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Abstract This article predicts an unexpected positive effect
of climate change on cotton production in Cameroon. Global
warming could threaten cotton production in Africa due to
increasing temperature and CO,, and rainfall uncertainties.
This situation is worsened by the fact that most African farm-
ers grow cotton as their cash crop and have few or no possible
alternatives. Assessing the impact of climate change on cotton
production is therefore critical. Here, we used CROPGRO, a
process-based crop model that can simulate the main features
of cotton growth and management. We applied this model to
two regions in North Cameroon and a set of six regional
climate projections combining general climate models and
regional climate models from the ENSEMBLES project.
The model was calibrated and validated with a data set of
observations made in farmer fields from 2001 to 2005 and at
an experimental station in 2010. Our results show unexpect-
edly that climate change from 2005 to 2050 in North
Cameroon will have a positive effect on cotton yields with
an increase of 1.3 kg ha ' year ' in yield, especially if con-
servation agriculture systems are adopted. The predicted in-
crease of 0.05 °C year ' in temperature will shorten crop
cycles by 0.1 day year ' with no negative effect on yields.
Moreover, the fertilizing effect of CO, enrichment will
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increase yields by approximately 30 kg ha '. The rainfall
pattern is likely to change, but the six regional models used to
generate future weather patterns did not predict a decrease in
rainfall. One model even forecast an increase in rainfall
amounts. According to our findings, climate changes in North
Cameroon can be anticipated by tailoring alternative cropping
systems and adaptation techniques to cope with climate change.

Keywords Cotton (Gossypium hirsutum L.) - Climate
change - North Cameroon - Cropping systems - Crop
modeling

1 Introduction

The Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC 2007) has, with greater
confidence than previous reports, warned the international
community that the increase in greenhouse gas emissions
will result in global climate change. Associated with the
expected worldwide rise in temperature, precipitation pat-
terns and quantities will likely change, evaporative demand
will increase. These changes may have disastrous effects on
human activities in highly vulnerable regions like tropical
Africa where rural populations depend heavily on rainfed
agriculture and where widespread poverty limits their ca-
pacity to cope with climate variability and change. For West
Africa in particular, a meta-analysis of the results of 16
studies (Roudier et al. 2011) shows that in most cases, the
effect of climate change on crop yield is expected to be
negative. However the meta-analysis also revealed a wide
range of projected crop yields ranging from —50 to +90 %,
thus justifying a low level of confidence in future yield
projections. The wide range of crop yield projections reflect
different conditions in the locations where the impact stud-
ies were conducted, and relied on different climate
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projections, crops and crop models, and downscaling tech-
niques. Since increased CO, does not only drive climate
change but can also have beneficial physiological effects on
crops by stimulating photosynthesis and reducing drought
stress (Tubiello et al. 2007), uncertainty is particularly high
in the case of C; crops (e.g. soybean, groundnut, and cot-
ton), for which the CO, fertilization effect could sometimes
compensate for yield loss caused by climatic parameters,
and sometimes even reverse it (Roudier et al. 2011). In the
case of Cj crops, the balance between detrimental and
positive effects of climate change therefore needs to be
addressed with caution.

Among C; crops, cotton (Gossypium hirsutum L.) is
particularly important in West and Central Africa since,
when considered as a regional entity, the sub-continent is
the world’s third largest exporter after the USA and Central
Asia. Cotton production represents an important source of
income for African countries, especially North Cameroon,
where it is the main cash crop, covering 30 % of the
agricultural landscape (Mbétid-Bessane et al. 2006) as well
as the main source of income (monetary income for growers
in particular). Recent studies demonstrated that like in Mali,
climate is an important driver of crop productivity in North
Cameroon (Blanc et al. 2008; Sultan et al. 2010). These
authors pointed to the role of the onset and the length of the
rainy season in crop yield variability in the region. However,
these studies were based on data collected during the past
50 years and did not provide any indications on how cotton
yields will evolve under climate change scenarios.
Furthermore, they relied only on empirical relationships
between crop yield and climate, neglecting a lot of impor-
tant processes for cotton growth such as soil fertility and
management as well as the effect of CO, enrichment that
could play an important role in future yields.

The objectives of the present study were to assess the
impact of climate change scenarios on cotton production in
North Cameroon under different cropping systems and to
examine the uncertainty introduced by climate projections in
impact assessment. To this end, we used a process-based crop
model capable of realistically simulating the main features of
cotton growth and management in the region. Several models
are available for simulating cotton growth, including
GOSSYM, APSIM, and CROPGRO. Among these models,
CROPGRO-cotton appeared to us to be the most appropriate
as it combines an acceptable set of physiological bases, has the
ability to simulate rotations and mulch effects, and has already
been successfully used by Tingem et al. (2009) to assess the
impacts of climate change on bambara nut, groundnut, maize,
sorghum, and soybean in Cameroon. The Decision Support
System for Agrotechnology Transfer (DSSAT) suite of mod-
els (Jones et al. 2003) including CROPGRO was thus selected
for this study. Particular importance was given to the design of
the protocol used to simulate the different cropping systems
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used in the region. After decades of increasing seed cotton
yields since the introduction of cotton in the 1950s, yields
obtained with conventional cotton cropping systems have
been falling for more than a decade now (Naudin et al.
2010). To increase the sustainability of crop yields, for the
last 10 years, Cameroon research and extension services have
been implementing soil restoration measures through conser-
vation agriculture with no tillage, mulch, and the use of cover
crops in rotation. At the same time, the farmers themselves
have developed a no-tillage system with direct seeding on bare
soil to reduce weed infestation and to allow them to sow crops
early in the season. While these cropping systems led to some
improvements in yield in both controlled conditions and in
farmer fields (Naudin et al. 2010), there are still some major
obstacles to a large-scale extension of the systems. The first is
that during the first 2 years of a conservation agriculture
system, crop performance can be mixed. Crops under conser-
vation agriculture often experience nitrogen stress at the be-
ginning of the season and weed control is not easy. Second,
the production and maintenance of the plant biomass is com-
plicated. Farmers make trade-offs between feeding animals
and the need for a soil cover. Moreover, the fields need to be
protected from the burning of savannah. The yield increase
observed with the conservation agriculture systems in North
Cameroon was achieved mainly through better use of water
resources by limiting soil runoff and evaporation (Soutou et al.
2007). One benefit of no-tillage systems is that crops are sown
earlier than in conventional systems. The seeds can be sown
when the first rain falls, even in a dry soil, whereas farmers
who use a cattle drawn plow have to wait for the draft animal
to be available and for the soil to have the appropriate moisture
content (20-mm rainfall). Naudin et al. (2010) also showed
that with conservation agriculture, increased water availability
at the end of the rainy season for the crop delayed the end of
flowering. Such differences may be of particular interest in the
context of global climate change when evaporative demand
increases and rainfall decreases during crucial growth periods
for the crops. Being able to identify the most robust system to
withstand climate change among the three cropping systems
described is crucial for formulating adaptation strategies in the
region.

The methods and the details of these simulations are
presented in the following section. Simulation results are
presented in Section 3, and Section 4 presents the
conclusion.

2 Materials and methods

2.1 Study design

The study was conducted over a period of 6 years (2001—
2005 and 2010). The data set used for the study came from
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two separate experiments. Experiment 1 was conducted in
farmer fields from 2001 to 2005 in the North and Far North
provinces of Cameroon in an area located between 11°02'N
and 10°58'N. Experiment 2 was conducted in experimental
fields in the same provinces in 2010. The Far North prov-
ince is characterized by a Sahelo-Sudanian climate with a
rainy season from June to September. The North Province
has an extended rainy season from May to October. The
rainfall amount measured from 1979 to 2010 at the weather
station in the Far North Province averaged 798 mm with
163 mm of standard deviation. In the North Province, it
averaged 806 mm with 271 mm of standard deviation. Both
provinces have a wide range of soil types that mainly vary
according to their position on the slopes. Soil texture ranges
from fine clay to sandy. See Naudin et al. (2010) for more
details concerning the farmer fields.

2.1.1 Experiment 1 in farmer fields

Three cereal/cotton rotation systems are used in North
Cameroon: a conventional cropping system with tillage
and two “improved” cropping systems: one using direct
mulch, and the other a no-tillage system. Farmer fields were
approximately 2,500 m? in size. The fields (Fig. 1) were
divided into two or three plots and one system was used in
each plot (conservation agriculture, no tillage, or tillage). In
the conservation agriculture system, cotton was sown in
mulch left over from the previous crop, maize, or sorghum,
either grown as a sole crop or in association with a cover
crop of either brachiaria (Brachiaria ruziziensis), crotalaria
(Crotalaria retusa L.), or mucuna (Mucuna pruriens Bak).
On tillage plots, the soil was plowed to a depth of 15 cm
with an ox-drawn plow. Cotton was sown with a hoe to
cause minimum disturbance of the soil surface. The cotton
cultivars used were those available to local farmers (IRMA
1239 and IRMA BLT-PF). Weeds were controlled by hoeing
and herbicides were applied. Pests were controlled accord-
ing the conventional plant protection program.

Fig. 1 Photograph of a farmer cotton field, North Cameroon, 2004. In
the center, note the conservation agriculture plots and on the right part
note the tilled plot with smaller plants

The farmers were free to use as much fertilizer as they
wanted but an extra dose of 22 kg ha ' of nitrogen was
applied in conservation agriculture plots. In this section, we
give average nitrogen fertilization values. Tillage plots re-
ceived 29 kg ha ' of nitrogen fertilizer split into two appli-
cations, one at planting and one 50 days after sowing. The
conservation agriculture system received 44 kg ha ' of
nitrogen fertilizer split into two applications, one at planting
and one 50 days after sowing. The no-tillage system received
22 kgha ! of nitrogen fertilizer split into two applications, one
at planting and one 50 days after sowing. The same form of
nitrogen (NH4NO;) was used in all the systems.

Technical management of the cotton crop was assessed
through interviews with the farmers two or three times a
month. Cotton yield was measured by harvesting and
weighing cotton seeds in every fifth row. The length and
the width of each harvested row were characterized to
enable extrapolation on an area basis. Daily rainfall was
recorded in each village with a rain gauge. Soil texture
was determined using the VS-FAST method (McGarry
2006) on soil samples taken from the 0—20- and 20—40-cm
soil layers. Soil depth was estimated by manual digging to a
depth of 1 m. The beginning and end of flowering were
estimated visually and recorded when flowering had started
and ended in half of the plants.

A subset of eight plots in different locations in the Far
North Province was monitored during the 2004 cropping
season to validate the water budget: rainfall, soil water
content, and runoff were measured for the tillage and con-
servation agriculture systems. Runoff was measured directly
with collectors and soil humidity by weighing the soil at
different dates. The beginning and end of flowering were
estimated visually by technicians and recorded when flower-
ing had started and ended in half of the plants.

2.1.2 Experiment 2 in research stations

Two experiments were conducted, one in Sanguere research
station near Garoua and one in Kodeck research station near
Maroua. The 2010 experiment compared two local cultivars
(L484 and L457) and two sowing dates (recommended and
late). These cultivars are successors of IRMA A1239 and
IRMA BLT-PF; they are genetically close to their predecessors
but with improved fiber quality (strength, length, maturity, and
micronaire). In addition to the same observations on yield and
phenology as those conduced in experiment 1, leaf area index,
dry matter content, number of shells and seeds, threshing
percentage, and oil and protein contents were recorded.

2.2 Climatic data

Two synoptic weather stations located in Maroua and
Garoua run by the AGRHYMET Regional Center were used
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as local ground truth. These stations record rainfall and
other meteorological parameters at a height of 2 m from
the ground including solar radiation, insolation, surface
wind speed, humidity, and temperature. Daily data are avail-
able from 1950 to 2010. The weather data used for our
simulations were rainfall (millimeters per day), minimum
and maximum air temperature (degrees Celsius), insolation
duration (hours per day), dew point temperature, wind
speed, and potential evaporation (millimeters per day). The
data were recorded at three synoptic weather stations located
in Garoua, Maroua, and Kaél¢é. The experimental plots were
located at a distance of nearly 5,000 m from the weather
station. Many years were missing in the Kaélé data set
which was consequently only used to calibrate and validate
CROPGRO, while the data from Garoua and Maroua were
used to generate climate scenarios.

2.3 ENSEMBLES regional climate changes scenarios

A coherent multi-model experiment has been underway
since the beginning of the ENSEMBLES project (2004—
2009) (van der Linden and Mitchell 2009). A set of ten
regional configurations with eight regional models are avail-
able for West and Central Africa using two global climate
models as lateral boundary conditions for the 2010-2050
period under scenario A1B (Nakicenovic et al. 2000). The
use of several global and regional climate models enables
the uncertainty in both large-scale and regional-scale climate
projections to be covered. For our purpose, we used six
regional configurations:

* HIRHAM model: Danmarks Meteorologiske Institut
(DMD),

*  CLM model: Gesellschaft fur Kernenergieverwertung in
Schiffbau und Schiffahrt GKSS-Forschungszentrum
(GKSS),

*  RACMO model: Koninklijk Nederlands Meteorologisch
Instituut (KNMI),

+  HIRHAM model: Meteorologisk institutt (METNO),

* RCA model: Sveriges Meteorologiska och Hydrologiska
Institut (SMHI),

*  PROMES model: Universidad de Castilla—La Mancha
(UCLM).

The DMI, GKSS, and KNMI regional configurations were
forced by ECHAMS AIB climate change scenario while
METNO, UCLM, and SMHI were forced by HadCM3.
Regional climate outputs are freely available at a daily time
scale at a 50-km resolution for the AMMA region. All varia-
bles needed to force the crop model were selected at the daily
time step and bilinearly interpolated to each of the two syn-
optic stations in North Cameroon. Climate models have seri-
ous regional biases for different climate variables and a bias
correction is thus required before using climate projections for
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crop modeling purposes. In order to correct the statistical
distributions of the regional climate model simulations and
to make them as close as possible to those of the observations,
the transformation of cumulative distribution function method
(Michelangeli et al. 2009) was applied. This method aims to
correct the cumulative distribution function of a variable (tem-
perature or precipitation, etc.) given at a relatively low reso-
lution from a regional climate model simulation into the CDF
of the equivalent variable at a much smaller scale. In the
present study, the required cumulative distribution functions
were non-parametrically estimated, but with a monthly dis-
crimination. From May to November, a monthly correction
was applied to each variable, by calibrating a monthly cumu-
lative distribution function for the period 1979-2004. The
cumulative distribution function was then applied to each
regional climate output for the period 2005-2050. Corrected
downscaled outputs were then used to drive the crop model
described above.

2.4 Cotton growth simulations
2.4.1 The DSSAT crop model

The DSSAT 4.5.0.0 cropping system model (DSSAT-CSM)
beta version 2011 (Jones et al. 2003) was used for this study.
DSSAT-CSM uses a set of codes to simulate soil nitrogen,
water, and carbon dynamics, while crop growth and develop-
ment is simulated by plant models (Crop Environment
Resource Synthesis (CERES), generic CROP GROwth mod-
el(CROPGRO), Simulation of Underground Bulking Storage
Organs (SUBSTOR), etc.). Soil inputs included albedo, pho-
tosynthesis factor, pH, drainage, and runoff coefficients set at
0.14, 1, 6.0, 0.25, and 81, respectively. The model also re-
quired the soil properties of different layers. The soil character-
istics used were water holding capacity, saturated hydraulic
conductivity, bulk density, nitrogen content, and organic car-
bon. After soil analysis, the surface layers were set respectively
at 0.073 cm > cm?, 1.59, 1.48 gem >, 0.05¢g 1, 0.7gg 'in
Garoua and 0.09 cm > cm3, 259,141 g cm73, 0.04 g gfl,
0.7 g g ' in Maroua. The conservation agriculture system was
parameterized with no tillage, a mulch cover of 4 T ha ' of
residues containing 1 % N. The preceding crop (maize, sor-
ghum) residue was set at 1 T ha ' of roots and 2 T ha ' of
unincorporated stems containing 0.5 % N. The following
simulations options were chosen: (1) Suleiman Ritchie for soil
water balance, (2) Priestley—Taylor/Ritchie for evapotranspira-
tion, (3) CROPGRO was run in the experimental mode, and
(4) CERES-Godwin for soil organic matter. Ideally,
CENTURY would be the best sub-model to use for organic
carbon dynamics but it was developed with data from temper-
ate regions, and the proportion between soil organic compart-
ments and their response to 7° are not adapted to tropical
conditions. As we had no observed data to use for its
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parameterization, we chose to use the default CERES-Godwin
sub-model. CROPGRO was run in experimental mode.

The original genetic parameters required for CROPGRO-
cotton are: time between plant emergence and flower ap-
pearance, time between first flower and first pod, time
between first flower and first seed, time between first seed
and physiological maturity, time between first flower and
end of leaf expansion, relative maximum leaf photosynthe-
sis rate at 30 °C, 350 vpm CO,, and high light intensity,
specific leaf area of cultivar (centimeter squared per gram),
maximum size of full leaf (centimeter squared), maximum
fraction of daily growth that is partitioned to seed+
shell, maximum weight per seed (gram), seed filling
duration for pod cohorts under standard growth condi-
tions, number of seeds per pod under standard growing
conditions, time required for cultivar to reach final pod
load under optimal conditions, maximum ratio of seed/
(seed+shell), fraction of protein in seeds, fraction of oil
in seeds. There values were set respectively at 39, 12,
15.0, 40, 75, 1.05, 170, 300, 0.72, 0.18, 34.0, 27, 14,
70, 0.15, and 0.12, according to the calibration of the
American cultivar Deltapine 458.

2.4.2 Calibration of the model

The dataset for calibration came from the experiments con-
ducted in 2001, 2002, 2004, and 2010. Part of the data
collected in 2005 and 2010 was kept for validation of the
crop simulation (see Section 3.1).

In our calibration procedure, we varied the parameter values
to minimize the RMSE. Generalized likelihood uncertainty
analysis (GLUE), a Bayesian method, allows information from
different types of observations to be combined to estimate
probability distributions of parameter values and model pre-
dictions (He et al. 2010). GLUE software was used to calibrate
the genetic coefficients to fit the phenology variables through
anthesis and maturity dates and growth variables through the
maximum leaf area index, crop weight, yield, grain number,
and dry weight at maturity. Approximately 8,000 runs were
made with GLUE. Leaf area index and the dry weight of aerial
parts were only recorded in 2010. After the automatic proce-
dure, we improved calibration using a manual and iterative
approach. The genetic parameters were refined and adjusted to
fit time series observation data (leaf area index and dry weight
of aerial parts).

Fiber and seed analysis of the cotton seed of the cultivars
IRMA 1239, IRMA BLT-PF, L457, and L484 were con-
ducted by the genetic research team when these cultivars
were first experimented. We used the following data: seed
index, cotton ginning percentage, seed oil, and protein con-
tent. These data were transformed into the corresponding
genetic parameters for the DSSAT cultivar file. The thresh-
ing percentage was measured on the recent cultivars IRMA

457 and IRMA 484 experimented in 2010 and 2011. We
used the same values for all the cultivars.

2.4.3 Calibration of CROPGRO-cotton cultivars

The calibration of cotton cultivars produced new genetic
parameters (data not shown). The time between emergence
and flowering and the seed filling duration were slightly
shorter in the final cultivars. Some physiological parameters
also differed after the calibration process. The specific leaf
area increased and the maximum leaf size was smaller.
Seeds underwent other changes: the number of seeds per
boll was lower, the time for grain filling was shorter and the
oil and protein fractions were larger.

2.4.4 Validation of CROPGRO-cotton under different
cropping systems

The validation process was undertaken in two steps. First,
we did a classical comparison of observed and simulated
phenology (flowering and maturity date) and cottonseed
yields using the whole set of plots. Second, we compared
the yields, the length of flowering, and soil water variables
for each cropping system on a subset of data based on field
observations of water rainfall, runoff, soil moisture, and
flowering duration. The comparison of observed and simu-
lated duration of flowering was a tradeoff as the model does
not simulate the end of flowering but the addition of pods.
The end of flowering was calculated as the days when plants
stopped adding pods (the top of the curve of pod number
versus time in plantgro.out file).

3 Results and discussion
3.1 Validation of CROGRO-cotton cultivars and simulations

CROPGRO accurately simulated the average onset of flower-
ing and maturity in 2001, 2002, 2004, and 2010 (Fig. 2a, b).
However, it did not simulate the individual variability of
flowering and maturity dates observed. This bias resulted
from: (1) the phenology routine in CROPGRO, which
accounts for average temperature but does not adequately
account for crop nutritional status and other external factors,
and (2) the fact that we used the same climatic data in a given
year for a set of different fields without considering their
microclimates. Despite the discrepancy between the observed
and simulated onset of phenological events, our data suggest
that CROPGRO gives a satisfactory average result.

The changes in the cultivar parameters after the calibration
process is interesting to interpret as modern African cultivars
are the result of crosses between American and African native
genotypes and selection among descendants. These changes
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reflect differences in crop phenology, and in growth and yield
components. The most noticeable changes are in leaf and seed
parameters. African cultivars have smaller and thinner leaves.
African cultivars produce fewer seeds per boll in a shorter
time and with different oil and protein contents. Our post
calibration values for oil and protein contents were closer to
real values (Turer et al. 1975) than to initial values.

In addition to validation of crop phenology, the average
availability of soil water at 0—30 and 30-60 days after
planting and the water budget components are listed in
Table 1 both for observations and simulations. Observed
and simulated values matched well, with, in particular, good
distribution of the water budget in the model compared to
ground data. Conservation agriculture enabled an improve-
ment in water availability owing to a decrease in runoff and
probably to a decrease in evaporation. Steiner (1989) in a
temperate climate, as well as Scopel et al. (2004) in tropical
and semi arid climates and many other authors, demonstrat-
ed that a key principle of conservation agriculture cropping
systems is allowing crop residues to remain on the soil
surface to protect soil water from evaporation. In the field
experiments, the better availability of water for the crop
under conservation agriculture led to a delay in the end of
flowering (Naudin et al. 2010). Under conservation agricul-
ture, the observed flowering period of the cotton crop was 9
to 14 days longer than crops grown under other cropping
systems (tillage or no tillage) as shown in Table 1. The
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Simulated vield (kg ha'!)

simulations also revealed differences in flowering duration
between conservation agriculture and other systems, but to a
lesser extent (respectively 8 and 4 days for tillage and no
tillage compared to conservation agriculture). Growth vari-
ables and yield components were also recorded for calibra-
tion purposes. In 2010, leaf area index and top dry matter
were only measured in four treatments. With an average
maximum leaf area index of 3 for an observed value of
4.5; CROPGRO underestimated the maximum leaf area
index produced by the crop. Despite this underestimation,
the dry matter produced was well simulated with a regres-
sion coefficient (R%) of 0.93. The R? between observed and
simulated boll number and seed weight was respectively
0.58 and 0.11. The first result can be considered to be
correct for validation with a set of poorly estimated data
on soil chemical and physical properties, climate data
recorded at a distance of nearly 30 km from the field, and
with the assumption of perfect weed and pest control. On the
other hand, the simulation of seed weight was not accurate.
Despite poor simulation of seed weight, the satisfactory
simulation of water availability, crop dry matter, flowering
period, and seed number led to a rather good simulation of
cotton seed yields.

Observed yields ranged from 130 to 2,800 kg ha ™'
(Fig. 2c, d). This wide range of observed yields was caused
by climate variability combined with a wide range of cul-
tural practices and soil conditions. Sowing dates ranged
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Table 1 Cumulative runoff (millimeter) from planting to harvest, soil water contents (cubic centimeter per cubic centimeter) at 0-30 and
30-60 days after planting, cottonseed yield (kilogram per hectare) and flowering duration (day)

Observed Simulated
Name of variable Conservation  Tillage No tillage Conservation  Tillage  No tillage
agriculture agriculture
Cumulative runoff 60 B 122 A - * 35B 85 A - *
Soil water content at 0-30 days after planting 21.0 A 16.5B - * 19.2 15.4 - *
Soil water content at 3060 days after planting  19.8 18.9 - NS 183 16.5 - *
Cottonseed yields 1,952 A 1,861 AB 1,428 B * 1,790 1,771 1,520 NS
Flowering duration 104 90 95 * 98 94 90 NS

Observed from historical data in 2004 and simulated means for conservation agriculture, tillage and no-tillage treatments, and statistical analysis for
eight paired comparisons. Observed flowering duration was calculated from flowering to end of flowering and simulated fruiting period from

flowering to end of boll addition

Values followed by different letters (A and B) in the same line are statistically different according to Newman—Keuls test

NS not significant, “—” data not available
*p<0.05, by ANOVA

from early May to mid July, flowering duration from 25 to
140 days. Crop density ranged from two to eight plants
square meter. Nitrogen fertilization ranged from 0 to
150 kg ha™', soil types ranged from shallow sand to deep
heavy clays. The yields for different tillage systems were
correctly simulated, as shown in Table 1. Conservation agricul-
ture produced more cottonseed than tillage and no-tillage sys-
tems. These gains could be attributed to more than the mulch,
as respectively 15 and 22 kg ha ' more fertilizer was used
under the conservation agriculture systems. However, the mod-
el simulates a longer period without water stress (data not
shown) and a longer flowering duration as a result of a better
water balance, which is likely to produce more cottonseed.

3.2 Climate scenarios for the years 2005-2050

Projections for the most relevant climate variables under cli-
mate change scenarios are shown in Table 2. There was a clear

Table 2 Relationship between years from 2005 to 2050 and climatic
variables experienced by crops from sowing to harvest: temperatures
(average, maximum and minimum, degrees Celsius), solar radiation

increase in temperature from 2005 to 2050. The increase in
minimum temperature was higher (0.051 to 0.067 °C year ')
than the increase in maximum temperature (0.029 to
0.044 °C year ") for the same period. This asymmetric change
in maximum and minimum temperatures is well documented
(Karl etal. 1991). The rise in temperature was predicted by all
six climate projections and was very consistent. No such
drastic consistent change was observed for the other climate
variables. Half the climate projections (KNMI, UCLM, and
SMHI) showed an increase in potential evapotranspiration.
Solar radiation was predicted to decrease in one of the six
climate projections (METNO). Only one climate model sim-
ulated a significant increasing trend in rainfall (KNMI with an
increase of 3.5 mm year '). The inconsistency in rainfall
projections we found is not specific to North Cameroon
Province or to the set of regional climate change projections
we chose for this study but is a common feature of climate
change scenarios in West Africa. Indeed, there is little

(watts per square meter), cumulated rainfall (millimeter), and potential
evapotranspiration (millimeter)

Name of models Average temperature Maximum temperature Minimum temperature Solar radiation Rainfall

Potential evapotranspiration

KNMI 0.052 *** 0.034 *** 0.067 ***
DMI 0.054 *** 0.032 *** 0.062 ***
GKSS 0.054 *** 0.044 *** 0.065 ***
METNO 0.040 *** 0.029 *** 0.051 ***
SMHI 0.052 *** 0.044 *** 0.059 ***
UCLM 0.051 *** 0.038 *** 0.064 ***

—0.01 NS 3.50 k] 3] HEHE
0.00 NS —0.50 NS —0.42 NS
0.01 NS —0.67NS 042 NS

—0.03 —231 NS —0.24 NS

—0.01 NS —1.9I NS  1.12 **

—0.01 NS 1.OINS  0.89 *

Regression coefficient followed by student’s test results

NS not significant

£p<0.05, **p<0.01, ***p<0.001 by ANCOVA
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consensus regarding possible changes in monsoon rainfall in a
warmer climate: some studies predict wetter conditions and
some predict more frequent droughts (Druyan 2011). To our
knowledge, only two recent studies (Biasutti and Sobel 2009;
Patricola and Cook 2010) found a robust agreement across the
various climate models of the [PCC CMIP3 ensemble in the
seasonal distribution of Sahel rainfall (with a drier early sea-
son and positive rainfall anomaly at the end of the season) in
contrast with a large uncertainty for summertime rainfall
totals. The KNMI regional simulation predicted the most
drastic changes in climate with an increase in annual rainfall
and cumulated evapotranspiration and a decrease in solar
radiation. Such changes are not driven by the large scale of
the global climate model (ECHAMS in this case) but by the
use of the regional climate model. The same lateral boundary
conditions as in the ECHAMS climate model were used for
the GKSS and DMI regional projections but no trend was
revealed for rainfall, evapotranspiration, or for solar radiation.

3.3 Projection of cotton growth under climate change
scenarios

A selection of output variables was analyzed and compared
to reveal any trends in the responses to climate projections,
changes in CO,, and different management across the sites.
These output variables included crop phenology, water and
N availability, aerial biomass, harvest indexes, and cotton-
seed yields. There was a clear reduction in the length of the
cotton growth cycle with a reduction in both time from
emergence to maturity and time from emergence to flower-
ing (Table 3). These trends were significant at the 1 %
confidence interval. Every 10 years, there was a 1.23-day

advance in the flowering date and a 2.2-day advance in
maturity. This phenomenon was caused by the rise in temper-
ature that accelerated the phenology in the model. The
temperature-driven shortening of the crop cycle was con-
firmed in field trials conducted in glasshouses (Reddy et al.
1997). This shortening of the crop cycle is broadly consistent
with findings based on process-based models (Jones and
Thomton 2003; Berg et al. 2012) and on empirical relation-
ships between crops and climate (Schlenker and Lobell 2010).
Although a negative impact on crop yield and aerial biomass
can be expected from shortening of the crop cycle, no clear
changes in harvest indexes were predicted in our cotton sim-
ulations and the crop model even simulated an increase in
aerial biomass and cottonseed yield (Table 3). The CO, fertil-
izing effect appeared to counterbalance the presumably nega-
tive effect of the shortening of the grain filling period in the
model. Indeed, the positive trend in crop yield disappeared
when the simulation was run with a stable concentration of
CO, (380 ppm). Similar studies conducted in Cameroon on
five different crops showed an increase in yield for C; species
(groundnut and soybean) and a minor decrease or no change
for C, species like maize, sorghum, and bambara nut (Tingem
et al. 2008). The same contrasting results between the re-
sponse of C; and C, species to climate changes have been
widely reported (Roudier et al. 2011) and while the impact of
climate change on crop yield is essentially negative for C4
crops whose photosynthesis does not appear to be directly
stimulated by elevated CO, (Ghannoum et al. 2000; Leakey
2009), future yield scenarios accounting for this effect are
more optimistic for C5 crops. However, the CO, effect is
difficult to estimate accurately and to parameterize in crop
models (Tubiello et al. 2007; Ainsworth et al. 2008), and

Table 3 Relationship
(ANCOVA) between years and
output variables: emergence date

(Julian days), emergence to
flowering (day), emergence to
crop maturity (day), aerial bio-
mass (kilogram per hectare), and
cottonseed yields (kilogram per
hectare) simulated by CROP-
GRO from 2005 to 2050
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Name of variable Mean Regression Student’s test result
coefficient
Emergence date 177 Not significant
Emergence to flowering 58 —-0.10 <0.0001
Emergence to maturity 106 -0.17 <0.0001
Aerial biomass 3,576 2.69 0.03
Harvest index 0.42 Not significant
Cottonseed yield 1,487 1.30 0.01
Cottonseed yield if CO, was stable 1,453 Not significant
Cottonseed yield in tillage system 1,469 0.048 <0.0001
Cottonseed yield in conservation agriculture system 1,727 0.168 <0.0001
Cottonseed yield in no-tillage system 1,381 Not significant
Cottonseed yield with KNMI runs 1,697 Not significant
Cottonseed yield with DMI runs 1,587 Not significant
Cottonseed yield with GKSS runs 1,697 Not significant
Cottonseed yield with METNO runs 1,343 2.57 0.049
Cottonseed yield with SMHI runs 1,415 2.48 0.03
Cottonseed yield with UCLM runs 1,392 Not significant
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Leakey (2009) in his recent review considered that a CO,-
induced yield increase in current projections of future
crop yields is probably overly optimistic. Local studies
with free air carbon enrichment and cooperation between
agronomists and modelers are needed to assess the crucial
issue of the effect of climate change on the productivity of
African crops.

The average increase in cottonseed yield of 1.3 kg ha ' year '
masks differences between the runs with the six global climatic
models. The runs with METNO and SMHI were significantly
correlated with years and produced respectively 2.57 and
2.48 kg ha ' year ' but the other four runs predicted no signif-
icant increase in cottonseed yields (Table 3). No significant
trends in climatic variables (Table 2) explain this discrepancy.
However, we can hypothesize that METNO combines
two negative trends, a significant reduction in solar
radiation of —0.03 W m > year ' and a non-significant
reduction in rainfall of 2.31 mm year ' and SMHI
combines a non-significant reduction in rainfall of
1.91 mm year ' and a significant increase in potential
evapotranspiration of 1.12 mm year '.

The positive trend in crop yield also differed among the
cropping systems (Table 3). On one hand, the slope of the
regression between years and yields was not significantly
correlated for no-tillage system, meaning that no positive

trend could be expected for this system. On the other hand,
the slopes for the tillage system and conservation agriculture
were significantly correlated. Moreover, the positive slope
was greater for the conservation agriculture system. This is
likely due to the reduction in soil evaporation thanks to the
mulch cover, as potential evapotranspiration is expected to
increase (Table 2). Figure 3 suggests that the main driver of
cotton productivity in our simulations was not climate
changes but N uptake, which explained around 68 % of
variations in crop yield. When cumulated rainfall was beyond
the optimum value (near 700 mm per crop cycle in Fig. 3a),
there was a negative correlation between cumulated rainfall
and crop yield. This negative correlation can be explained by
the effect of excessive rainfall, which increases N leach-
ing (Fig. 3d) and hence reduces N uptake (Fig. 3c).
However, no direct measurement of N leaching has
confirmed this assumption and the soil organic carbon
model (CERES-Godwin) we used may overestimate N
mineralization. Further parameterization of N dynamics
would be necessary to draw a firmer conclusion. Moreover, if
the main driver of cotton yield is N uptake, uncertainty
concerning future yields would remain, as projections of
rainfall (see results section), which can reduce N uptake by
increasing N leaching, are not in agreement in our regional
climate scenarios.

Fig. 3 Main drivers of a b
cottonseed yields simulated by Cottonseed yields (kg ha!) Cottonseed yields (kg ha™!)
CROPGRO. Rainfall (a), 2700 2700
cumulative evapotranspiration
(b), Nitrogen uptake (c), and
leaching (d) under six global 2200 2200
climatic models, 45 years, three
cropping systems, and two 1700 1700
locations in North Cameroun
simulated by Cropgro. Regres-
sion equatio};ls wé)r% a (y=g 2 1200
—0.43x+1,844, R2:0.09) note
the sharper decrease in yield 700 700 ° - 2%
after 700 mm, ¢ (y=15.84x+ 200 200 400 600 800
188, R2=%6779), d (y=-10.2x Rainfall (mm) Cumulative evapotranspiration
c d
Cottonseed yields (kg ha!) Cottonseed yields (kg ha'!)
2700 2700

2200

1700

1200

700 ¢
30

80 130
N uptake (kg ha!)

N leaching (kg ha!)

Im @ Springer



494

E. Gérardeaux et al.

4 Conclusion

Our aim was to shed light on the trends of the yields of
different cotton cropping systems in North Cameroon under
a large range of climate change projections. Climate change
will likely modify cotton growth conditions in North
Cameroon. Our simulations showed an acceleration of the
phenological cycle caused by the rise in temperature, while
crop yields are expected to slightly increase between 2005
and 2050 because of the fertilizing role of CO,. However,
the projection of future climate differs depending on the
model used, especially for rainfall and potential evapotrans-
piration. The present paper quantifies the uncertainties in the
projected yields depending on the climate models, but not
depending on the choice of crop modeling. Another impor-
tant result of our simulations is that climate change will
affect the same crop under different cropping systems dif-
ferently. We found that crop yield will increase under tillage
and conservation agriculture systems while it is expected to
remain unchanged under the no-tillage system. This result
highlights the importance of the choice of the cropping
system to cope with climate change effects.

It should be noted that our analysis focused on yield
responses. Rural exodus or changes in crops may result
in shifts in production regions with major impacts for
producers but not necessarily for consumers. Another
important caveat is that our analysis did not account
for possible technological progress in coming decades.
The rise in temperature will reduce the length of the
cotton cycle expressed in days. Flowering and maturity
will occur earlier if the same genotypes continue to be
used. Given these changes, two options need to be
considered to tailor crop management:

In the first option, a delay of 5 to 10 days in the planting
date will be necessary if the genetic material used still has
the same phenology. This is likely if genetic selection is
unable to profoundly modify cotton genotypes. If this option
is the one chosen, the cropping system will need to manage
weeds and soil nitrogen between the start of the rainy season
and the emergence of the crop.

The second option would be to modify the phenology of
future cultivars by extending the beginning of flowering and
extending the period of grain filling, which would delay crop
maturity. Simulations on other crops in Cameroon have
showed substantial increases in yield when cultivar parame-
ters were adjusted to delay crop maturity (Tingem et al. 2009).
The later flowering starts, the greater the amount of vegetative
biomass that can later be converted into reproductive organs.
Bolls in distal positions which normally do not reach maturity
due to their late appearance could, in the future, have enough
time to fill and thus increase the cotton yield.

Land use in cotton-producing area is mostly 8 years of
cotton/cereal rotations and 6-10 years of natural fallow.

@ Springer

There is no doubt that climate changes will modify soil carbon
dynamics as well as fallow regeneration capacity. Testing the
effect of climate changes on the capacity of conservation
agriculture to maintain soil fertility would be a complementa-
ry study. It would require sequential analysis of both crop
rotations and fallows and would also need to assess the issue
of grazing cattle.
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