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A B S T R A C T

The biggest abiotic threat to banana (Musa spp.) production is water deficit, but physiological indicators in
plantations are lacking. Canopy Cover (CC) seems to be a relevant parameter, but so far not used in banana
fields. Field experiments were conducted to determine the effect of optimal irrigation (FI) versus rainfed (RF) on
CC and Leaf Area Indices (LAI) in two experiments with different cultivars (Mchare ‘Huti Green’ [HG, AA] and
Cavendish ‘Grand Naine’[GN, AAA]) (n= 3 for HG, n= 4 for GN) until harvest of cycle 1 (C1), studying C1 and
C2 plants. Soil moisture was followed using Time Domain reflectometry. CC and LAI were reduced 8–9 weeks
after the start of soil moisture divergence between RF and FI treatments in both experiments (p < 0.05), leading
to a reduction in CC growth rate (r) and maximum CC (CCmax) in RF plots (p < 0.05). On a daily timescale, CC
varied diurnally (i.e. was reduced) under high evaporative demands, whereby soil moisture depletion increased
the CC reduction. Cultivar specific CC-LAI curves were created following the Lambert-Beer equation, whereby
HG had a lower extinction coefficient than GN (0.52 vs. 0.67). CC growth over time seems a promising indicator
for water deficit in the field. Diurnally, CC is more affected by evaporative demand than soil moisture depletion,
although soil moisture depletion increases CC diurnal drops under high ET0.

1. Introduction

By 2050, global population levels are expected to reach 9.7 billion
(+ 32 % from 2015), with over two thirds of this expansion happening
in developing countries, and sub-Saharan Africa (SSA) accounting for
half the total growth (United Nations., 2019). To feed this growing
population, food production needs to increase by 25–70 % (Hunter
et al., 2017; FAO., 2018). One of the most important crops in terms of
consumption, land area and production is banana (Musa spp.). Global
production of banana and plantains was 153million Mg in 2017 cov-
ering 5.6 million ha in over 135 countries. It is the 12th most important

food crop in terms of production (fourth in Africa) and the world’s most
important fruit (FAOSTAT, 2019).

In East and Central Africa (ECA), daily per capita consumption is 15
times the global average, and constitutes a very significant portion of
daily energy intake ranging from 30 to 60 % (Abele et al., 2007;
FAOSTAT., 2019). Actual production in the area is low (< 30Mg ha−1

yr−1) compared with attainable yields (> 70Mg ha−1 yr−1) (Wairegi
et al., 2010; Van Asten et al., 2011). Water is the primary limiting factor
for agriculture in SSA, where only 18 % of the total irrigable land is
currently irrigated (Adhikari et al., 2015). Water (both excess and
deficit) is considered to be the largest limiting abiotic factor affecting
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banana production worldwide (Carr, 2009). Depending on the pre-
vailing climate, water needs for banana range from 1100 to 2650mm
evenly distributed per year (Robinson and Alberts, 1986; Van Asten
et al., 2011; Varma and Bebber, 2019). Even distribution is essential, as
plants are already affected after two to three days of soil moisture
deficit (Carr, 2009).

By 2050, climate change in ECA is expected to increase the thermal
suitable area for banana production by 1–11 %, but extension of land
area under beneficial temperatures is expected to be offset by an in-
crease in rainfall variability. Moreover, as temperature drives devel-
opment rates of banana (Fortescue et al., 2011), the increase in tem-
perature is coupled with faster crop cycles, an increase in
evapotranspiration, thereby increasing transpiration rates and putting
more pressure on water resources (Adhikari et al., 2015; Varma and
Bebber, 2019).

In view of the above, agriculture needs to be intensified by a more
efficient use of both rainfall and irrigation water, and the enhancement
of water use efficiency. In most cases, management of irrigation systems
is based on farmers’ intuition and experience, which is suboptimal
(Boesveld et al., 2011), rather than allocating water when plants are in
need. This is because easy physiological indicators for water deficit are
lacking in banana, and most farmers find current irrigation scheduling
tools overwhelming and lack the means and skills to install and operate
them (Carr, 2009; Boesveld et al., 2011). Under relatively mild soil
drought conditions, banana plants close their stomata, reduce tran-
spiration and photosynthesis. This keeps leaves hydrated, most likely
through root pressure, but masks that banana are under water deficit
(Turner et al., 2007; Carr, 2009).

Expanding tissues, as emerging leaves and growing fruit, are among
the first to be affected (Kallarackal et al., 1990; Thomas and Turner,
1998; Carr, 2009; Robinson and Galán Saúco, 2010). At the field
(plantation) level, canopy development can be measured by the leaf
area index (LAI) or green canopy cover (CC). LAI is defined as the total
one-sided leaf area of all leaves per unit ground area (m² m−2). LAI
values in banana plantations range from zero at planting to five at
maturity in well-managed plantations, even reaching values more than
six in ratoon crops (Turner, 1998; Turner et al., 2007; Carr, 2009). It is
measured directly or indirectly. When leaves and plant parameters are
measured directly, the most accurate LAI is obtained, but given the
spatial heterogeneity of the canopy, many sampling points are needed
which is time consuming, tedious, and sometimes destructive (Weiss
et al., 2004). Indirect measurements are based on the estimation of
“contact frequency” or the “gap fraction” with various possible optical
devices (LAI2000, TRAC, Demon and cameras for hemispherical pho-
tography). Contact frequency methods are based on the likelihood that
a beam penetrating the canopy will reach a vegetative structure. Gap
frequency methods are inverse, as the beam has no contact with the
vegetative structure until reaching a reference level and consequently
the gaps in the canopy are measured. These techniques therefore use
light transmittance through the canopy. Indirect methods need to be
calibrated to the specific architecture of banana plants, as they are
based on canopy characteristics such as leaf angle distribution, leaf
inclination function and planting density (Weiss et al., 2004). Hence,
indirect LAI methods are difficult to use when not yet parameterized
and given the widespread heterogeneity of banana plants in the field,
parameterization of LAI measurements for one cultivar at a specific
location might not be useful in other plantations or fields with another
cultivar.

A simpler indicator is the CC, defined as the proportion (%) of
ground area covered by the vertical projection of the canopy (Jennings
et al., 1999). In contrast to LAI, CC is easier to estimate given current
drone technology. CC can easily and reliably be determined from image
analysis. Unlike LAI, remote sensing and drone imagery allows a dy-
namic view of the CC averaged over much larger areas, as repeated
images can be gathered at multiple times during the day of a complete
plantation. This dynamic view of plantations is needed as individual

banana plants unfold their lamina differently in response to variable
environmental stimuli and soil conditions, typically following a diurnal
rhythm with leaf halves forming a single plane aligned with the midrib
during the night and early morning, and folding down to become more
vertical during the day under periods of high radiation (Milburn et al.,
1990; Thomas and Turner, 1998; Turner, 1998; Turner and Thomas,
1998; Turner et al., 2007). Lamina folding occurs in drought stressed
plants (Milburn et al., 1990; Thomas and Turner, 1998; Turner and
Thomas, 1998), but this is questioned (Lu et al., 2002). While the effect
of drought on leaf emission and growth has been described (Turner and
Thomas, 1998; Turner et al., 2007; Carr, 2009), the overall effect on CC,
and therefore at the plantation level, is not known. Furthermore, the
diurnal effect of leaf folding measured by CC cannot be reflected at the
plantation scale by LAI as leaf sizes remain quite similar on a daily
scale.

Given the lack of knowledge on CC in banana plantations, the
overall objective was to investigate to what extent plot-scale observa-
tions of CC provide insights into water deficit. We hypothesize that soil
moisture readily affects CC development as emerging leaves are among
the first organs to be affected by drought. In addition we hypothesize
diurnal changes in CC which are correlated with changes in daily
evaporative demand, and that these changes are larger in plants ex-
periencing water deficits. Thirdly, we hypothesized that CC-LAI re-
lationships can be obtained per cultivar, allowing to calculate CC values
from LAI values.

2. Materials and methods

2.1. Experimental site and conditions

Experiments were conducted at the joint research farm of the Nelson
Mandela African Institution of Science and Technology (NM-AIST) and
the International Institute of Tropical Agriculture (IITA) in Arusha,
Tanzania (3° 23′ 58″ S, 36° 47′ 48″ E). Soils are Endocalcic Phaeozems
(Geoabruptic, Clayic, Humic) (IUSS Working Group WRB., 2014) or
Udertic to Vertic Haplustols (USDA., 1999) on gently sloping land (3%)
located at the foothill of Mt. Meru at an altitude of 1188m asl. Soils are
moderately shallow to deep (90–120 cm), well structured, well drained
with a silty clay loam to silty clay texture (Table S1).

The climate is a tropical highland climate with a moderately cool
thermal zone (FAO, 2012). Rainfall follows a bimodal yearly pattern
with a long rainy season extending from late March to early June and a
shorter rainy season from October to December (Grieser et al., 2006).
An automated weather station (TAHMO weather station: Decagon DS-2
sonic anemometer with pyranometer, REC-1 rain gauge, and VP-4
thermometer and humidity sensor with a solar-powered and GPRS-en-
abled EM50 G), located at the edge of the field, measured air tem-
perature (°C), wind speed at 2m height (m s−1), relative humidity (%),
precipitation (mm) and solar radiation (MJ m−2 min-1) at a 5min in-
terval. Daily reference evapotranspiration (ET0) was computed using
the FAO Penman-Monteith approach (Allen et al., 1998). Daily weather
variables of the entire experimental run can be found in supplementary
data (Fig. S1).

2.2. Plant material

Banana plantations are composed of individual plants often of dif-
ferent reproductive cycles each growing on individual mats. When re-
ferring to a “plant” we refer to an individual reproductive cycle. When
referring to a “mat”, we refer to the total composition of different re-
productive cycles present in one location. Generally, there are maxi-
mally three cycles present on a mat: a mother plant or cycle 1 (C1), a
daughter plant or cycle 2 (C2) and a granddaughter plant or cycle 3
(C3). Our research focused on C1 and C2.

Two experiments were carried out differing only in cultivar and date
of planting.
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In experiment 1, the East African Highland banana Huti Green (HG,
Musa AA Mchare subgroup; (Perrier et al., 2018)) was planted on 3 May
2017. In experiment 2, Grande Naine (GN, Musa AAA Cavendish sub-
group) was planted on 17 November 2018. Planting material for both
experiments consisted of in vitro plants, hardened in growth chambers
and screenhouses. Plant height of HG at planting was 6.6 cm (±2.5
cm), with 4.19 leaves (± 1.3 leaves), whilst plant height of GN was
25.5 cm (±4.3 cm) and leaves were 4.75 leaves (± 0.74 leaves). Plant
holes were 0.6m×0.6m×0.6m deep at a spacing 2m (row) × 3m
(line) (1666 plants ha−1). Time is noted in weeks after planting (WAP).
In following sections, the different experiments are noted by the
planted cultivar (HG vs. GN). Experimental design, management and
plant measurements were similar in both experiments unless stated
otherwise.

2.3. Experimental design

The experiments were conducted on fields with no recent history of
banana cultivation. The design was a blocked design with drip irriga-
tion as treatment, but given the infrastructure the irrigation treatments
could not be randomized.

In experiment 1, two blocks were planted with HG. Each block
contained five rows of 15mats, subdivided in three plots of 25mats
(5× 5), of which the central nine mats (3× 3) were used for data
collection. Each block consisted of a different irrigation treatment, as
valves to shut off irrigation were installed at the front of each block. For
HG, there were three plots for each treatment. Border mats were used
for periodic destructive sampling.

In experiment 2, four blocks were planted with GN. Each block
contained five rows of 14 mats, subdivided in two plots of 35mats
(7× 5), receiving two different irrigation treatments. Valves were in-
stalled in the middle of a plant row (between mat 7 and 8), therefore
two irrigation treatments were present in a block. The central nine mats
(3× 3) were used for growth data collection, leading to four replica-
tions (plots) per treatment. The first and last two mats of each row
(2× 5mats) together with the border rows were used for destructive
sampling. Each treatment was replicated four times across the blocks.

2.4. Management

Mats received a mixture of mineral fertilizers and manure. Mineral
fertilizers were split applied: 153 kg N ha−1 yr−1(urea), 206 kg K ha−1

yr-1 (Muriate of potash), 19.26 kg Mg ha−1 yr−1 and 25.6 kg S ha−1

yr−1 (MgSO4) were applied monthly in the rainy season and every two
months in the dry season, while 40.2 kg P ha−1 yr−1 (triple super
phosphate) was applied every five months. Twenty L of fresh farmyard
cow manure was applied per mat twice yearly before the start of the
rainy season. All suckers were allowed to grow until four months after
planting (MAP), at which time one sucker of 30 cm height was selected
and the others pruned. Each banana mat thereafter was composed of C1
and C2, and de-suckering was carried out afterwards on a monthly
basis. Weeds and dead leaves were cut monthly and removed from the
field.

Three additional leaf pruning events (P) occurred due to the de-
velopment of Black Sigatoka (Pseudocercospora fijiensis) in the long wet
season of 2018 at 2018-05-21 (P1), 2018-06-05 (P2), and 2018-07-30
(P3). At P1 and P2, only the oldest leaves with symptoms of the fungus
(yellowing and petiole collapse) were cut. At P3 the oldest six leaves of
each plant were cut away to retain the spread of the fungus affecting the
older leaves.

2.5. Soil moisture and irrigation

Each banana row was fitted with two driplines, at each side of a
banana mat. Originally each mat’s position was fitted with two drippers
(one at each side of the mat). Each dripper supplied approx. 4 l hr−1.

Two extra drippers were installed on 6 June 2018. For the HG experi-
ment, this was at 57 WAP and for the GN experiment at 29 WAP.

Soil moisture was monitored daily by Time Domain Reflectometry
(TDR). Within each plot, the central mat was fitted with two TDR
probes installed vertically at different depths: 0−30 cm (horizon 1) and
30−60 cm (horizon 2). TDR probes were installed in the area wetted by
the drippers, at 50 cm from the central mat and read out each morning
before irrigation by a TDR-200 (Campbell scientific, Inc.). Daily
moisture depletion, Dr (mm), was calculated at the plot level as:

= − ×Dr i θ θ Z, 1000( )FC i r (1)

with Dr,i being depletion on day i, θFC being the volumetric water
content (VWC) at field capacity (FC, [m³ m−³]), θi being the actual
VWC at day i (m³ m−³) and Zr being the rooting depth (m). The rooting
depth was estimated as a linear interpolation between the depth at 10
days after planting (0.1 m) and at flowering (1m). Rooting depths were
checked every three months over the course of the growing season
through root trenching methods. Banana reaches a maximum rooting
depth at flowering (Turner et al., 2007), and trenches revealed that
roots were continually present until depths of 1m after flowering in
both HG and GN mats, as the soil profile was bounded by a saprolite
hardpan layer at 1m. Depletion values are positive when water con-
tents are below FC and negative when values are above FC.

Daily depletion values were compared against the readily available
water (RAW [mm]), as an indicator of moisture deficit. RAW was cal-
culated as:

= − × × = ×θ θ Z p TAW pRAW 1000( ) ;FC pwp r (20)

with θpwp being the VWC at Permanent wilting point (m³ m−3), p being
a depletion factor (-) and TAW being the total available water (mm).
The value of p was chosen to be the generic factor of 0.35 for banana as
given by Allen et al. (1998). When the Dr,i> RAW, plants are assumed
to experience moisture deficit.

All mats received irrigation until 4 MAP (establishment period).
Thereafter, two irrigation treatments were installed: optimal “full” ir-
rigation (FI) and rainfed (RF). In the FI treatment, mats received water
whenever more than 25 % of TAW was depleted in the first or second
soil horizon. Water in the RF treatment was shut off after 4 MAP.

2.6. Banana growth measurements

Non-destructive plant growth data were measured monthly at the
plot level (3× 3mats), on individual plants (C1 and C2) present on the
mat until harvest of C1 as this corresponds to a CC growth cycle. Every
three months, mats (n= 3) were selected in each treatment in both
experiments for destructive sampling. Measured variables and variables
calculated from growth measurements are listed in supplementary
Table 2. As measurements continued on the same plants over time, the
data required a repeated measures analysis of variance.

2.6.1. Canopy cover
CC was determined monthly for each plot, to assess the CC evolution

over time. Before November 2017, when plants were small, images
were taken at the individual mat level and CC was determined as an
average of the CC of mats present in a plot. From November 2017 on-
wards, digital photographs of every plot were taken with a DJI-
phantom 4 Pro drone (JPEG, image format, 20M P, 4000× 2250
pixels, and 72 dpi) at a height of 35m above the ground with the center
of the plot aligning to the center of the image. Before images were
taken, the soil surface was weeded and residues removed.

To assess the influence of timing on diurnal CC patterns, CC pictures
were taken at an hourly interval between 8 h and 16 h at nine different
dates in both experiments: 2018-01-09, 2018-03-08, 2018-04-05, 2018-
05-15, 2018-06-14, 2018-08-06, 2018-08-28, 2018-11-28 and 2018-12-
17. CC values from the same plots taken at the same day were compared
across different time points to assess the effect of timing on CC values.
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To compare CC values across measurement dates, the earliest CC pic-
tures were used to exclude possible diurnal effects.

2.6.1.1. Canopy cover image analysis. ImageJ software (Abràmoff et al.,
2004) was used to process images (Fig. 1). First, images of individual
mats were cropped to a ground area of 6m² to only retain the mat of
interest, whilst plot images were cropped to retain the central nine mats
of each plot (ground area of approx. 54 m²). Each image was cropped
four times. Second, CC was calculated based on colour segmentation
according to HSB thresholding (Hue, Saturation, Brightness), where
threshold ranges for H, S and B were determined for the green CC
pixels. All pixels within these thresholds were set to 1 and the
remaining pixels were set to 0. A noise reduction was applied so only
pixel areas above a certain minimal pixel size were counted as green CC
pixels. HSB threshold ranges and minimal pixel size were determined
subjectively for each individual picture as lighting conditions in the
field were not uniform and did not allow single HSB ranges to be
applied to all pictures. The CC was then calculated as:

= ×CC Green CC pixels Total pixels100 / . To examine CC diurnal
variation, a relative CC was calculated for each hour of image taking.
The relative CC was calculated as = × =CC CC CC100 / ;rel i i i, 0 with CCrel,i
being the relative CC (0–1) at time point i, CCi being the absolute CC
(%) at time point i and CCi=0 being the absolute CC (%) of the first
drone measurements of the day.

2.6.2. Leaf area index
The leaf area index was calculated from monthly collected growth

parameters. The leaf area of individual leaves (LAleaf) was calculated as
follows:

= × ×LA LL LW laf ;leaf i, (3)

with LL and LW being the length and width of the leaf i, and laf being a
leaf area factor (-). The laf was calculated following Nyombi et al.
(2009), from leaves measured during destructive sampling (Fig. S3a).
During development, leafs were numbered cumulatively and the LL and
LW of each leaf was either measured during monthly growth mea-
surement, at harvest or interpolated between LL and LW of measured
leaves leading to a database with LL and LW for each developed leaf
(figure S4.), showing the exponential nature of leaf area over time.

The total leaf area of a plant (LAplant) was calculated by summing the
area of all the present leaves as:

∑=
=

LA LAplant calc
i cumO

cumY

leaf i, ,
(4)

with LAleaf,i is the leaf area of the ith leaf as obtained from Eq. 3, cumO is
the oldest cumulative leaf present and cumY is the youngest cumulative
leaf present on a plant. Comparison of LAplant, calc with LAplant, measured

for destructively sampled plants is shown in supplementary material
(Fig. S3b). The total leaf area of an individual mat (LAmat) was then
calculated as the sum of the leaf area of C1 and its successor C2:

= +LA LA LAmat plant C plant C, 1 , 2 ; whilst summing the leaf mat areas of all
the nine plants within a plot led to the leaf area plot (LAplot):

= ∑ =
=LA LAplot i

n mats
mat1

9 . LAIplot was then calculated by dividing LAplot

with its ground area (m²).

2.6.3. Correction for plant death
In experiment 1, weak plants due to disease and other unknown

factors, were replaced by sucker derived plants on 2017-09-21. The
area of the diseased or replanted mats was excluded in further image
analysis. The total area of the central plot was divided into nine squares
corresponding to the ground area of the single mats. Empty and dis-
eased mat positions were then blocked out, after which the CC was
determined on the other plant positions (Fig. S2).

2.7. Statistical analysis

Field plots were the experimental units for the statistical analysis. As
data were collected from the same plots over time, they constitute
longitudinal repeated measures data. We used linear mixed models to
analyze the effect of irrigation treatment on: soil moisture, CC growth,
LAI evolution, and diurnal canopy cover variation. Differences in soil
moisture, LAI and CC used WAP and treatment as fixed factors, and
block and plot as random factors. Differences in diurnal CC variation
between FI and RF plots used time (h) and treatment as fixed factors,
whilst using block and plot as a random factors.

CC growth curves were obtained through nonlinear least squares
(nls) regression on CC values obtained during the first drone flights of
the day, to exclude a potential diurnal CC effect. Observations were
average CC per plot level. Curve fitting through these points followed
the standard logistic equation as follows:

=
+

− −( )
CC CC

e1
t

max
CC CC

CC
rtmax ini

ini (5)

with CCt being CC (%) at time t (WAP), CCmax being the max. CC (%),
CCini being the initial CC at planting (%) and r being the CC growth rate
(wk−1). During regression, WAP was treated as a numeric variable.
Residual plots and ANOVA comparison of fitted models were used to
determine model selection.

To obtain CC-LAI curves for HG and GN, monthly LAImat values were
compared with monthly CC estimates from the obtained logistic growth
functions. A functional equation of the Lambert-Beer Law was fitted as:

= × − − ×CC exp100 [1 ]b LAI( )mat (6)

with b being the extinction coefficient and LAImat being the leaf area

Fig. 1. Drone image analysis procedure. a) Original picture at 35m above the ground, b) image cropped to retain nine central mats from a plot, c) HSB threshold
selection for green pixels and d) filtered image with only green pixels selected shown in red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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index (m² m−2). To exclude a potential diurnal CC effect, CC values
used were obtained during the first drone flights of the day.
Observations were average CC per plot level.

Statistical analyses were performed in R version 3.4.3 (R Core
Team., 2017). Linear mixed models were fitted using REML with the
function lmer from the package nlme (Pinheiro et al., 2019). Plots were
made using the package ggplot2 (Wickham, 2016). Nls regressions were
performed using the package nls (R Core Team., 2017).

3. Results

3.1. Soil moisture depletion

During the establishment periods (0–20 WAP) soil moisture deple-
tions did not differ significantly (p > 0.05) between FI and RF in both
experiments except for GN at WAP 15 when FI plots were less depleted
than RF plots (diff=18.27 mm±8.69 mm, p=0.039) (Fig. 2).

After the establishment period, differences in soil moisture closely
followed the dry season.

In HG, soil moisture depletion in the RF plots first became sig-
nificantly larger at 23 WAP (diff=54.29mm ± 19.25mm,
p=4.22e−3) until 45 WAP (diff=67.62mm ± 17.50mm,
p=8.81e−3). From 45 until 55 WAP soil moisture depletions were
similar (p > 0.05). At 55 WAP, one week after the rainy season ended,
RF plots became significantly more depleted than FI plots (diff= 45.80
mm±19.06 mm, p=0.015) until the end of the growth trial (60 WAP
[diff=88.94 mm±19.06 mm, p=1.7e−4]). Soil moisture of the FI
plots exceeded the RAW multiple times during the growing season, so

moisture deficit could not fully be excluded in these plots.
In GN, RF plots became significantly more depleted from 27 WAP

(diff=17.89mm ± 8.69mm, p= 0.04) until the end of the growth
trial (57 WAP [diff=100.07mm ± 11.95mm, p<2e−16]). In GN,
soil moisture of the FI plots remained mostly below the RAW (except 12
WAP), so plants were considered non-stressed.

3.2. Canopy growth curves

Irrigation treatment had a significant effect on CC at plot level in
both experiments (p < 0.05) (Fig. 3). For HG, CC was reduced sig-
nificantly in the RF plots from 31 WAP (diff=7.66 %±3.77 %,
p=0.05) (8 weeks after moisture divergence) to 48 WAP (diff= 8.50
%±3.77 %, p=0.04). All nls parameters were significant (p < 0.05)
in the regression analyses (Table 1). The growth rate (r) was reduced in
the RF treatment (r= 0.12 ± 0.006, p < 8.81e−9) whilst CCini and
CCmax remained similar (p=0.2429), leading to a significant CC di-
vergence between 25 and 54 WAP corresponding to the dry season
(Fig. 3 and Table 1). HG plots entered the dry season at 20 WAP (Fig. 2)
when CC values were approx. 25 % and rapid canopy development was
expected to start. CC divergence between treatments reached a max-
imum divergence at 36 WAP (diff=17.59 %±3.77 %, p = 2.89e−3),
in the middle of the dry season. From 36 WAP, divergence between
curves declined again and became negligible at 54 WAP (p = 0.746).
For both RF and FI, CC growth continued significantly from 38 WAP to
50 WAP, the period of flowering of C1 plants.

For GN, CC was affected significantly from 38 WAP (diff=3.54
%±1.14 %, p = 0.008) onwards (9 weeks after moisture divergence).
The nls regression parameters r and CCmax were significantly affected
by the RF treatment (p < 6.8e−3). Differences in r were statistically
significant, but lie very close to each other as shown by the overlapping
95 % confidence intervals (CI): 95 % CI [0.22; 0.25] for RF and 95 % CI
[0.21; 0.24] for FI. CCmax differences were more pronounced: 95 % CI
[83.99; 87.34] for RF and 95 % CI: [87.33; 90.91] for FI (Table 1). GN
entered the dry season at 29 WAP, when CC values were approx. 85 %
for both RF and FI, hence close to reaching the CCmax (Fig. 3). CCmax, or
the stationary phase of the CC curve, was reached closely corresponding
to flowering for C1 (32 WAP to 50 WAP).

3.3. Diurnal CC variation

Due to practical reasons (weather conditions, drone regulations and

Fig. 2. Average soil moisture depletion (mm) versus time (WAP: weeks after
planting) for two experiments. a) HG: Mchare - Huti Green. b) GN: Cavendish -
Grande Naine. Under two irrigation regimes (FI: full irrigation and RF: rainfed).
Green period: establishment period. Blue period: rainy season. Error bars de-
note mean± standard deviation. ‘*’ indicates a statistically significant
(p < 0.05) difference between FI and RF. Black line indicates the Readily
Available Water (RAW, 35 % of the Total Available Water). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 3. Nonlinear least squares (nls) regression curves of canopy cover (CC: %)
over time (WAP: weeks after planting) for two experiments (HG: Mchare - Huti
Green, GN: Cavendish - Grande Naine) under two irrigation regimes (FI: full
irrigation and RF: rainfed) Points denote actual average CC, error bars denote
mean± standard deviation as determined at plot level (n= 3 for HG and n=4
for GN). HGflow indicates period of flowering of C1 in HG experiment. GNflow
indicates period of flowering of cycle 1 (C1) in GN experiment; (1) denotes the
onset of moisture divergence in HG experiment, whilst (2) indicates the onset of
moisture divergence in GN experiment. ‘*’ indicates a statistically significant
(p < 0.005) difference between FI and RF. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).
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flight scheduling) pictures of CC could not always be taken at a hourly
interval at each day, yet CC was always determined at minimally three
time points (Fig. 4).

Hour of measurement influenced relative CC (CCrel) values sig-
nificantly at all measurement dates in both cultivars (all p < 0.05), but
the effect of time on CCrel varied by date. Although significant, time
point had a weak effect on CCrel in January, May and June for both HG
and GN as CCrel during the day remained close to 1 (Fig. 4). Time effects
were more pronounced in March, April, August, November and De-
cember 2018 as curves show a more pronounced deviation from the 1
line.

CCrel was compared against weather parameters, as similar patterns
emerged at the same date in both HG and GN experiments. Daily ET0

was highly correlated (R²> 0.86) with solar radiation, relative hu-
midity and vapor pressure deficits (other indicators of evaporative de-
mand). Dates with more pronounced CCrel reduction (in both RF and FI)
(Fig. 4) were characterized by a higher ET0 (Fig. 5a). Overall a clear
pattern emerges. Under high ET0 (> 3mm day−1), CC reduces from
morning values and reaches minimal values around noon, after which it

increases again in the afternoon (Fig. 4).
Soil moisture deficits had an additional effect on CCrel patterns,

depending on the prevailing ET0 (Fig. 5b). When ET0 is low (< 3mm
day−1), there is no additional folding with increasing depletion
(p= 0.7938). Only when ET0 increases (> 3mm day−1), do increasing
depletion values exacerbate the folding (p=8.72e−3). At low ET0 (< 3
mm day−1), the CCrel is therefore similar in RF and FI, whilst under
high ET0 (> 3mm day−1), increasing depletion leads to a lower CCrel.

3.4. CC-LAI curve determination

3.4.1. Leaf area factor
Destructively sampling plants allowed to establish a laf of 0.66

(± 0.018, p<2e−16) for HG, while laf of GN was determined to be
0.75 (± 0.012, p<2e−16). Single laf values were used for calculating
LAleaf values, as no pattern emerged with increasing leaf size (Fig. S3a).

3.4.2. LAI evolution
Irrigation treatment had a significant effect on LAIplant and LAImat in

Table 1
Canopy cover growth curves parameters for two experiments HG: Mchare Huti Green and GN: Cavendish Grande Naine under two irrigation regimes (FI: full
irrigation and RF: rainfed). Growth curves follow the standard logistic regression and parameters were obtained through nonlinear least squares regression. Where
parameters differed between RF and FI this is specified. Where no specification occurs, parameters were similar between drought and irrigated plots (p < 0.05).). r-
RF and r-FI denote the significantly different CC growth rates in RF and FI plots, whilst CCmax-RF and CCmax-FI denote the significantly different CCmax values in RF
and FI plots (p < 0.005). CCini is similar in both treatments..

Huti Green regression parameters

Parameter Abbrev. Unit Value SE 95 % CI t-value p-value significance

Initial canopy cover CCini % 2.13 0.346 [1.55; 2.83] 6.15 1.84E-08 ***
Growth rate† r
Growth rate drought r-RF – 0.12 0.006 [0.11; 0.14] 19.57 < 2e-16 ***
Growth rate irrigated r-FI – 0.14 0.007 [0.13; 0.15] 20.03 < 2e-16 ***

Maximum canopy cover CCmax % 89.59 1.526 [86.68; 92.77] 58.71 < 2e-16 ***

Grande Naine regression parameters

Parameter Abbrev. Unit Value SE 95 % CI t value p value significance

Initial canopy cover CCini % 1.71 0.205 [1.34; 2.13] 8.35 1.85E-12 ***
Growth rate‡ r
Growth rate RF r-RF – 0.24 0.008 [0.22; 0.25] 31.04 < 2e-16 ***
Growth rate FI r-FI – 0.23 0.007 [0.21; 0.24] 31.00 < 2e-16 ***

Maximum canopy Cover§ CCmax %
Maximum Canopy cover RF CCmax-RF 85.65 0.840 [83.98; 87.34] 101.94 < 2e-16 ***
Maximum Canopy Cover FI CCmax-FI 89.10 0.893 [87.33; 90.91] 99.80 < 2e-16 ***

† Significant different growth rates between RF and FI plots for Huti Green (p < 0.05).
‡ Significant different growth rates between RF and FI plots for Grande Naine (p < 0.05).
§ Significant different maximum canopy cover between RF and FI plots for Grande Naine (p < 0.05).

Fig. 4. Relative canopy cover (CCrel) evolution
during the day for different dates of drone
flights. a) Experiment 1, HG: Mchare - Huti
Green and b) Experiment 2, GN: Cavendish -
Grande Naine, under two irrigation regimes
(FI: full irrigation and RF: rainfed). Points de-
note average CCrel, error bars denote±
standard deviation as determined on plot level
(n=3 for HG and n=4 for GN). “*” notes
when CCrel of RF is significantly lower than
CCrel of FI (p < 0.05 and 95 % CI do not
overlap). (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article).
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both experiments (Fig. 6). In HG, LAIplant and LAImat were significantly
reduced by drought from 31 WAP onwards (p < 0.05). Fungus pruning
started at 55 WAP, after which LAI could no longer be calculated due to
the big size of the plants.

In GN, LAIplant of C1 increased steadily until the first onset of
flowering (32 WAP), after which there was a big drop in LAIplant of C1
due to leaf pruning at 37 WAP (P3), whereby the lowest six leaves were
cut from all plants in both FI and RF (Fig. 6). LAIplant of C1 was sig-
nificantly reduced in the RF plots from 42 WAP onwards (p=0.009),
whilst LAIplant of C2 was affected from 46 WAP (p= 1.65e−5). LAImat

behaved similarly and started diverging from 42 WAP onwards
(p=5e−4).

As such, LAI in both experiments reacted to moisture deficit at about
8–9 weeks after soil moisture divergence, similarly as CC values.

3.5. CC-LAI curves

LAImat values were used to create CC-LAI curves for both cultivars,
which follow an exponential function (Fig. 7).

CC and LAI were accurately fitted by the Lambert-Beer equation for
both cultivars. HG had significantly lower extinction coefficient
(b= 0.51 ± 0.0038, p<2e−16) than GN (b= 0.67 ± 0.0046,
p<2e−16) showing that at a similar LAI, a lower CC is reached in HG.

4. Discussion

4.1. Canopy cover growth over time

Total precipitation received during the C1 growth cycle (lasting
over 60 WAP) was about 1403mm for HG, and 1607mm for GN. Total
amounts might be sufficient for optimal banana production
(1100–2650mm yr−1) but not evenly spread, as there were two distinct
rainy seasons interrupted by dry spells of more than twomonths im-
plying the need for irrigation (Robinson and Alberts, 1986; Van Asten
et al., 2011; Varma and Bebber, 2019). FI plots received 3416mm (HG)
and 4400mm (GN) over the entire growing season, compared to RF
plots which received 1770mm (HG) and 1340mm (GN) during the first
4 MAP to establish the fields. As growth was significantly reduced in RF
plots, irrigation proved necessary in Arusha for both experiments.

CC in both experiments was significantly affected by soil moisture
deficit (Fig. 3), but timing and severity occurred at different develop-
mental stages in the experiments (Fig. 2). Divergence of soil moisture in
HG started at the start of the exponential growth phase (23 WAP) when
CC values were approx. 25 %. As drought coincided with the beginning
of the exponential growth phase absolute CC differences were more
pronounced, and became first significant (diff=7.66 %±3.77,
p=0.05) at around 8 weeks after the onset of soil moisture differences
(31 WAP). At 36 WAP, in the middle of the dry season, CC in FI plots
was 17 % (± 3.77) larger than the RF plots (p= 1.65e−4).

For GN, the absolute effect of drought on CC was less, as CC reached
about 85 % at moisture divergence (29 WAP onwards), and most of the
leaves of C1 had already formed so close to flowering. CC differences
between RF and FI plots became significantly different from 38 WAP
onwards (diff=3.54 %±1.15), about 9 weeks after soil moisture
values started diverging indicating moisture deficit to have an effect on
the CC even close to flowering.

CC as such reacted quickly to moisture deficit in both experiments.
Drought induces stomatal closure, reducing transpiration, photosynth-
esis, thereby reducing leaf area and leaf emission rate (Kallarackal
et al., 1990; Thomas and Turner, 1998; Taiz and Zeiger, 2002; Carr,
2009) both playing a role in CC formation. As new leaves emerge at the
top of the pseudostem, and newly formed leaves cover older ones, a
reduction in leaf appearance rate and a corresponding decrease in leaf
area of new leaves due to moisture deficit, will have a significant effect
on the CC, depending on the severity and timing of drought. Indeed, CC
and LAI (Figs. 3 and 6) were both significantly reduced by moisture
deficits in both experiments.

Logistic growth curves accurately captured CC growth for both HG
and GN although CC values were slightly overestimated (1–2 %) at the
beginning of the growing season for both experiments (Fig. 3). Over the
full growing season, this initial overestimation is negligible.

For HG, CC growth curves for RF and FI deviated more and hence a
CC divergence from optimal values during the vegetative stage can
therefore be a good indicator of moisture deficit. Similar CCmax values
were reached due to the occurrence of the rainy season between 43 and
54 WAP, allowing mats in RF plots to reach LAImat values leading to
near maximum CC (Fig. 7). So even though LAImat differed significantly
(Fig. 6), CC did not differ significantly (Fig. 3 and Fig. 7).

For GN, the growth rate r was slightly increased under moisture
deficit, but this statistically significant difference leads to very small CC
growth curve differences. CCmax differed significantly which is due to
differential leaf formation in C1 and C2 after soil moisture divergence
(Fig. 6). Even the last developed leaves before flowering of C1, and
leaves of C2 therefore have an effect on overall CC, albeit a smal ab-
solute effect given the exponential nature of the CC-LAI curve (Fig. 7).

Similar CCmax values of approx. 90 % were reached in both ex-
periments under FI, being close to values in other crops under optimal
spacing: peach 93 % (McClymont et al., 2005), apple 93 % (McClymont
et al., 2005), Amaranthus 95 % (Bello and Walker, 2017), cabbage 95 %
(Wellens et al., 2013), vining pea 95 % (Paredes and Torres, 2016),

Fig. 5. Minimal daily relative canopy cover (CCrel) for different drone flying
dates compared against a) daily reference evapotranspiration: ET0 (mm day−1)
and b) soil moisture depletion on plot level (mm) for two experiments (HG:
Mchare - Huti Green, GN: Cavendish - Grande Naine) under two irrigation re-
gimes (FI: full irrigation and RF: rainfed). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).
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cotton 90 % (Farahani et al., 2009), maize 90–95 % (Hsiao et al., 2009).
CCmax values of 100 %, while theoretically possible, are rarely reached
even with dense planting.

Commonly used densities of HG is 2×2m (2500 plants ha−1) and
of GN is 3×2.5m (1333 plants ha−1) respectively, and differed from
the used planting density (1667 plants ha−1). Different CC curves
would be obtained with these spacings, where CC curves (Fig. 3) would
shift upward for HG (faster CC growth), and downward for GN (slower
CC growth). Then, differences between cultivar CC curves might not be
as pronounced as now. Additional research should look at the CC
evolution in plantations under different densities planted at the same
time to see the density effect on CC growth curves.

4.2. Diurnal CC pattern

CC showed a significant diurnal pattern on days characterized by

high evaporative demands (ET0 > 3mm day −1) in both experiments
(Figs. 4 and 5). Overall a clear pattern emerged. Under high ET0

(> 3mm day−1), CC reduces from morning values and reaches minimal
values around noon, after which it increases again in the afternoon
(Fig. 4). The larger the daily ET0, the larger this CC reduction at noon
(Fig. 5a). On days of high ET0, soil moisture depletion in RF plots sig-
nificantly increased the CC reduction at midday (p < 0.05) compared
to FI plots (Fig. 5b). Hence, both environmental stimuli and the soil
moisture deficit status play a role in diurnal CC patterns. We hy-
pothesize this CC pattern to occur due to leaf folding of banana plants.

Leaf folding occurs in well-watered, non-stressed banana plants and
typically follows a diurnal rhythm with leaf halves bounding a single
plane aligning the midrib during the night and early morning, be-
coming more vertical (fold downward) during periods of high eva-
porative demand and returning to their original position (fold upward)
in the late afternoon (Milburn et al., 1990; Thomas and Turner, 1998;
Turner and Thomas, 1998; Turner et al., 2007; Carr, 2009).

Leaf folding in response to drought is still debated, but some re-
search suggests diurnal leaf folding to be more pronounced under
drought (Milburn et al., 1990; Thomas and Turner, 1998; Turner and
Thomas, 1998), whilst others refute this claim (Lu et al., 2002). Our
results indicate leaf folding indeed is increased under drought, given
ET0 is high enough.

Other plants also exhibit leaf folding at field scale under drought.
Maize, rice, wheat, and sorghum (amongst other grasses) roll their la-
mina upward transversally to the mid rib under stress conditions due to
a drop in water potential (turgor) in the leaf. Leaf “rolling” results from
varying degrees of dehydration in different cross sections of the rolled
leaf (Kadioglu et al., 2012). Rolling in maize leaves follows a diurnal
pattern whereby maximum closure is reached at solar noon during days
of high evaporative demand, but not present in well-watered plants.
Leaf rolling in grasses is therefore a visible indication of moisture deficit
and also present at the canopy level (Baret et al., 2018).

In banana, leaf folding results from differential turgor of cells in the
leaf pulvinar bands, following a similar process as changes in stomatal
aperture which are being controlled by the turgor of the guard cells
(Satter and Galston, 1981; Turner et al., 2007). Diurnal leaf folding in
banana may therefore be due to changes in leaf turgor pressure on a
diurnal scale. Zimmermann et al. (2010), studied the effects of

Fig. 6. LAI evolution for two experiments (HG:
Mchare - Huti Green, GN: Cavendish - Grande
Naine) under two irrigation regimes (FI: full
irrigation and RF: rainfed). a) LAIplant values
for HG cycle 1 (C1) and cycle 2 (C2), b) LAImat

values for HG, composed of both cycles, c)
LAIplant values for GN cycle 1 (C1), d) LAImat

values for GN, composed of both cycles. Points
denote average LAI, error bars denote±
standard deviation as determined on plot level
(n=3 for HG and n=4 for GN). P1, P2 and
P3 indicate the different leaf pruning events.
GNflow indicates the period of flowering of C1
in GN; HGflow indicates the period of flow-
ering of C1 in HG. (1) indicates the onset of
moisture divergence in experiment 1, whilst
(2) indicates the onset of moisture divergence
in experiment 2. ‘*’ indicates a statistically
significant (p < 0.05) difference between LAI
in FI and RF plots. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).

Fig. 7. Relationship between leaf area index (LAImat) and canopy cover (CC) for
two banana cultivars (HG: Huti Green, GN: Grande Naine). Fitted lines are
regressed on plot data (points) until flowering of Cycle 1 in HG (n= 3) and GN
(n=4). Extinction coefficients are significantly different (p < 0.05). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article).
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environment and irrigation on leaf turgor pressure using a leaf patch
clamp pressure probe on diurnal timescales. They showed leaf turgor
varied diurnally in both irrigated and non-irrigated plants plants.
Generally, leaf turgor pressure declined from morning values, reached a
minimal value around noon after which turgor increased again in the
late afternoon and during the night. On days with high evaporative
demands, turgor pressure drops were more pronounced, indicating leaf
turgor pressure reacted directly to the environment. Under optimal ir-
rigation, turgor pressure dropped less and recovered during the night,
whilst under sub-optimal irrigation turgor pressure drops were more
pronounced and did not recover. They concluded turgor pressure am-
plitudes and stabilization time might therefore be indicators of moisture
deficit on a diurnal scale (Zimmermann et al., 2010).

Given our findings and the fact leaf turgor plays a role in leaf
folding, we hypothesize the diurnal CC pattern to reflect these diurnal
turgor pressure pattern in a leaf. At high evaporative demands (possibly
exacerbated by soil drought), leaf turgor drops, resulting in folding of
the leaves and closing of the stomata. We hypothesize the bigger the
evaporative demand, and the more soils are moisture depleted, the
more leaf turgor is affected leading to a more pronounced leaf folding
and a more pronounced diurnal CC pattern. Further research is needed
to prove this hypothesis.

CC diurnal patterns by themselves are not good indicators of
moisture deficit, as they do not occur when ET0 is low and occur even in
well irrigated plots when ET0 is high. However, comparison of irrigated
with non-irrigated plots on days of high ET0 could indicate moisture
deficit due to an increased and prolonged CC drop at midday.

This diurnal CC pattern needs to be taken into account when
creating CC curves for crop growth modelling. CC pictures need to be
taken early in the morning (< 8 h) or in the evening (> 18 h) to reduce
the CC variation and make use of optimal light conditions.

4.3. CC-LAI relationship

As banana cultivars are phenologically diverse, it is necessary to
determine a laf to correctly determine the LAleaf for each cultivar. Laf
was 0.66 (± 0.004, p < 2.2e−16) for HG, and 0.75 (± 0.004,
p < 2.2e−16) for GN. These values are in the range of published laf
values (Obiefuna and Ndubizu, 1979; Blomme and Tenkouano, 1998;
Nyombi et al., 2009). Using the laf for HG and GN, LAImat values for HG
and GN ranged between 0 m2m-2 and 5m2m-2 (Fig. 6 and Fig. 7) cor-
responding with the LAI range noted in commercial plantations
(Turner, 1972, 1998; Turner et al., 2007).

CC-LAI relationships were obtained for both cultivars with LAImat

being composed of both C1 and C2 (Fig. 7). The CC-LAI relationship
was exponential as in wheat, Triticale and maize (Hsiao et al., 2009;
Nielsen et al., 2012). At a similar spacing, CC-LAI curves differed sig-
nificantly (p=4.731e-10) between the two cultivars. HG had a sig-
nificantly lower extinction coefficient (b=0.52± 0.006) than GN
(b=0.67± 0.004), indicating that at similar LAI values a lower CC will
be obtained for HG. This can be due to the ploidy of the cultivars as
diploids (HG) exhibit more erect leaves than triploids (GN). At similar
LAI values, erect leaves cover less ground than more horizontal leaves.
This remains speculation, as to test whether it is a ploidy effect, rather
than a cultivar effect, more cultivars need to be tested.

Overall, CC, LAI and corresponding CC-LAI curves are influenced by
cultivar, plant spacing, mother-daughter relationships and management
and environments (Turner, 1998; Turner et al., 2007; Wellens et al.,
2013). Hence a single CC-LAI curve cannot be proposed for banana
(Musa spp.). Changing plant density to optimal densities for HG
(2m×2m) and GN (2.5m×3m) would shift the CC-LAI curve up-
ward for HG, and downward for GN, bringing them closer together.

5. Conclusion

CC growth, and growth curves where significantly affected by

moisture deficit, indicating CC growth over time can be used as an
indicator of moisture deficit in plantations. Over a growing season, both
CC and LAI were significantly reduced 8–9 weeks after moisture di-
vergence between the RF and FI plots in both experiments. Solely using
CC as an indicator of growth, however does not allow to separate the
effect of drought between the different cycles, and therefore CC curves
over time can only be used as indicators of the total plantation reaction
to drought. When separating growth of the different cycles, LAI is of
better use as this can more easily be separated between mother and
daughter plants.

On a daily timescale LAI remains stable, whereas CC varies ac-
cording to evaporative demands and moisture depletion. At low eva-
porative demands, CC did not vary significantly. At high evaporative
demands CC was reduced at midday, with reductions being increased
by increasing soil moisture depletion. In view of this diurnal CC pattern,
we hypothesize CC drops to reflect the leaf turgor pressure, which has
proven to vary similarly on a diurnal timescale and plays a role in leaf
folding. More research is however needed to prove this hypothesis.
Daily monitoring of CC at morning compared to midday might be an
indicator of soil moisture deficit if a reference plot that is fully irrigated
is present.

CC-LAI curves for both cultivars followed the Lambert-Beer law,
with both cultivars having significant different extinction coefficients.
CC-LAI curves are expected to depend on the plant spacing and used
cultivar, as the difference in extinction coefficient might be due to the
different leaf physiology of the used cultivars.

In summary, CC as an indicator of growth offers potential in mon-
itoring soil moisture deficit in banana plantations.
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