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Abstract: Water yam (Dioscorea alata) is a staple crop for many of the poorest in the tropics. Yam tuber response to
fertiliser application has been reported to be erratic. We hypothesised that this variable response could be due to the
development of a suboptimal root system that would not allow the plant to capture the nutrients added with the fertiliser.
To verify this hypothesis we studied during two seasons (2006 and 2007) in Central C6te d’lvoire, the growth of yam root
system in relation to plant growth as affected by fertiliser input, using sequential root coring. In addition, we assessed the
horizontal and vertical distribution of yam roots using the wall profile method in the same site. Three root types (seminal,
adventitious and tubercular roots) were identified. Roots grew within the mound until 100 days after planting (DAP) and
afterwards, extended radially in the soil outside of the mound remaining in the first soil horizon (15 cm depth). Maximum
root extension was observed at 160 DAP. Root length density and root mass density were higher at higher soil
temperature whereas the average root diameter decreased at higher soil temperature. Specific root length did not change
with soil temperature. Root growth parameters were not affected by fertiliser application. Roots were mostly distributed in
clumps. As tuber yield formation was independent from root growth we conclude that the root system of this cultivar did
not limit tuber productivity. Other factors have to be considered to explain the variable response of yam to mineral

fertiliser additions.
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INTRODUCTION

Yam (Dioscorea spp) is a tuber crop which plays an
important role for food security in West Africa. Among the
dozen or so of cultivated yam species, the main species
grown in West Africa are Dioscorea rotundata Poir.,
Dioscorea cayenensis Lam. and Dioscorea alata L. Yam is
demanding in terms of soil fertility, and it is generally the
first crop after long term fallows in traditional cropping sys-
tems [1]. However, soil fertility is declining in many yam
producing areas of West Africa due to shortening fallow
duration, nutrient mining, and lack of adapted agricultural
practices to restore soil fertility [2]. Several attempts have
been undertaken to overcome this challenge with mineral
fertiliser application, but tuber yield response of yams has
been erratic [1, 3-5]. This irregular response might be related
to a suboptimal distribution of roots, which would not allow
an efficient uptake of added nutrients.
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Testing the relation between the root morphology of yam
and its response to mineral fertiliser application is
challenging because of our limited knowledge on the yam
root system. The yam’s root system has been described [6-8]
but not yet linked to the fertiliser response of the crop.
Furthermore, root distribution patterns may also be affected
by the study technique used [9, 10].

Two cultivars representing the major species, D.rotun-
data and D. alata were used in an extensive field trial in
Cote d’lvoire in 2006 and 2007 to investigate root growth
and distribution in relation to yam growth and tuber yield.
Only the results pertaining to D. alata are presented here.
Root growth was studied in yams growing in the absence or
in the presence of a mineral fertiliser by analysing the
variations of the root length density, the root mass density,
the specific root length, and of the average root diameter
over the two growing seasons using sequential soil coring. In
addition, we assessed in 2006 and 2007, the horizontal and
vertical distribution of yam roots using the wall profile
method at the same site at two points in time, on yams that
had received mineral fertiliser applications.
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MATERIALS AND METHODS
Site and Soil Preparation

A series of two experiments were repeated in 2006 and
2007 at the field station of the Centre Suisse de Recherches
Scientifiques en Cbéte d'lvoire based in Bringakro (Cote
d’lvoire), about 180 km north-west of Abidjan. The station is
located in a transitional equatorial climate zone at the inter-
face between a moist semi-deciduous forest and a shrub sa-
vannah. Rainfall distribution in the region is characterised by
a bimodal distribution pattern with two rainy seasons from
March to June and from September to October. Between
them, there is a short dry season (July to August) and the
long dry season period is from November to February. The
experiments were installed at a savannah site (N 6°40° W

5°09°) where the selected plot was cleared from vegetation
and mounds of ca. 50 cm height Were manually prepared
with hoes at a density of 1 mound m™. Field preparation was
identical for both experiments descrlbed below. Both ex-
periments were conducted on the same plot respectively in
2006 and 2007.

Planting Material and Cultural Techniques

An improved cultivar of the species D. alata, TDa
95/00010, introduced at the Centre Suisse de Recherches
Scientifiques en Cbte d'lvoire in 1998 by the International
Institute of Tropical Agriculture (II'TA, Ibadan, Nigeria) was
used. Tubers were cut into small pieces known as “sett”
weighing 100g each. Due to the existence of a positive
sprouting gradient from the tail to the head of yam tubers
[11], only the heads part of the tubers were used as planting
materials to ensure homogeneous germination in all treat-
ments. The setts were soaked in a Watery mixture of 600g
diazinon L™ (insecticide), 240g oxamyl L (nematicide) and
mancozebe 80% (fungicide) and air-dried for a day before
planting (IITA, pers. com). One sett was planted per mound.
During the growth cycle, plots were weeded monthly. In
2007, the 30|I was treated against nematodes using 240g ox-
amyl L™ ha™ two weeks before planting. The yam growing
period extended from May to December which included the
short dry season (July to August) and the beginning of the
long dry season (November and December). Plants were
irrigated during water shortage periods to avoid water stress.

Experimental Design of the Field Experiments

The first field experiment served to assess root length
density, root mass density, specific root length, and average
root diameter in relation to plant production in the presence
or absence of a fertiliser input, while the second aimed at
mapping the vertical and horizontal distribution of roots.

The first field experiment was arranged in a randomised
complete block design with two factors (yam species D.
alata and D. rotundata, and fertiliser input or not) and four
replicates in plots measuring 9 m x 4 m each i.e. 36 plants
per plot. A rate of 160-180-10-110 kg ha™ of N-K-P-Ca,
respectively, added in the form of NO3;NH,, K,SO, and
Ca(H,P0O,), was compared to a control where no fertiliser
was applied. The second field experiment was a randomised
complete block design with one factor (yam species:
D. alata, and D. rotundata) and four replications in plot
measuring 5 m x 4 m each i.e. 20 plants per plot. All plots
were fertilised in this experiment. In both experiments, the
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fertiliser was applied in two equal splits by broadcasting
at the maximum growth of the aboveground organs and
during tuber bulking corresponding to 90 and 130 DAP,
respectively.

DATA COLLECTION
Soil Characteristics and Climate Data

Soil samples were randomly sampled in the first 20 cm
layer of the plot before installing the experiments in 2006.
Soil texture was determined by sedimentation, and the total
C and total N were measured with the Walkley and Black
[12] and Kjeldahl methods [13], respectively. The pH was
measured in a 1/2.5 soil/water ratio. Rainfall and soil tem-
perature at 0-20 cm depth were measured in both growing
seasons using an automated weather station (http://www.
delta-t.co.uk) installed on the experimental site.

Root Growth Parameters Measurement

In the first experiment, soil cores were sequentially sam-
pled with a root auger by Eljkelkamp (http: //WWW eijkel-
kamp.com) measuring 15 cm in length and 754 cm?® in vol-
ume. Samples were collected during the vegetative growth
phase (75 DAP), at tuber initiation (100 DAP), during the
tuber growth phase (130 and 160 DAP) and during the tuber
maturation phase (190 DAP). At each sampling date, soil
cores were collected on two adjacent mounds per plot and on
four sides of each mound (Fig. 1). Soil cores were first sam-
pled in the 0-15 cm horizon (H,) and in the 15-30 cm hori-
zon (H,) at a distance of 25 cm from the top of the mound
where the plant emerged, and then sampled at a distance of
50 cm from the top of the mound in the 0-15 cm horizon (H3)
and in the 15-30 cm horizon (H,4). After each sampling, soil
cores were transported to the laboratory where yam roots
were separated from soil by elutriation in water [14]. After-
wards, the roots were gently rinsed with water and then care-
fully spread out in a thin layer of water (2 — 3mm) on a
transparent tray for scanning with the WinRhizo v. 2003b
software package (http://www.regent.qc.ca) as described by
Himmelbauer et al. [15] to measure the total root length and
the average root diameter (ARD, mm). Subsequently, roots
were removed from the tray and drled at 70°C for 72h. The
root length density (RLD, cm cm™) was estimated as the
total root length per unlt of soil volume, while the root mass
density (RMD, mg cm™®) was the root dry biomass per un|t of
soil volume. The specific root length (SRL, cm mg™) was
defined as the root length per unit of root dry weight.

After having sampled the soil cores, plants were removed
to measure the total shoot (vines and leaves) biomass and the
tuber and the entire root system were excavated to measure
tuber and root total biomass. Plant materials were dried at
70°C for 72h to assess their dry matter content.

Root System Mapping

In the second experiment, we drew root maps during the
vegetative growth phase at 70 DAP and during the maximum
root growth period (150 DAP). The root system of plants
was mapped in a horizontal and a vertical profile using the
trench profile method [16, 17]. The method consists of draw-
ing root impacts found on horizontal and vertical soil
trenches on transparent sheets. Two plants per plot were de-
structively sampled to map the root system. One plant was
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Fig. (1). Location of yam root sampling positions for the measurement of the root length density, root mass density, average root diameter and
specific root length. Samples were taken on the four sides of the mound. Here, we only show one sampling side for the sake of simplicity.

sampled to map root impacts in vertical profiles located at
0 cm (Vy), 25 cm (V,) and 50 cm (V3) from the centre of
the emerged plant (Fig. 2A). The other plant was used to
map root impacts on horizontal profiles located at 5 cm (D,),
30 cm (D) and 55 cm (Dj3) depth below the primary nodal
complex (PNC) from which originate the adventitious roots
(Fig, 2B). The root impacts were marked on the sheet by
considering the centre of the mound as the reference point
(0, 0). The positive Y-axis indicated the geographic north on
the horizontal maps, while the negative Y-axis represented
the depth on the vertical maps. When all the roots impacts
had been reported on the plastic sheets, they were brought to
the laboratory and photographed. The photos were digitalised
using the scion image software (http://www.scioncorp.com) to
determine the coordinates (X, Y) of the different root impacts.

STATISTICAL ANALYSIS

Analysis of variance (ANOVA) (SAS v. 9.1, SAS Insti-
tute) was used to test the effect of fertiliser application

The mound

a

V3: 50 cm
Vo: 25 cm
Vi:0cm

and the growing season on shoot (leaves + vines), roots
and tubers dry matter production (DM) respectively, at
each of the sampling date. ANOV A was also used to analyse
the effect of fertiliser application, the sampling position
(Hy, Hy, Hs and Hy) and the growing season on the RLD,
RMD, ARD and SRL. Least significant difference (LSD)
at P<0.05 were used to distinguish significantly different
means.

Regression equations were performed using SAS v. 9.1.

The nearest neighbour technique was used at P < 0.001 to
test the pattern of root spatial dispersion on both vertical and
horizontal profile maps. This technique allows testing the
distribution of data points, i.e. expected mean distance (rg)
between roots against a Complete Spatial Randomness
(CSR) distribution. The null hypothesis of CSR assumes that
data points are distributed randomly, which often displays
features that look like clumping [18]. The nearest neighbour
index value (R) is the ratio between rp and rg in the study

Primary nodal
complex (PNC)
position

» Di:5cm below
the PNC

\ » D-: 30 cm below

the PNC

J » D3 55cm below

the PNC

Fig. (2). Location of root mapping positions at V; (0 cm), V, (25 cm) and V3 (50 cm) from the centre of the mound on vertical profile (A)
and at D; (5 cm), D, (30 cm) and D5 (55 cm) below the primary nodal complex on horizontal profile (B).
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area, where rp is the mean nearest neighbour distance which
is defined as the closest distance between two data points.
The nearest neighbour index values range from 0 for per-
fectly clumped points, to R = 1 for randomly distributed
points to a maximum value of R = 2.15 for uniformly dis-
tributed points [18]. The nearest neighbour analysis was per-
formed using Surfer 8.0 software (Golden, CO, USA). The
root maps were characterised by the of root impacts number
(RIN), the nearest neighbour distance (ra), and the root dis-
tribution pattern derived from R. Due to the nature of the
root impacts data, no mean value was calculated per plot but
data were presented for each mound.

RESULTS
Soil Characteristics, Soil Temperature and Rainfall

The clay, fine silt and coarse silt content in the first 20
cm soil layer were 301 (standard error (SE) + 31) g kg™, 338
(SE + 42) g kg™ and 362 (SE + 25) g kg™, respectively. The
PHuwater Was 5.2 (SE £ 0.2) while the respective C and N con-
tents were 5.7 (SE + 0.2) and 0.7 (SE + 0.07) g kg™, respec-
tively. Soil temperature during the growing seasons (May to
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December) varied from 28 to 31°C in 2006 and from 24 to
26°C in 2007, during the growing season (Table 1).

In 2006, during the short dry season (July — August) and
at the end of the short raining season (October), 420 mm of
water was supplied to plants by irrigation (Table 1). In 2007,
rainfall was high and well distributed over the growing sea-
son so that irrigation was not necessary. However, the total
water received by plants in 2006 (1170 mm) was higher than
in 2007 (1010 mm).

Biomass Production

Incidences of weeds, pests or diseases were low in 2006
and 2007. The maximum shoot biomass was measured at
160 DAP in both years, while the maximum root biomass
was measured at 160 and at 130 DAP in 2006 and 2007, re-
spectively (Table 2). The maximum shoot and root biomass
was significantly higher in 2006 compared with 2007 irre-
spective of fertiliser application. At the maximum shoot and
root growth period, shoot biomass was significantly in-
creased by fertiliser application in both years, while the root
biomass was not affected. The applied fertiliser significantly
increased tuber production in 2007 but not in 2006 (Table 2).

Table1. Monthly Mean Soil Temperature, Recorded Rainfall and Irrigation Water (in Brackets) During the Growth Seasons of
2006 and 2007
DAP Soil Temperature [°C] Total water [mm]
Month 2006 2007 2006 2007
May 0 31 26 142 90
June 30 30 25 189 167
July 60 30 24 60 (130)t 177
August 90 29 24 41 (230)t 140
September 120 28 25 183 195
October 150 29 24 108 (60)T 165
November 180 29 25 22 78
Total 1170 1010
T Amount of water added by irrigation to supplement rainfall shortage in 2006.
Table 2.  Effect of Fertilisation and Year on Shoot (Leaves + Vines), Root and Tuber Dry Matter Production
Dry matter production [g m?]
Shoot Root Tuber
2006 2007 2006 2007 2006 2007
DAP NO N1 NO N1 NO N1 NO N1 NO N1 NO N1
75 79.8b A 111.3a A 46.1aB 76.9a B 7.3aA 74aA 48aB 34aB - - - -
100 219.6a A 184.2a A | 1245aB | 217.8aA | 17.1aA | 122aA | 122aA | 132aA 7.01a A 6.2a A 7.2aA 6.8a A
130 487.9b A 577.3a A | 286.4aB | 383.7aB | 18.1aA | 17.3aA | 16.8aA | 154aA 61.70 A | 12958 A | 843aA 103.1a A
160 770.4b A | 1284.8a A | 408.1bB | 641.6aB | 28.1aA | 246aA | 10.2aB 109aB | 431.1aA | 499.7a A | 363.9b A | 510.6a A
190 739.6b A 901.7a A | 224.6bB | 4343aB | 10.6aA | 8.9aA 7.3a A 8.6a A 504.8b A | 646.3a A | 387.7b B | 562.5a A
220 268.4b A 473.7a A | 2442b A | 397.4a A 48aA 4.6aA 43aA 6.4a A 504.7a A | 578.3aB | 450.7b A | 837.6aA

For each organ, means with the same letter in the same line are not significantly different at P<0.05. Small letter represents comparison between non fertilised treatment (NO) and
fertilised treatment (N1) in each year. Capital letter represents comparison between years for each fertilisation level.
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Indeed, in 2006, the tuber biomass of the fertilised treatment
decreased between 190 and 220 DAP reaching the level of
the tuber biomass of the non-fertilised treatment.

Root Growth Parameters

Three types of roots were observed: seminal roots, ad-
ventitious roots and tubercular roots. These roots derived
from the planted setts, the primary nodal complex (PNC) and
the newly developed tuber, respectively. However, as we
could not distinguish the different root types in the soil
cores, all roots were considered to estimate root growth pa-
rameters. No roots were observed below 15 cm (in Hy). Min-
eral fertiliser inputs had no significant impact on any of the
root variables measured in both years. Therefore, results pre-
sent here refer to the mean values of fertilised and not fertil-
ised plants.

The Root Length Density (RLD) did not vary signifi-
cantly between mound (Hy, H,) and interrow (H3) before
tuber initiation (0 — 100 DAP) in both years. Thereafter,
RLD was significantly higher in the upper mound (H;) and
after 130 DAP, the RLD was significantly lower in the lower
mound (H,) than in the interrow space (Hs) in 2006, but no
difference was observed in 2007 (Fig. 3A). At all growth
stages, the RLD was significantly higher in 2006 than in
2007. Indeed in the upper mound (H,), the maximum RLD
value was 0.62 cm cm™ in 2006 compared with 0.37 cm cm”
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Fig. (3). Root length density (A) and root mass density (B) as
affected by the year and sampling position over time with D. alata.

Bars are t-tests (LSDqgs) for root length density and root mass
density. Hy, H, and Hs represent sampling position.
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in 2007. In the lower mound (H,), the maximum RLD was
0.28 cm cm™ and 0.19 cm cm™ in 2006 and 2007, respec-
tively. In the flat area (H3), the maximum RLD value in 2006
(0.35 cm cm™®) was almost twice of that observed in 2007
(0.19 cm cm™®).

In both years, the Root Mass Density (RMD) was similar
between Hy, H, and Hj prior to tuber initiation (0 — 100
DAP). Afterwards, the RMD in H, declined drastically com-
pared with Hy and Hz in 2006. In 2007, the RMD in H, and
Hs increased slightly between 100 and 130 DAP and de-
clined thereafter, while the RMD in H; increased up to a
maximum at 160 DAP before declining (Fig. 3B). The root
mass density was significantly higher in 2006 than in 2007
for H; and H3 but no difference was observed between years
for H,. At the maximum root growth observed at 160 DAP,
the RMD in H; was 0.33 mg cm™ in 2006 compared with
0.22 mg cm™ in 2007. In H,, the RMD was 0.22 mg cm™ in
2006 and 0.09 mg cm™ in 2007.

The Average Root Diameter (ARD) pattern over time
was different between years (Fig. 4A). In 2006, the ARD
declined between 75 and 100 DAP, increased slightly from
100 to 130 DAP and declined again until harvest. In contrast,
in 2007 ARD declined between 75 and 130 DAP and then
increased until harvest. No significant difference was ob-
served between sampling positions in each year. The average
root diameter was significantly higher in 2007 than in 2006
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Fig. (4). Average root diameter (A) and specific root length (B) as
affected by the year and sampling position over time with D. alata.
Bars are t-tests (LSDy o5) for average root diameter and specific root
length. Hy, H, and Hg represent sampling position.
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at 100, 160 and 190 DAP. At 100 DAP the ARD was 0.45
mm in 2006 compared with 0.7 mm in 2007. At the end of
the growing season, the ARD was 0.45 mm and 0.65 mm in
2006 and 2007, respectively.

The Specific Root Length (SLR) was neither signifi-
cantly different between years, nor between the sampling
positions during the entire growing season. The specific root
length was constant over time up to 160 DAP with a mean
value of about 2 cm mg™ (Fig. 4B).

Relationship Between Root Density and Root Impacts
Number

Means and standard deviations for both RLD (Root
Length Density) and RMD (Root Mass Density) were highly
correlated at sampling position H; and H; but not at H,
(Table 3). The coefficient of variation was high in Hy (54 and
61% for RLD and RMD, respectively) and increased slightly
in Hz (67% in both cases). When combining all sampling
positions (Fig. 5), the coefficients of correlation between
root density and standard deviation remained high with high
coefficients of variation (60-63%).

The root impact numbers (RIN) measured in this study
ranged from 0.01 to 0.17 cm™ (Fig. 6). Root densities were
highly correlated (r* > 0.80, n=8) with root impacts number
(Fig. 6). The slope of the resulting equations varied from 2.2
to 3.3 for RMD and RLD, respectively, the intercept of the
respective models (0.03), however, was similar.

Root Mapping

The characteristics of the maps observed on both hori-
zontal and vertical profiles are summarized in Table 4. In
both years and for each investigated plant, the root distribu-
tion patterns observed at 70 DAP evolved from random or
uniform at D; to clump with depth (D, and D3) on the hori-
zontal profile. Conversely, on the vertical profile, the root
distribution pattern evolved from clump inside the mound
(V1 and V) to uniform in the interrow (V3). At 150 DAP
roots were mostly distributed as clump on both vertical and
horizontal profiles.

A year effect was observed on root distribution patterns
in the interrow (V3). While the roots were mostly distributed
as uniform (2 of 3 cases) and random (2 of 3 cases) at 70 and
150 DAP, respectively, in 2007, they were mostly distributed
as clump at both 70 and 150 DAP in 2006.

DISCUSSION

Both the soil coring method and the root mapping
method give results that are often difficult to interpret. An
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impacts number have been measured at 25 and 50 cm from the yam
plant after 70 and 150 days after planting.

unknown fraction of fine roots may be lost through the sieve
in the soil coring method, while an unknown fraction of fine
roots might not be taken into account by mapping the soil
profile [19]. However, the significant correlations observed

Table 3. Correlation Between the Mean Root Density and the Standard Deviation at each Sampling Positions (H;, H, and Hjy)
Combining All Years, Treatments and Sampling Dates
MRLD vs. Std dev MRMD vs. Std dev
Sampling Position r? CV (%) r CV (%)
H; 0.83 54 0.82 61
H, 0.05 52 0.5 55
Hs 0.88 67 0.87 66

MRLD=Mean Root Length Density; MRMD=Mean Root Mass Density; Std dev= Standard deviation. R?= coefficient of correlation; CV= coefficient of variation.
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Table 4.
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Root Map Patterns Observed at Different Depths (D, Horizontal Maps) and Distances (V, Vertical Maps) at 70 and 150

DAP in 2006 and 2007 using the Nearest Neighbour Test for the Null Hypothesis (H,) of Complete Spatial Randomness

Year 2006 Year 2007
70 DAP 150 DAP 70 DAP 150 DAP
Sampling Position Map Pattern Map Pattern Map Pattern Map Pattern
Random (2/4)
D Random (2/4) Random (1/4) Uniform (1/4)
Uniform (2/4) Clump (3/4) ump (1/4)
D Random (1/4) Random (2/4)
Clump (4/4) Clump (4/4)
Clump (3/4) Clump (2/4)
Ds Clump (4/4) Clump (4/4) Clump (4/4) Clump (4/4)
Vi Clump (4/4) Clump (4/4) Clump (4/4) Clump (4/4)
V, Clump (4/4) Clump (4/4) Clump (4/4) Clump (4/4)
V3 Uniform (1/4) Uniform (2/3) Random (2/3)
Clump (4/4)
Clump (3/4) Clump (1/3) Clump (1/3)

*When Hj is rejected at P < 0.001, then the pattern reported is significantly non-random and the pattern is clump (R<1) or uniform (R>1). D;, D, and D; correspond to 0 cm from the

PNC to 25 and 50 cm depth, respectively. V;, V, and V; correspond to 0 cm from the centre of the mound to 25 and 50 cm distance in the interrow, respectively.

in our work between the Root Length Density (RLD) and the
number of roots per cm® on the one hand, and between the
Root Mass Density (RMD) and the number of roots per cm?
on the other hand, suggest that these two methods provide
related yet complementary information on root distribution.
Relations between the RLD and the number of roots per cm?
have been observed for many crops [19], but this is the first
time that this is reported for yam. With this methodological
check being positive, we can go forward to provide a
description of the root system of D. alata.

Description of the Root System of D. Alata

The root system of D. alata observed in this study con-
sisted of three types of roots which replaced each other over
the growing season. In addition to the seminal and the ad-
ventitious roots observed by Charles-Dominique et al. [8] for
a cultivar of D. rotundata, we also observed tubercular roots
on the newly developed tuber. These tubercular roots re-
placed the adventitious roots 4-5 months after planting when
the adventitious roots started dying off.

Root growth is influenced by genetic and environmental
factors thus it is difficult to compare different species grown
in different environments. The root impact numbers (RIN%
measured in this study, which ranged from 0.01 to 0.17 cm’
for yam, were less than those reported elsewhere for maize.
Using the vertical profile wall technique, Tardieu [17] meas-
ured RIN two times higher, whilst VVepraskas and Hoyt [20]
reported RIN ranging from 0.01 to 0.85 cm™. Root densities
(RLD and RMD) were also low in this study, even at the
maximum root growth. Oikeh et al. [21] has reported 4.12
cm cm™ for maize. The values of 2.17, 2.51 and 1.20 mg
cm™ have been reported for potatoes, maize and cassava,

respectively [22, 23]. Nevertheless our data suggest that the
cultivar of D. alata used in this study produced more roots
than potatoes which have RLD of 0.27 cm cm™ [24].

The coefficients of variation of root densities ranged
from 52 to 67% which are similar to the variability observed
by Lodgson and Allmaras [19]. In other respects, coefficients
of variation were higher even in the surface layer (0-15 cm
depth) probably because of the concentration of roots [19] in
the mound (H,) and in the interrow (Hz) compared to below
15 cm in the mound (H,). This suggests that D. alata is a
shallow-rooting species like D. esculenta and potatoes [6,
23] with a maximum rooting depth of about 15 cm. Gener-
ally, root growth and rooting depth are influenced by genetic
factors as well as growth conditions. Soil preparation
(mounding and regular weeding during crop growth which
loosened the soil) and climatic conditions may have influ-
enced root growth in yam as reported for wheat [25, 26]. The
root densities were highly correlated with root impacts num-
ber. These correlations indicated that RLD and RMD are 3.3
and 2.2 times larger than RIN, respectively. Reports in the
literature comparing root density and RIN [17, 20] are simi-
lar to our findings but lower than 16 found by Lodgson and
Allmaras [19]. These results indicated that the root distribu-
tion in D. alata was non-uniform, since root density should
be about twice the RIN for uniform root distributions [27].
The root system growth dynamic observed on root maps
showed a very skewed distribution, with differences between
vertical and horizontal maps during the vegetative growth
phase (70 DAP). However, roots were mostly distributed as
clumps at the tuber bulking phase (150 DAP). Root distribu-
tions are clumped because of lateral formation, row effect
and growth concentrated in existing soil pores while other
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regions of soil are unexplored [17]. The increase of the vari-
ability of root density in the interrow resulting in the increase
of the coefficient of variation with distance suggests that the
preferred orientation of roots for growth was horizontal as
reported by Lodgson and Allmaras [19] for maize.

The average root diameter for D. alata found in this
study was similar to that reported by Charles-Dominique
et al. [8] for D. rotundata. These values are 2-3 times higher
than those reported by Vos and Groenwold [23] for potatoes
indicating that yams produce coarser roots.

Root distribution and plant growth

Root growth and distribution observed in this study were
very variable overtime. Before tuber initiation (0 - 100
DAP), the root system consisted of adventitious roots (gen-
erally coarse) which grew in the mounds. The distance be-
tween the roots increased with the depth and the root distri-
bution changed from uniform or random at the PNC level to
a clumpier pattern deeper in the soil profile, probably to al-
low for a better exploration of nutrient-rich niches. From
tuber initiation to tuber bulking phase (100 - 160 DAP), the
root system consisted of branched adventitious roots and
tubercular roots which spread out radially in the interrow as
both RLD and RMD increased significantly in H; whilst
they decreased in H,. This confirms that the direction of root
growth was preferentially horizontal. At this period, the roots
were distributed as clump in both the mound and the inter-
row. Unlike Melteras et al. [6] who observed maximum root
extension before tuber initiation in D. esculenta, our results
suggest maximum root proliferation period during the tuber
bulking phase. Root clumping patterns observed in this study
may be attributed to root proliferation in a given volume for
nutrient and water uptake or to soil physical heterogeneity as
reported for maize and soybean [16, 17, 19]. During the tu-
ber maturation phase (160 — 190 DAP), the root system
started to senesce resulting in a decrease of both root mass
density and average root diameter, but the root length density
still increased, probably due to tubercular roots.

Rooting depth in the interrow in this study did not exceed
15 c¢m in contrast to O’Sullivan [7] who reported a rooting
depth of 40 cm at a distance of 50 cm from the plant for the
cultivar Paholo of D. alata. These differences could be ex-
plained by the use of a different cultivar, or/and cultivation
technique, as in Oceania the mound is only 15 cm high [7]
compared to 50 cm in West Africa. Agbede [28] showed that
the tuber production of D. rotundata was significantly lower
in untilled soils compared to the production obtained with
mounding or ridging. This author interpreted the lower tuber
production in the untilled soil as the result of increased im-
pedance to root and tuber growth due to the higher soil bulk
density observed in this treatment compared to the traditional
mounding.

Effect of Year on Root Growth

Weather conditions may affect the growth of plant roots
through changes in soil conditions (e.g. soil water content
and soil temperature) [29]. In our study, the plants had
longer and thinner roots in the drier year of 2006, but shorter
and thicker roots in the rainier year of 2007, indicating a
plasticity of the root system across varying climatic condi-
tions. This result is in agreement with findings of Kovar
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et al. [30] and Qin et al. [29] on maize, and those of Pardales
et al. [31] on sweet potatoes and cassava. These authors
found that the RLD was higher in year and/or depth with
higher soil temperature and lower water availability. In con-
trast to the other root growth parameters, the specific root
length (SRL), defined as the ratio between root length den-
sity and root mass density, remained stable over the growing
season in the two experimental years. This suggests that the
SRL may be a genetic factor for this yam cultivar and it may
explain the adaptation of the root system of D. alata to
growth conditions across the years.

A year effect was observed on the root distribution pat-
tern in the interrow during the tuber bulking phase. While
roots were distributed as clumps in 2006, the distribution
pattern was mostly random in 2007, suggesting that root
branching or/and soil colonisation and exploitation activity
were more marked in 2006 than in 2007.

Fertiliser, root growth and yield

Fertiliser application had no significant effect on root
growth. Root biomass, root length and mass densities, and
average root diameter were not affected by fertiliser applica-
tion, whereas shoot and tuber biomass were often signifi-
cantly increased by fertiliser application in both years. This
indicates that the yam root system is less responsive to fertil-
iser as opposed to its responsiveness to soil temperature. The
erratic response of yam tuber to fertiliser could not be ob-
served here, except during the last growth phase in 2006
when shoot dry matter decreased dramatically in the fertil-
ised plots, without a mirrored pattern in tuber dry matter.
This could have been due to water stress in the last growing
month in 2006 as the plots were not irrigated anymore. The
water shortage observed during this growth phase caused an
early senescence of plants in both fertilised and non-
fertilised plots. This probably hindered the transfer of as-
similates accumulated in aerial organs to the tuber in the
fertilised plots. It appears therefore that the root system is
not the missing link between fertiliser and tuber yield, but
our results indicate that the erratic response of yam to fertil-
iser may be related to other stress factors, that reduce or even
nullify the effect of fertiliser, and to which the plant is not
able to adapt.

CONCLUSIONS

Compared to other crops D. alata showed to be, a shal-
low-rooting species with coarse and low density roots. The
root system was composed of three root types which fol-
lowed each other: the seminal roots that grew directly from
the planted sett, the adventitious roots growing from the pri-
mary nodal complex and the tubercular roots growing on the
newly-developed tuber. Under our study conditions, D. alata
developed most of its roots within the mound till tuber initia-
tion only afterwards emitted roots outside of the mound.
When growing outside of the mound, roots stayed in the first
15 cm soil horizon. Maximal root growth was observed at
160 DAP. The specific root length was constant over the two
growing seasons, suggesting that it is a genetically fixed pa-
rameter for this cultivar. The root length density was higher
in 2006 under relatively dry conditions than in 2007 under
relatively wet conditions. Horizontal and vertical root
mapping showed that roots were mostly distributed as clumps.
Root growth was not affected by fertiliser application. Our
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study revealed that tuber yield was not directly linked to the [12] ~ Walkley A, Black IA. An examination of the Degtjareff method for

root morpholo but probably to other stress factors such as determining soil organic matter, and a proposed modification of the
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