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Data on water relations and growth characteristics of mango trees needed for productive plantation management are currently
lacking in West Africa. Relationships between allometric properties and water use in mango trees were examined. In addition, the
effects on allometric characteristics and xylem sap flow were investigated in a mixed varieties plantation. Tree age explained more
than 92% of the variation in stem diameter, over 96% of the variation in height, over 92% of the variation in crown diameter,
and more than 97% of the variation in leaf area index of the 60 mango trees sampled. Water use increased from 1.01kgd ™! to
156.7kgd ™! from the 2- to the 33-year-old trees for a typical bright day. Sap flow was highly correlated with age under different
sky conditions. A power function relating daily sap flow to age yielded an r? of 0.98 for bright days and 0.87 when combined with
rainy day data. The water use and growth parameters of the three cultivars were generally not significantly different. This paper
has implications for mango productivity and for orchard water management in potentially dry areas of West Africa.

1. Introduction

Mango (Mangifera indica L.), a diffuse-porous species and
one of the most important tropical tree crops [1], belongs to
the family Anacardiaceae [2]. It is believed that mango was
brought from Arabia to Africa in the first millennium AD [3].
Ghana received more than a dozen cultivars in the early 1920s
and more than a dozen other cultivars were brought in later
from Florida and India [2]. However, because of identifica-
tion problems, an effort was initiated in 1967 to classify the
seedlings in the Ejura district, the Ejura Agricultural Station,
and the plantation of the Faculty of Agriculture, University
of Science and Technology, Kumasi, in order to eliminate
confusions and have identifiable cultivars marked for future
research. There is great potential for the rapid growth of
mango industry in West Africa if the current planting rate
and government encouragements are sustained.

Although mango is drought tolerant and could be con-
veniently cropped under rain-fed conditions, supplemental
irrigation may be required for optimising growth, fruit set,
and yield [4]. Poor and unreliable flowering is one of the

factors leading to low productivity [5], but applying irri-
gation from peak flowering to fruit maturity could induce
reliable flowering leading to high yield [6, 7]. Preflowering
irrigation was reported to increase the overall photosynthetic
activity of the tree at the time of flowering [8]. The necessity
to directly and continuously monitor water use for precise
irrigation scheduling in mango plantations has been report-
ed [4, 7]. Subsequently, a Granier sap flow measurement
method was evaluated and applied successfully to measure
sap flow per unit sapwood area in young to mature mango
trees. Despite current advances, especially in Australia, there
is little or no information regarding water use of mango trees
in West Africa. In the study area, the planting practices have
resulted in age differences of adjacent plantations coupled
with indiscriminate mixtures of varieties or cultivars. These
lead to differences in cultivars composition on different
stands. Previous studies reported that young/mature trees
use more water per unit sapwood area than old trees of the
same species in a similar environment due to changes in stem
and branch hydraulics with age [9, 10] as well as pressure
gradient due to gravity [11]. The objectives of this study were



to examine the degree to which differences in tree age and
variety mixture affect water use and allometric characteris-
tics of mango trees under subhumid tropical environment
of West Africa. The study was part of the just concluded
GLOWA Volta project (http://www.glowa-volta.de/), which
lasted between 2000 and 2009. In the context of this project,
designed to study “sustainable water use under various land
use change and rainfall reliability,” understanding the hydro-
logical process in the basin water balance is very important.
Determinations of water use from each component of ecosys-
tem vegetation were required and therefore partly motivated
this study.

2. Materials and Methods

2.1. Study Sites. Measurements took place at two sites. The
age group experiment was located in the plantation (site I)
of the Faculty of Agriculture, Kwami Nkrumah University of
Science and Technology (KNUST) mango orchard in Ejura
(07° 23" N, 01° 21" W; elevation ~230 m). Stands of different
age are located adjacent to one another with trees tagged with
planting dates and varieties. The variety experiment was con-
ducted in a 2.43 ha (site II) of 5-year-old mango trees of cv.
Palmer, Haden, and Keitt located close to the summit of
Kotokosu watershed, 15km east of Ejura, Ghana (07° 20" N,
01° 16" W; elevation ~210 m). Both locations lie in the forest-
savannah transition zone with loamy sand soils of generally
similar properties (Table 1). The study area is characterized
by distinct wet and dry seasons with long-term mean annual
rainfall greater than 1.26 m [12].

2.2. Allometric Measurements. Allometric properties such as
stem diameter (SD), tree height (TH), crown diameter (CD),
and leaf area index (LAI) were measured on ten randomly
selected trees of six different age groups: 2-, 4-, 8-, 11-, 17-,
and 33-year-old. Stem diameter (at 0.5m) was measured
with a diameter tape. Tree height and crown diameter were
measured with a Spiegel relaskop (Relaskop-Technik, Aus-
tria). LAl was measured at eight points under the canopy of
the individual selected trees with a SunScan canopy analysis
system (Delta-T Devices, Cambridge, UK). Mean value was
computed by averaging all individual estimates of LAI Sap-
wood thickness was measured with a core sampler and used
to compute tree sapwood area (SWA). The measurements
described above were also conducted on a 5-year-old mixed
plantation at site II. Fifteen trees were sampled per variety.

2.3. Sap Flow and Soil Water Measurements. Sap flow was
measured with the “temperature difference method” of
Granier [13]. Two 2 cm long (heating zone) cylindrical
probes, 2 mm in diameter, were implanted in the sapwood
of the tree trunks with previously installed aluminium tubes,
with a vertical separation of 12 cm. The probes were installed
on the north side of the trees to minimise direct heating from
sunshine, and then shielded with aluminium foil against
rainfall. The downstream probe (the upper coil) was contin-
uously heated with a constant power source while the un-
heated upstream probe (the lower coil) served as a tem-
perature reference. During conditions of zero sap flow, the
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TaBLE 1: Soil properties at the two study sites in Ejura district,
Ghana.

Soil property Site I Site IT
Sand (%) 82.4 80.4
Silt (%) 14.3 12.3
Clay (%) 3.3 7.3
Bulk density (gecm™2) 1.56 1.73
pH 5.13 4.64
CEC (Ag+) 4.15 3.82

temperature difference between the lower and the upper
probes represents the steady-state temperature difference
caused by the dissipation of heat into nontransporting sap-
wood.

The age group experiment was conducted between DOY
282 and DOY 292, 2002. Sap flow was measured in six mango
trees of different age. The stem diameter, bark thickness, and
sapwood area of the different groups (respective) are present-
ed in Table 2(a). Similarly, the variety experiment was con-
ducted on young mango trees cv. Palmer, Haden, and Keitt
(Table 2(b)) between DOY 261 and DOY 275, and DOY 310
and DOY 315. Profile soil water content was measured on
4 days (DOY 271, 276, 285, and 308) during the periods of
sap flow measurements. A Delta-T PR1/6 capacitance probe
(Delta-T Devices, Cambridge, England) was used in access
tubes located within the plantations at both sites. Four sen-
sors were arranged at 10 cm depth intervals down to 40 cm
whereas one was placed at 60 cm and the last one at 100 cm.
Average profile soil moisture was estimated over the six
sensors in the column (1 m deep) using the calibration curve
supplied by the manufacturer.

2.4. Data Analysis. Sap flux density was computed with the
empirical relationship validated for different species [7, 12—
14] as follow:

ATmax_AT 1.231
Ss—8T)'

F; = 42.84
d 8( AT

where Fj is sap flux density integrated over the probe’s length
(gcm™2h7!), AT is the temperature difference observed be-
tween the heated and reference needles, and ATmax is the
value of AT when sap flow is zero, which is generally taken
as the peak nighttime value of AT. Sap flux density (Fy,
gcm 2 h™!), expressed on a sapwood area basis, was convert-
ed to sap flow (F, kgh™!) by multiplying with SWA. Esti-
mates were scaled up based on specific corrections proposed
for mango trees [1]. Total flow was calculated from flow in
the outer 2 cm of sapwood by assuming that flux density at
depths, x, greater than 2 cm is linearly related to depth as
Fs(a + bx). The multiplier (M) to convert the flow in the
outer 2 cm of sapwood to total flow was computed as follow:

_(Z+2R-2)
~ (2R-2)

R? R 8 2
Z:a(z —2R+2> +b<6 —2R+3>,
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TaBLE 2: Stem diameter (SD), bark thickness (BT), basal area (BA), and sapwood area (SWA) of the six gauged mango trees of different age

group and three gauged mango trees of different variety.

(a) Age group experiment, site I.

Age (years) Variety SD (cm) BT (cm) BA (cm?) #*SWA (cm?)
2 Palmer 3.9 0.2 11.9 9.2
4 Palmer 11.3 0.5 100.3 83.3
8 Palmer 17.2 1.2 232.4 171.5

11 Palmer 34.5 1.4 934.8 559.6

17 Palmer 56.2 1.2 2480.6 927.2
33 Palmer 66.0 2.0 3421.2 1071.3

(b) Variety group experiment, site II.

Age (years) Variety SD (cm) BT (cm) BA (cm?) #*SWA (cm?)
5 Palmer 11.5 0.5 103.0 85.4
5 Haden 12.2 0.8 116.9 86.2
5 Keitt 12.0 0.8 113.1 84.2
"SWA for trees >4 years old is estimated with procedure outline in Lu et al. [1].
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FIGURE 1: Soil water status during the sap flow measurement. (a) Profile pattern for DOY 285 (site I) and other dates (site IT) and (b) average

soil moisture in the 1 m column.

where a and b are fitted coefficients and R is the stem radius
after removing bark thickness. The values of a and b of
Lu et al. [1] were used and the results compared to the es-
timated sap flow based on measured SWA for trees with actu-
al SWA measurements. ANOVA and the Bonferroni mean
separation test were used to compare the means of all the
allometric parameters, F; and F for different age group and
variety. Nonlinear least squares regression models were ex-
plored to find possible relationships between the respective
allometric parameters (Y) and tree age (X). Power and loga-
rithmic functions of the form

Y = AX®

(3)
Y =AIn(X)+B

were found to adequately describe these relationships, where
A and B are the fitted coefficients.

3. Results

3.1. Soil Water Status. Figure 1(a) shows the variations in
the volumetric soil water content up to a depth of 1 m. The
selected days were typical for the period of the experiment.
Figure 1(b) shows the variation in mean water content for
the same days. An average of 0.29 m> m~> was observed on
DOY 285 at site I, whereas average water content varied from
0.32m*m~3 (DOY 308) to 0.34 m?> m~3 (DOY 271) during
the sap flow measurement period at site II. Although the
observed values tend to slightly decreased with increasing
DOY, no significant difference was observed in the mean
daily water content for the four days (P > 0.05). The relative
high values of soil moisture may suggest that soil water was
not limiting tree transpiration during the study period.

3.2. Age and Variety Effects on Allometric Characteristics.
Table 3(a) lists means and standard deviations of all the bi-
ometric parameters of the six age groups examined. Stem
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TABLE 3: Age/variety®, stem diameter (SD), tree height (TH), crown diameter (CD), and leaf area index (LAI) of mango trees at both sites

in Ghana.
(a) Age group experiment, site I (N = 10 trees per age).
Age/variety SD (cm) TH? (m) CD (m) LAT* (m?>m~2)
2 4.26 = 0.99 1.73 = 0.55 1.10 = 0.16 1.70 + 0.40P
4 11.20 = 0.80 4.06 = 0.27 3.62 = 0.64 2.77 £ 0.32¢P
8 19.59 +2.13 6.60 = 0.54 5.36 = 0.63 4.25 + 1.17¢
11 36.39 = 1.74 8.60 = 0.53 9.47 = 0.94 4.79 + 0.995C
17 55.87 = 3.50 9.89 = 0.57 12.25 + 0.75 6.29 + 1.46°
33 70.10 = 6.69 14.64 = 0.61 14.60 = 1.90 8.40 + 0.914
Sig. level P <0.001 P <0.001 P <0.001 P < 0.001
(b) Variety group experiment, site II (N = 15 trees per cultivar).

Age/variety SD (cm) TH? (m) CD (m) LAT* (m?> m~2)
Palmer 11.74 + 1.77 3.62 + 0.308 3.59 = 0.60 3.31 =£0.45
Haden 11.76 = 1.08 4.13 +0.224 3.48 = 0.49 3.88 = 1.10
Keitt 11.29 + 1.33 3.63 +0.358 3.71 £ 0.42 3.66 = 0.75
Sig. level P >0.05 P <0.01 P >0.05 P >0.05

*Age experiment was conducted with Palmer while variety experiment was on 5-year-old trees. *Value with different superscripted capital letters
denotes significant difference using Bonferroni mean separation test (applicable to LAI in age group, where other parameters are all significantly
different and TH in variety experiment where other parameters were not statistically different).

diameter showed the highest coefficient of variation (CV) of
23% in the 2-year-old trees (mean = 4.26 cm) and the lowest
CV of 5% in the 11-year-old trees (mean = 36.39 cm). The
mean SD in the 33-year-old trees was 70.1 cm with CV of
10%. Between the six age groups investigated, SD was signif-
icantly different (P < 0.001). Two regression equations (3)
were fitted to relate SD with tree age. The regression con-
stants and coefficients of determination are presented in
Table 4. The r? values of 0.965 and 0.925 were obtained for
power and logarithmic functions, respectively. High r? values
of both models indicated a strong association between stem
diameter and tree age. However, the power function that
passed through the origin showed a better fit and reflected
the growth process is preferred.

Tree height (TH) increased with age from 1.73m (CV =
23%) to 14.64m (CV = 4%) in 2-year-old and 33-year-old
trees, respectively. Similar to SD, TH was also significantly
different among all the age groups. The two regression mod-
els applied to relate TH and tree age yielded r* values of 0.961
and 0.976, respectively. Crown diameter (CD) varied form
1.10 = 0.16 m to 14.60 + 1.90 m in the youngest and oldest
tree groups. The highest CV of 18% was found with the
4-year-old trees and the lowest CV of 6% was found with
the 17-year-old trees. The fitted models indicated strong as-
sociation between age and CD with r? of 0.927 and 0.956,
respectively. Leaf area index increased with tree age and
varied from 1.7 + 0.40 m> m~2 to 8.40 + 0.91 m?> m~2. The
association between LAI and tree age based on a power func-
tion, yielded 2 value of 0.992 compared to 72 value of 0.972
for the logarithmic function. Unlike other listed allometric
characteristics, LAI of 2- and 4-year-old group, 8 and 11 and
11, and 17 year olds were not significantly different (P > 0.5,
Table 3(a)).

Stem diameter, TH and LAI in Haden were slightly higher
than in Keitt and Palmer (Table 3(b)). The differences were
not significant for SD, CD, and LAI. However, TH differences
between Haden and Keitt or Palmer were significant (P <
0.05). LAI was about 17% higher in Haden (LAI = 3.88 +
1.10m*>m™2) and 13% higher in Keitt (LAl = 3.66 +
0.75m? m~2) than in Palmer (LAI=3.31+0.45 m? m~?2) trees.
Combining the data for the three cultivars, cross-correlation
of the allometric parameters showed that CD highly corre-
lates with SD (P = 0.005), and less correlated with LAI
(P = 0.043).

3.3. Age and Variety Effects on Tree Water Use. Diurnal vari-
ations in sap flux density (F4) and total sap flow (F) for a
typical bright and a typical rainy day are shown in Figures
2(a)-2(d). Peak daytime F,; values of 15.7gcm~2h~! and
15.4gcm~2 h™! were measured in the trunk of the 2- and 4-
year-old trees, respectively. Both 17- and 33-year-old trees
showed peak values near 11.0 gcm~2h~!. However, unlike
the Fj4, the diurnal course of F showed clear differences be-
tween age groups. Water use increased with tree age with the
33-year-old tree showing a peak value of 21 kgh~! while the
2-year-old tree recorded a peak F value of 0.15kgh~!.

On a typical rainy day (Figures 2(c) and 2(d)), the diurnal
pattern was not similar to the bright day. The heavy rain-
fall between 11.30 and 15.30 lowered the values of F; and F,
leading to two peaked during the diurnal course. The young-
est of the gauged mango trees recorded the highest maximum
Fy value of 9gecm=>h~! as compared to 6.6gcm2h~! re-
corded in the trunk of the most mature tree. The daytime
maximum F values similarly showed a positive correlation
with age. The youngest tree transpires with a 0.08 kgh ™! peak
value whereas a value of 12.7 kgh~! was observed in the old-
est tree.
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FIGURE 2: Diurnal pattern of (a) sap flux density (F;) and (b) sap flow (F) for 2-, 4-, 8-, 11-, 17-, and 33-year-old mango trees for a typical
bright day in October 2002. (c) Sap flux density (F;) and (d) sap flow (F) are patterns for a typical rainy day.

TaBLE 4: Nonlinear least square regression models between tree
age and allometric characteristics of Palmer mango trees in Ejura,
Ghana.

Parameter (unit) Power function Logarithmic function

A B 2 A B r2
Stem diameter (cm) 2.438 1.037 0.965 24.918 —20.615 0.925
Tree height (m) 1272 0.739 0.961 4.476 -2.026 0.976
Crown diameter (m) 0.792 0.923 0.927 5.094 -3.208 0.956
Leaf area index 1219 0.570 0.992 2370 —0.389 0.972

(m*m~?)

A and B are regression parameters and r? is coefficient of determination.

Figure 3 shows the 24-hour integrated values of Fy
(gcm 2d!) and F (kgd™!) for both bright and rainy days.
Daily values of F; slightly decreased with increasing tree age.
Values observed for 2-, 4-, 8-, and 11-year-old trees, on a
bright day, were not significantly different from one another
but were different from those of 17- and 33-year-old trees.
Flux densities observed for all trees were not significantly

different on the rainy day. Daily sap flow showed a marked
nonlinear increase for both sky conditions. The values varied
from 1.0 kgd ™! to 156.6 kgd ™! and 0.43 kgd~! to 64.1kgd ™!,
on bright and rainy days, respectively. A power function
fitted between tree age and daily water use yielded a strong
association between F and tree age with 2 of 0.984 for bright
days and 0.981 for the rainy days. Combining the data for the
two extreme sky conditions, the percentage of variation in
water use explained by tree age was still high (r? = 0.873).
The daytime courses of F; for the three cultivars at age
five are shown in Figure 4(a) for DOY 306—310. The observed
patterns were similar with Palmer showing the lowest values
followed by Haden. Water use by Palmer highly correlates
with that of Haden (r = 0.978) and with that of Keitt
(r = 0.973), while Haden and Keitt correlate with r = 0.977.
Daily water use by the three mango varieties from DOY 261
to DOY 275 are shown in Figure 4(b). Sap flow ranged from
6.6kgd™! to 16.6kgd™! (mean = 11.0kgd~!) for Palmer,
7.6kgd™! to 18.1kgd™! (mean = 11.5kgd™!) and 8.5kgd™!
to 19.9kgd™! (mean = 12.8 kgd™!). For the 15 days of obser-
vations presented in Figure 4(b), daily water use by Keitt
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FiGure 3: Influence of tree age on daily (a) sap flux density (F,;) and (b) total sap flow (F) of 2-, 4-, 8-, 11-, 17-, and 33-year-old mango trees

for both bright and rainy days in Ejura, Ghana (site I).
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FIGURE 4: (a) Diurnal pattern of sap flux density (F;) of 5-year-old Palmer, Haden, and Keitt during DOY 308-312, and (b) daily sap flow
(F) of 5-year-old Palmer, Haden, and Keitt during DOY 261-275, 2002 at Ejura, Ghana (site II).

mostly varied with a CV of 29%, followed closely by Palmer
(CV =27%), and Haden (CV = 25%). The variation, which
is quite similar for the three cultivars, reflects probably the
influence of the day-to-day environmental conditions on sap
flow.

4. Discussion and Conclusions

In mango trees, strong statistical associations were found
between age of tree and all other growth parameters inves-
tigated. Combining all the age groups, SD explained 92%
of the variations in TH, 94% of the variations in CD, and
93% of the variations in LAI measured under individual tree
canopy. Previous studies have shown similar strong relation-
ships between growth parameters in other species [15, 16].
The allometric characteristics of the investigated varieties
were generally not statistically different except for tree height.
The varieties seem to grow somewhat alike but vertical leaf
distribution was obviously different for Haden. Furthermore
the association between CD and LAI is stronger in Haden
than in the other two varieties. A possible reason is that its
canopy looks more compact with relatively more leaves, low-
est CD and hence minimum gap fractions, which may trans-
late to higher light interception. Comparing the allometric

characteristics between sites I and II for the 4- and 5-year-
old palmer showed similar values for all the variables (Table
2). This probably reveals the inherent similarity of both
locations.

Although juvenile to mature mango trees were used in
this study, the observed trend in F4 appears to be consistent
with previous work. Daily Fy slightly decreased with increas-
ing tree age on both rainy and bright days (Figure 3(a)).
Previous work indicates that young mature trees use more
water per unit leaf area or sapwood area than old trees of the
same species and under similar environmental conditions
[9-11]. A recent study showed that differences in F; between
trees of different age were greater than those between trees of
different species but similar age [17]. The decrease with age
in observed F; seems to be in agreement with previous stud-
ies as explained by the hydraulic limitation hypothesis
(HLH). The HLH proposed that taller/older trees had greater
stomatal closure as a result of three interrelated factors [18,
19], (1) increased resistance with increasing hydraulic path
length; (2) increased gravitational potential against the as-
cent of water in taller trees, and (3) maintenance of a species-
specific minimum water potential in leaves. Decreasing Fy
with age of mango trees may be due to (1) and (2) above
thus leading to reduction in canopy transpiration. In Pinus
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ponderosa trees, whole-tree sap flow per unit leaf area aver-
aged 53% lower in old trees compared to young trees and
mean hydraulic conductance was 63% lower in old trees than
in young trees [20].

A more than 50% reduction in daily F; was observed on
all the gauged trees on a rainy day. Occurrence of precip-
itation attenuated the diurnal transpiration pattern during
the rainfall event while canopy wetness resulting from the
rainfall interception reduced F; below the observed value of
the bright day. This result is in concordance with Bruijnzeel
[21] and Dykes [22] who reported that evaporation in wet
tropical climates may be limited by rain events, due to the
high frequency of rainfall and high interception evaporation.
The vapor pressure deficit, which is considered as the major
driving force of transpiration, reduces during rainfall events.
Similar observations have been made with regards to the ef-
fects of rainfall on water use patterns in a young cashew
orchard in the same environment [23]. Although root data
were not collected in this study, but previous studies have
shown that mango has a long taproot that often branches just
below ground level, forming between two and four major
anchoring taproots that can reach 6 m down to the water
table. The more fibrous finer roots (feeder roots) are found
from between 0 and 1 m [2, 3]. Generally, 80-90% of roots
in trees are found within the top 60 cm of the soil profile,
with roots not commonly penetrating deeper than 2 m [24].
Thus the trees are not water limited during the measurement
period (Figure 1), but may require supplementary irrigation
to boost yield during dry season (January—March) when
flowering and fruiting occur.

Because tree age was highly related to other allometric
parameters, age was used as a predictor of daily water use
(Figure 3(b)). The strong relationship between tree age and
water use in mango tree may be useful to predict the age re-
lated effects on plantation water use/requirements. Because
of the limitations in other stress indicators such as soil water
status, leaf water potential, and stomatal conductance, irri-
gation scheduling based on direct sap flux density measure-
ments are gaining in importance [25, 26]. For example, re-
sults presented here, with age as a predictor of tree water use,
are expected to aid judicious water application to orchard of
different age groups, thereby leading to reduction in water
wastage and improved crop yield. Sap flux density and total
F were not different for the three 5-year-old mangos studied
under variety effect experiment. The three varieties (Palmer,
Haden, and Keitt) seem to have similar water use strategies at
this tender age.

Leaf area index is often assumed to be the most important
determinant of differences in transpiration among stands
[27]. However, in this study, a higher statistical association
(r? = 0.94) was observed between water use and CD than be-
tween water use and LAI (r> = 0.89). One possible cause is
that the gauged trees are mostly isolated (except for the 33-
year-old trees) and LAI was measured under the canopy of
these individual trees, LAI may be different for closed-canopy
plantations. A slight overestimation of LAI is expected for
the indirect LAl measurements presented in this study. Other
studies have compared the direct and indirect estimates of
LAl in forests and concluded that slight overestimation arises

in the indirect methods because tree stem and branches ac-
count for 4 to 12% of light interception in forests [16, 28,
29]. In general, the calibrated relations between tree age,
allometry, and water use seem very good. As such they can be
used for planning of irrigation water needs and water balance
estimates of mango plantations in similar environments.
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