA analyses because they showed a non-
normal distribution and heteroscedasticity. All the statisti-
cal  analyses  were  done  in  R  3.6.3  (R  Development  Core  
Team, 2022) using the ‘rcompanion’ package for the normal-
ity and homoscedasticity check as well as the Tukey trans-
formation and the ‘car’ package for the univariate ANOVA 
and posthoc Tukey's HSD tests. For all the analyses, statisti-
cal significance was inferred at p value < 0.05.

3   |   RESULTS

3.1  |  Estimation of drainage fluxes and 
soil water balance components

All the five PTFs predicted soil hydraulic parameters that 
ranged  between  0  and  0.108  cm3 cm−3  for  𝜃r,  0.450  and  
0.555 cm3 cm−3  for  𝜃s,  0.011  and  0.630  cm−1  for  α,  1.079  
and 1.419 for n (Table 2). Regarding the hydraulic conduc-
tivity  function,  all  five  PTFs predicted Ks  values  ranging 
between 6 and 109 cm d−1  for  the topsoil  layer (0–10 cm) 
and  between  3  and  155  cm  d−1  for  the  subsurface  layers  
(10–100 cm; Table 2).

Evaluation  of  the  performance  of  the  five  PTFs  
was  based  on  the  comparison  between  simulated  and  
measured  soil  matric  potential  values  at  z = 60 cm and 
z = 90 cm (Figure 3).  RAWLS82, ROSETTA and WOS99 
PTFs  estimated  soil  matric  potentials  that  closely  
matched the measured matric  potentials  (Figure 3a–d, 
i–j; Figure A4) on the premise of the lowest RMSEs (58–
121 cm; Figure 3a–d, i–j) and the highest R2 (0.44–0.91; 

Figure 3a–d, i–j) and d (0.67–0.89; Figure 3a–d, i–j) in-
dices.  In  addition,  their  NSE  values  ranged  between  0  
and 1 at the soil depth of 60 cm and between −0.71 and 
0  at  the  soil  depth  of  90  cm  (Figure  3a–d,  i–j).  On  the  
contrary, soil matric potential estimated by T&H98 and 
WEY09 PTFs poorly matched observed matric potential 
values.  As  a  result,  these  PTFs  (T&H98  and  WEY09)  
obtained  the  lowest  performance  indicated  by  high  
RMSEs  (127–309  cm),  low  R2  (0.12–0.82)  and  d  (0.22–
0.79)  (Figure  3e–h)  and  more  negative  NSE  values  in  
comparison to  RAWLS82,  ROSETTA and WOS99 PTFs 
(Figure  3a–d,  i–j).  Given  the  above- mentioned  per-
formance  metrics,  we  derived  the  mean  annual  water  
balance  components  (runoff,  drainage,  evaporation,  
transpiration and storage; Table 3; Figure A3) based on 
RAWLS82,  ROSETTA  and  WOS99  PTFs.  Accordingly,  
we  estimated  that  on  average,  drainage,  surface  evap-
oration  and  transpiration  represented  41%,  24%  and  
35% respectively, of the annual precipitation (1716 mm) 
while  runoff  and  deep  storage—annual  net  change  in  
the  profile  of  soil  water  content  were  negligible  (0%–
0.7%; Table 3).

3.2  |  Nitrogen leaching flux and soil 
nitrous oxide emissions

N  leaching  fluxes  estimated  by  multiplying  soil  water  
drainage  fluxes  from  the  water  subroutine  of  LEACHM  
and the measured soil solution N concentration from the 
suction cup lysimeters show that addition of N fertilizers 
at different rates (low, standard and high) resulted in vary-
ing  N  leaching  fluxes  across  space  (Figure  4a)  and  time  
(Figure 5a).

Mean  annual  N  leaching  flux  measured  from  the  
low  (1.7  ± 0.6 kg N ha−1 year−1; Figure  4a)  and  standard  
N  (3.4  ± 0.7 kg N ha−1 year−1; Figure  4a)  treatment  plots  
were comparable (p =  0.150)  but  both significantly  lower 
than  the  mean  annual  N  leaching  flux  measured  from  
high N treatment plots (14.2 ± 2.2 kg N ha−1 year−1; Df = 2; 
F-value  = 25.7; p < 0.001; Figure  4a).  N  leaching  fluxes  
at  90  cm  in  all  treatments  peaked  around  the  third  and  
eighth  week  following  fertilization  (Figure  5a),  periods  
that corresponded to the largest rainfall amounts follow-
ing fertilization (Figure 5b). The N leaching fluxes there-
after declined to the background levels (Figure 5a) for the 
rest  of  the  sampling  period  in  all  treatment  plots  except  
in  the  high  fertilization  treatment  plots  where  relatively  
weak  N  leaching  pulses  were  observed  in  the  17th  and  
21st weeks (Figure 5a). Notably, urea fertilization did not 
alter the magnitude of soil N2O emissions along the fertil-
izer  intensification  gradient  (~0.2 to 0.3 kg N ha−1 year−1; 
Df = 2; F-value  = 0.164; p = 0.851; Figure 4b).
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     |  9 of 23TAMALE et al.

3.3  |  Productivity and profitability of 
sugarcane cultivation at increasing N rates

Mean  field  fresh  weight  ranged  between  124  ± 12 and 
192 ± 27 Mg FFW ha−1 year−1  (Figure  6a),  however,  there  
was no significant differences between treatments (Df = 2; F-
value = 3.051; p = 0.057; Figure 6a). Similarly, mean N uptake 
ranged  between  61.9  ±  5.8  and  93.5  ± 13.6 kg N ha−1 year−1 
but no significant differences were detected between treat-
ments (Df = 2; F-value = 1.972; p = 0.151; Figure 6b). With re-
spect to partial factor productivity, utilization of the applied 
fertilizer was significantly higher at low N fertilization rates 
(3.5 ± 0.4 Mg FFW ha−1 kg N ha−1) in comparison to both the 
standard  (2.4  ± 0.2 Mg FFW ha−1 kg N ha−1)  and  higher  N  
fertilization rates (1.8 ± 0.3 Mg FFW ha−1 kg N ha−1; Df = 2; F-
value = 10.9; p < 0.001; Figure 6c).

Contrary  to  the  no  significant  increment  in  field  
fresh  weight  along  the  fertilizer  intensification  gradient  
(low < standard < high; Figure  6a),  return  on  investment  
declined by ~31% (from 114 to 79 USD FFW USD−1 N fer-
tilizer) when N fertilization rates were increased from low 

to standard and by ~25% (from 79 to 59 USD FFW USD−1 
N fertilizer) when N fertilization rates exceeded the stan-
dard, in the base year (2018) and so did in years, 2019 and 
2020  (Figure  6d).  However,  in  the  period  between  2021  
and  2022,  when  the  market  price  of  fertilizer  increased  
nearly fourfold against the inelastic factory price for field 
fresh weight compared to the base year (2018), return on 
investment declined by almost 65% across all  treatments 
(Figure 6d).

4   |   DISCUSSION

4.1  |  PTF performance for estimating the 
hydraulic properties of Ferralsols

The N leaching part of the study was based on the simu-
lation  of  water  flux  in  the  soil–plant- atmosphere  con-
tinuum  in  LEACHM.  However,  knowledge  of  the  soil  
water retention and hydraulic conductivity functions was 
needed  as  it  represents  a  fundamental  prerequisite  for  

PTF
Soil hydraulic 
parameters

Soil depth (cm)

0–10 10–30 30–50 50–100

RAWLS82 𝜃r (cm3 cm−3) 0 0 0 0

𝜃s (cm3 cm−3) 0.459 0.461 0.515 0.538

α (cm−1) 0.060 0.067 0.022 0.016

n (−) 1.157 1.129 1.100 1.105

Ks (cm d−1) 81.0 100.0 11.7 6.7

ROSETTA 𝜃r (cm3 cm−3) 0.081 0.088 0.106 0.108

𝜃s (cm3 cm−3) 0.519 0.491 0.530 0.552

α (cm−1) 0.017 0.019 0.024 0.024

n (−) 1.419 1.376 1.282 1.281

Ks (cm d−1) 69.7 34.8 32.3 38.6

T&H98 𝜃r (cm3 cm−3) 0 0 0 0

𝜃s (cm3 cm−3) 0.515 0.501 0.503 0.512

α (cm−1) 0.397 0.448 0.630 0.450

n (−) 1.160 1.138 1.096 1.093

Ks (cm d−1) 101 112 155 111

WEY09 𝜃r (cm3 cm−3) 0 0 0 0

𝜃s (cm3 cm−3) 0.494 0.478 0.509 0.521

α (cm−1) 0.016 0.015 0.011 0.011

n (−) 1.167 1.134 1.083 1.079

Ks (cm d−1) 6.17 5.12 3.07 2.99

WOS99 𝜃r (cm3 cm−3) 0 0 0 0

𝜃s (cm3 cm−3) 0.528 0.487 0.517 0.545

α (cm−1) 0.047 0.052 0.023 0.015

n (−) 1.157 1.109 1.099 1.114

Ks (cm d−1) 109 20 11 13

T A B L E  2   The residual water 
content (𝜃r), saturated water content 
(𝜃s), soil water retention function shape 
parameters (α and n) and saturated 
hydraulic conductivity (Ks) at the 
soil depths of 0–10, 10–30, 30–50 and 
50–100 cm estimated by five pedotransfer 
functions (PTFs; RAWLS82, ROSETTA, 
T&H98, WEY09 and WOS99).
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10 of 23  |      TAMALE et al.

F I G U R E  3   Predicted and measured 
soil matric potential based on RAWLS82 
(a, b), ROSETTA (c, d), T&H98 
(e, f), WEY09 (g, h) and WOS99 (i, j) 
pedotransfer functions at soil depths of 
60 and 90 cm. The corresponding root 
mean square error (RMSE), coefficient 
of determination (R2), Nash Sutcliffe 
efficiency (NSE) and the index of 
agreement (d) are reported in each 
subplot.
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reliable  simulations  of  drainage  fluxes  (Dane  &  Clarke  
Topp, 2002). Direct measurements of soil hydraulic prop-
erties  entail  large- scale  field  campaigns  to  collect  soil  
samples and laboratory experiments,  which are often te-
dious,  labour- intensive  and  time- consuming  (Gijsman  
et al., 2002; Nasta et al., 2021) and hard to implement and 
maintain  in  remote  rural  regions  of  SSA.  Hence,  under  
these circumstances, we opted to estimate the soil hydrau-
lic  parameters  from  readily  available  soil  physical  data  
using well-established PTFs (Van Looy et al., 2017).

We  had  postulated  in  the  first  hypothesis  that  the  
Brazilian  PTF  would  be  an  optimal  predictor  of  soil  hy-
draulic properties at our study site in tropical Africa com-
pared  to  its  temperate  counterparts.  However,  we  were  
surprised  to  find  that  RAWLS82,  ROSETTA  and  WOS99  
PTFs trained in the northern hemisphere under temperate 
climate  conditions  led  to  satisfactory  model  performance  
based on the comparison between simulated and observed 
soil matric potential values at soil depths of  60 and 90 cm 
(Figure 3a–d, i–j) while T&H98 and WEY09 PTFs obtained 
the lowest performance (Figure 3e–h). Thus our hypothe-
sis that PTFs trained in tropical environments outcompete 
their  temperate  counterparts  was  rejected.  We argue that  
the good performance of RAWLS82, ROSETTA and WOS99 
is related to the broad variety of soil physico-chemical set-
tings that they have been tested and calibrated on, hence 
these PTFs are sensitive to a broad spectrum of  soil  bulk 
densities. T&H98 (from the tropics) and WEY09 (temper-
ate regions) PTFs, were less suited for our test site in SSA in 
predicting the soil hydraulic properties because these two 
PTFs are relatively site specific and do not exploit bulk den-
sity in the estimation of soil water retention and hydraulic 
conductivity function (Table A1). Yet, soil bulk density is a 
proxy for soil structure and exerts a direct control on soil  
porosity  and  soil  permeability.  Hence,  ignoring  soil  bulk  
density in the estimation of  hydraulic properties compro-
mises the performance of the PTF and limits its application 
to  sites  with  bulk  density  similar  to  the  original  test  and  
calibration  sites.  Consequently,  these  two  PTFs  (T&H98  
and WEY09) had the biggest RMSE values at the two eval-
uated depths (Figure 3e–h) compared to their counterparts 
(RAWLS82,  ROSETTA  and  WOS99;  Figure  3a–d,  i–j).  In  
light of  the observed differences in the PTF performance 

at  our  tropical  test  site,  our  study  findings  highlight  that  
future studies always need to validate PTF estimates of soil 
hydraulic  properties  with  in- situ  measurements  of  either  
matric potential or soil water content.

4.2  |  Treatment effects on nitrogen losses

Contrary  to  the  second  hypothesis,  soil  N2O  emissions  
(Figure  4b)  were  very  low  across  all  the  treatments  and  
so were the N leaching losses except at  the higher- than-
standard N rate where we measured high N leaching losses 
(Figure  4a).  Furthermore,  these  findings  contrast  the  
wider  recognition  that  increased  N  availability  not  only  
amplifies soil N2O emissions through elevated nitrification 
and denitrification processes  (Friedl  et al., 2023;  Takeda 
et al.,  2021, 2022)  but  also  increases  N loads  in  ground-
water  aquifers  below  fertilizer- based  agro- catchments  
(Huang et al., 2017; Russo et al., 2017). For this study, we 
postulate that the low soil N2O emissions (Figure 4b) and 
N leaching losses particularly in low and standard treat-
ments (Figure 4a) were the result of N fertilization closely 
matching the sugarcane crop N demands thus riding the 
respective  systems of  excess  nitrogen which would  have  
led to increased soil N2O emisisions and N leaching losses. 
Armour et al. (2013) and Ghiberto et al. (2011) similarly 
found  low  N  leaching  losses  under  variably  fertilized  
Brazilian  and  Australian  sugarcane  plantations,  respec-
tively, and attributed the meagre N leaching losses to the 
high N demand by the sugarcane crop.

4.3  |  Treatment effects on the 
productivity and profitability of sugarcane

4.3.1  |  Biomass productivity

Consistent with the third hypothesis,  we measured an in-
crease in field fresh weight at  increasing N fertilizer rates  
because N availability has been shown to stimulate photo-
synthetic traits of sugarcane especially the chlorophyll con-
tent, stomatal conductance, leaf area, specific leaf nitrogen 
content,  photosynthetic rate,  plant height and total  leaves  

T A B L E  3   Annual soil water balance components (runoff, drainage, evaporation, transpiration and storage) derived from annual 
precipitation (1716 mm) using the three best performing PTFs; RAWLS82, ROSETTA and WOS99.

PTF
Runoff 
(mm)

Drainage 
(mm)

Evaporation 
(mm)

Transpiration 
(mm)

Storage 
(mm)

RAWLS82 0 735 365 595 20

ROSETTA 0 713 407 595 0

WOS99 0 739 367 595 15

Mean (±standard error, SE; N = 3) 0 ± 0 729 ± 8 380 ± 14 595 ± 0 12 ± 6
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(Dinh  et  al.,  2017;  Lofton  &  Tubaña,  2015)  as  well  as  in-
crease the millable cane length,  girth and weight (Tayade 
et  al.,  2020).  It  is,  however,  surprising  that  the  measured  
increase in field fresh weight did not translate to significant 
differences among treatments (Figure 6a). The reasons for 
this  finding  are  unclear,  but  may  be  related  to  sugarcane  
meeting its N requirements through the mineralization of 
soil  organic  matter  at  the  study  site  as  similarly  reported  

by Otto et al. (2016). Otto et al. (2016) found none to mod-
erate  responsiveness  of  sugarcane  field  fresh  weight  to  N  
fertilization in  nearly  34  of  the  45  established experimen-
tal trials in Brazil and attributed this to the sufficient sup-
ply of N from the mineralization of the soil organic matter 
stocks.  Additionally,  we suspect  that  despite  randomizing  
the biomass measurements in every treatment plot, we may 
have inadvertently underrepresented sprouting failures in  
our biomass measurements resulting in high variability of 
the  biomass  estimates.  Stubble  bud  sprouting  failures  in  
ratoon  cane  fields  (due  to  pests,  diseases  and  mechanical  
damage)  have  been  shown to  result  in  low shoot  popula-
tions  and  reduced  cane  yields  (Jain  et  al.,  2007;  Shukla  
et al., 2009).  Notwithstanding,  our  field  fresh weight  esti-
mates  across  all  the  treatments  (low,  standard  and  high;  
124–192 Mg ha−1) were comparable (~180 Mg ha−1) to those 
reported  by  Tayade  et  al.  (2020)  but  higher  than  those  
(30–150 Mg ha−1)  reported  by  Lofton  and  Tubaña  (2015), 
Premalatha et al. (2016) and Yadav (2004).  We think that  
the differences in sugarcane biomass observed among stud-
ies reflect the differences in climatic conditions and N ap-
plication rates used in the respective experimental setups.

4.3.2  |  Partial factor productivity and 
profitability

Our analyses of partial factor productivity under the dif-
ferent fertilizer regimes revealed a decline in the estimated 
partial factor productivity at increasing fertilizer applica-
tion rates  (Figure 6c)  contravening the third hypothesis.  
The  declining  partial  factor  productivity  at  increasing  N 
rates  reflects  better  utilization of  the applied N fertilizer  
at lower N doses compared to higher N doses due to the 
much  higher  physiological  efficiency  of  the  sugarcane  
crop under N-limited conditions. The findings on partial 
factor  productivity  are  comparable  to  those  reported  by  
Premalatha  et  al.  (2016)  in  Indian  sugarcane  fields  and  
Thorburn et al. (2017, 2013) in Australian sugarcane fields 
but are on the upper end of the worldwide partial factor 
productivity ranges for sugarcane (0.25–0.9 Mg FFW kg−1 
N;  Thorburn  et  al.,  2013)  mainly  because  partial  factor  
productivity  was  a  derivative  of  the  much  higher  field  
fresh weight. Similarly, the measured decline in return on 
investment at increasing N rates (Figure 6d) further rein-
forces our basis for rejecting the third hypothesis in which 
we  had  postulated  that  higher  N  rates  would  be  more  
profitable than low N rates. Hence, on the basis of these 
findings, the low N rates seem promising due to a higher 
partial factory productivity and return on investment and 
comparable  field  fresh  weight,  soil  N2O  emissions  and  
N  leaching  losses  to  the  standard  N  rate.  Nonetheless,  
it  is  worth  highlighting  that  profitability  of  the  different  

F I G U R E  4   Mean (±standard error, SE) annual N leached 
(a) and nitrous oxide emissions (b) under low, standard and high 
fertilization regimes. The value of N leached (panel a) are mean 
N concentrations in the leachate obtained from two suction cup 
lysimeters installed in three of the four plots for low, standard and 
high treatments (n = 3) and mean drainage fluxes based on three 
best performing pedotransfer functions (RAWLS82, ROSETTA and 
WOS99) while the values of nitrous oxide emissions in panel (b) 
are means of four plots (n = 4). Lowercase letters in panels (a) and 
(b) indicate significant differences between treatments (ANOVA 
with Tukey's HSD test with a multiple-comparison extension test at 
p ≤ 0.05).
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     |  13 of 23TAMALE et al.

regimes is largely dependent on the stability of the factory 
and  market  prices  of  sugarcane  biomass  and  fertilizers,  
respectively, since our analyses demonstrated that in the 

years when the market price of fertilizers increased four-
fold against a stagnant factory price of field fresh weight, 
application of fertilizers, even at the lowest N rate equally 

F I G U R E  5   (a) Mean weekly N 
leaching flux from low, standard and 
high fertilization regimes and (b) 
weekly rainfall sums between April and 
December 2019. The vertical dotted line in 
panels (a) and (b) indicates the timing of 
a single-dose fertilizer application in the 
treatment plots.

F I G U R E  6   Mean (±standard error, 
SE, n = 4) field fresh weight (FFW; 
a), plant N uptake (b), partial factor 
productivity (PFP; c) and return on 
investment (ROI; d) along the fertilizer 
intensification gradient (low, standard 
and high). Lowercase letters in panels 
(a), (b) and (c) indicate significant 
differences between treatments (ANOVA 
with Tukey's HSD test with a multiple-
comparison extension test at p ≤ 0.05).
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resulted  a  significant  shrinkage  of  the  return  on  invest-
ment margins (Figure 6d).

5   |   CONCLUSION

Our study provides new insights into nitrogen management 
in fertilizer-intensive sugarcane plantations in sub-Saharan 
Africa. Using a detailed completely randomized experiment 
with three levels  of  nitrogen fertilization,  we decipher the  
link  between  nitrogen  levels,  environmental  impacts  and  
agricultural  outcomes.  Our  results  not  only  show  the  ef-
fectiveness  of  some  pedotransfer  functions  in  predicting  
nitrogen  leaching  losses,  especially  in  data- poor  areas  of  
sub- Saharan  Africa  but  also  highlight  how  any  increases  
above the standard nitrogen fertilization rate for sugarcane 
ratoon crops lead to significant increases in nitrogen leach-
ing losses in these systems. Similarly, although we detected 
no significant differences in the measured soil nitrous oxide 
emissions and field fresh weight, the decline in partial fac-
tor productivity and return of investment along the fertilizer 
intensification gradient  shows possible  trade- offs  if  higher  
levels of nitrogen are used. Collectively, the study findings 
suggest that the observed robustness of some pedotransfer 
functions along with the possibility of achieving comparable 
sugarcane  yields  at  lower- than- standard  nitrogen fertiliza-
tion rates creates a viable opportunity to address groundwa-
ter  pollution  and  greenhouse  gas  emissions  challenges  in  
sub-Saharan African sugarcane plantations. However, there 
is a need for more studies focusing on nitrogen fertilization 
optimization  strategies  and  the  long- term  impacts  of  dif-
ferent fertilizer management on soil quality and sugarcane 
yields in the sub-Saharan African region.
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APPENDIX A

F I G U R E  A 1   Soil water retention 
curves at four different soil depths (0–
10 cm—a; 10–30 cm—b; 30–50 cm—c and 
50–100 cm—d) based on soil hydraulic 
parameters of the van Genuchten model 
(𝜃r, 𝜃s, α and n) estimated using five PTFs 
(RAWLS82, ROSETTA, T&H98, WEY09 
and WOS99).
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F I G U R E  A 2   Soil hydraulic 
conductivity curves at four different 
soil depths (0–10 cm—a; 10–30 cm—b; 
30–50 cm—c and 50–100 cm—d) based 
on soil hydraulic parameters of the van 
Genuchten model (𝜃r, 𝜃s, α and n) and 
saturated hydraulic conductivity, Ks, 
estimated using five PTFs (RAWLS82, 
ROSETTA, T&H98, WEY09 and WOS99).
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F I G U R E  A 3   Panel a shows daily 
rainfall (cm; measured with ATMOS41 
weather station, black bars) and potential 
evapotranspiration (ETp; cm, brown line), 
estimated with the Penman–Monteith 
approach (Allen et al., 1998), panel b 
shows modelled evaporation (cm, green 
line) and actual transpiration (cm, red 
line) and panel c shows average modelled 
drainage (cm, blue bars) between 
February 2019 and June 2020 based on 
ROSETTA; RAWLS82 and WOS99 PTFs. 
The grey-shaded rectangles in panels a, b 
and c represent the lengths of dry periods 
in 2019 and 2020.
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F I G U R E  A 4   Predicted matric potential with ROSETTA, RAWLS82 and WOS99 PTFs and the measured soil matric potential at soil 
depths of 60 (a) and 90 cm (b) between May 2019 and June 2020.
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T A B L E  A 2   Tabulated regression coefficients (a, b, c, d, e, and f) in Equation A1 to predict the soil water content (θ) values associated 
with 12 prescribed soil matric head values (ψ).

ψ (cm) a b c d e f

−40 0.790 −0.00370 0 0 0.0100 −0.132

−70 0.714 −0.00300 0 0.00170 0 −0.169

−100 0.412 −0.00300 0 0.00230 0.0317 0

−200 0.312 −0.00240 0 0.00320 0.0314 0

−330 0.258 −0.00200 0 0.00360 0.0299 0

−600 0.207 −0.00160 0 0.00400 0.0275 0

−1000 0.0349 0 0.00140 0.00550 0.0251 0

−2000 0.0281 0 0.00110 0.00540 0.0200 0

−4000 0.0238 0 0.000800 0.00520 0.0190 0

−7000 0.0216 0 0.000600 0.00500 0.0167 0

−10,000 0.0205 0 0.000500 0.00490 0.0154 0

−15,000 0.0260 0 0 0.00500 0.0158 0

T A B L E  A 3   Tabulated regression coefficients (a, b, c, and d) in 
Equation A3 to predict the soil water content (θ) values associated 
with nine prescribed soil matric head (ψ) values.

ψ (cm) a b c d

−1 2.24 0.298 0.159 37.9

−10 0 0.530 0.255 23.8

−30 0 0.552 0.262 18.5

−60 0 0.576 0.300 12.3

−100 0 0.543 0.321 9.81

−330 0 0.426 0.404 4.05

−1000 0 0.369 0.351 3.20

−5000 0 0.258 0.361 1.57

−15,000 0 0.150 0.396 0.91
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