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GENERAL ABSTRACT

Issues surrounding water scarcity will become talpiic future as global fresh water resources
become more limited thus threaten crop productiRredicted climate change and increasing
population growth will place more pressure on agtice to produce more food using less
water. As such, efforts have now shifted to idemd previously neglected underutilised
species (NUS) as possible crops that could be tsdutidge the food gap in future. Taro
(Colocasia esculentd.. Schott) and bambara groundnufigna subterraneal. Verdc)
currently occupy low levels of utilisation in Sou#&frica. Both crops are cultivated using
landraces with no improved varieties availableotnfation describing their agronomy and
water—use is limited and remains a bottleneck ¢ foromotion. The aim of this study was to
determine the drought tolerance and water—use letteel landraces of taro and bambara

groundnut from KwaZulu-Natal, South Africa.

In order to meet the specific objectives for tanal dambara groundnut management, an

approach involving conventional and modelling teghes was used.

Three taro landraces [Dumbe Lomfula (DL), KwaNgwsmgKW) and Umbumbulu
(UM)] were collected from the North Coast and mindla of KwaZulu-Natal, South Africa, in
2010. The UM landrace was classified as Eddoe tgpe (C. esculentavar. antiquorurn)
characterised by a central corm and edible sidenelst The DL and KW landraces were
classified as Dasheef (esculentavar. esculent® characterised by a large edible main corm
and smaller side cormels. A bambara groundnut &sdwas collected from Jozini, KwaZulu-
Natal, and characterised into three selectionsd’Reight-brown’ and ‘Brown’) based on
seed coat colour. Seed colour was hypothesiseawe an effect on seed quality. Field and
rainshelter experiments were conducted for both &md bambara landraces at Roodeplaat in
Pretoria and Ukulinga Research Farm in Pietermarity, over two growing seasons (2010/11
and 2011/12).

The objective of the field trials for taro and baard groundnut was to determine
mechanisms associated with drought tolerance i ¢end bambara groundnut landraces.

Experiments were laid out in a split-plot designew irrigation [fully irrigated (FI) and



rainfed (RF)] was the main factor and landracedafiraces of either taro or bambara
groundnut) were sub-factors. Treatments were ae@ng a randomised complete block
design (RCBD), replicated three times. Rainfeddneere established with irrigation to allow
for maximum crop stand. Thereafter, irrigation wathdrawn. Whilst experimental designs
and layouts for taro and bambara groundnut werdasindifferences existed with regards to
plot sizes and plant spacing. Trials were planted ¢otal land area of 500°rand 144 rf, for

taro and bambara groundnut, respectively. Plantisgavas 1 m x 1 m for taro and 0.3 m x
0.3 m for bambara groundnut. Irrigation schedulmg¢he FI treatment was based on,Ehd

K¢ and was applied using sprinkler irrigation system.

Separate rainshelter experiments were conductedtday and bambara groundnut
landraces at Roodeplaat, to evaluate growth, yad water-use of taro and bambara
groundnut landraces under a range of water regiftes experimental design was similar for
both crops, a RCBD with two treatment factorsgation level [30, 60 and 100% crop water
requirement (ETa)] and landrace (3 landraces),iga&gld three times. Irrigation water was

applied using drip irrigation system based on Bfid K.

Data collection in field and rainshelter trialsluabed time to emergence, plant height, leaf
number, leaf area index (LAI), stomatal conductasmte chlorophyll content index (CCI). For
taro field trials, vegetative growth index (VGI) svaalso determined. Yield and yield
components (harvest index, biomass, corm numbernass) as well as water—use efficiency

(WUE) were determined at harvest.

Intercropping of taro and bambara groundnut waduetad under dryland conditions
using farmers’ fields at Umbumbulu, KwaZulu—Nataguth Africa. The experimental design
was a RCBD replicated three times. Intercrop comtimns included taro and bambara
groundnut sole crops, a 1:1 (one row taro to ome wambara groundnut) and 1:2 intercrop
combinations. The taro UM landrace and ‘Red’ bambgmoundnut landrace selection were

used in the intercropping study.

Lastly, data collected from field and rainsheltgperiments were used to develop crop
parameters to calibrate and validate the FAO’s Ajop model for taro and bambara

groundnut landraces. The UM landrace was usedafor while the ‘Red’ landrace selection



was used for bambara groundnut. AquaCrop was eadithr using observed data from
optimum (FI) experiments conducted during 2010/Mhdel validation was done using
observations from field and rainshelter experimesdaducted during 2011/12 as well as

independent data.

Results showed that all taro landraces were slownterge £ 49 days after planting).
Stomatal conductance declined under conditionsnotdd water availability (RF, 60% and
30% ETa). The UM landrace showed better stomatallation compared with KW and DL
landraces under conditions of limited water avadligb Plant growth (plant height, leaf
number, LAl and CCI) of taro landraces was lowedam conditions of limited water
availability (RF, 60% and 30% ETa) relative to amiim conditions (FI and 100% ETa). The
UM landrace showed moderate reductions in growtmpared with the DL and KW
landraces, suggesting greater adaptability to wisbéted conditions. The VGI showed a large
reduction in growth under RF conditions and conéidithe UM landrace’s adaptability to
limited water availability. Limited water availaky (RF, 60% and 30% ETa) resulted in
lower biomass, HI, and final yield in taro landraaelative to optimum conditions (FI and
100% ETa). For all trials, the DL landrace failedoroduce any yield. WUE of taro landraces
was consistent for the three irrigation levels @0,and 100% ETa); however, on average, the

UM landrace was shown to have a higher WUE tharKivelandrace.

Bambara groundnut landraces were slow to emergeo(@> days after planting). ‘Red’
and ‘Brown’ landrace selections emerged better then‘Light-brown’ landrace selection,
confirming the effect of seed colour on early elsalment performance. Plant growth
(stomatal conductance, CCI, plant height, leaf nemnbAl and biomass accumulation) was
lower under conditions of limited water availahili{fRF, 60% and 30% ETa) relative to
optimum conditions (FI and 100% ETa). The ‘Red’ deate selection showed better
adaptation to stress. Limited water availabilitysuked in early flowering and reduced
flowering duration as well as early senescence maatlrity of bambara groundnut landrace
selections. The ‘Red’ landrace selection showedyael leaf senescence under conditions of
limited water availability. Yield reductions of up 50% were observed under water limited
conditions (RF, 60% and 30% ETa) relative to optimzonditions (FI and 100% ETa). Water
use efficiency increased at 60% and 30% ETa, réispgg relative to 100% ETa, implying
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adaptability to limited water availability. The ‘Belandrace selection showed better yield
stability and WUE compared with the ‘Brown’ and dht-brown’ landrace selections
suggesting that seed colour may be used as aisealagiterion for drought tolerance in

bambara groundnut landraces.

The intercropping study showed that intercroppasgan alternative cropping system, had
more potential than monocropping. Evaluation ofwgho parameters showed that taro plant
height was generally unaffected by intercropping lower leaf number was observed as
compared with the sole crop. Bambara groundnuttphaere taller and had more leaves under
intercropping relative to the sole crop. Althougbt rstatistically significant, yield was
generally lower in the intercrops compared with #we crops. Evaluation of intercrop
productivity using the land equivalent ratio (LEsthlowed that intercropping taro and bambara
groundnut at a ratio of 1:1 was more productiveRLE 1.53) than intercropping at a ratio of
1:2 (LER = 1.23).

The FAO’s AquaCrop model was then calibrated fa taro UM landrace and ‘Red’
bambara groundnut landrace selection. This was dbase observations from previous
experiments that suggested them to be droughtatgi@nd stable. Calibration results for taro
and bambara groundnut landraces showed an excélidmtween predicted and observed
parameters for canopy cover (CC), biomass and .yiMddel validation for bambara
groundnut showed good model performance under fieldand RF) conditions. Model
performance was satisfactory for rainshelters. d&ion results for taro showed good model
performance under all conditions (field and rairtgns), although the model over-estimated
CC for the declining stage of canopy growth und&rdenditions. Model verification using

independent data for taro showed equally good mpelébrmance.

In conclusion, the taro UM landrace and ‘Red’ baraliroundnut landrace selection were
shown to be drought tolerant and adapted to lovelsewf water—use. The mechanisms
responsible for drought tolerance in the taro UMdiace and ‘Red’ bambara groundnut
landrace selection were described as drought arogdand escape. The taro UM landrace and
‘Red’ bambara groundnut landraces avoided stressugh stomatal regulation, energy
dissipation (loss of chlorophyll) as well as reshgccanopy size (plant height, leaf number and

LAI), which translates to minimised transpirationahter losses. This indicated landrace
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adaptability to low levels of water—use. The ‘Rdximbara groundnut landrace selection
showed phenological plasticity and escaped droughtflowering early, delaying leaf
senescence, and maturing early under conditiotismdéd water availability. Performance of
the ‘Red’ landrace selection lends credence toude of seed coat colour as a possible
selection criterion for drought tolerance in banabaroundnut, and possibly for other
landraces with variegated seed. The taro UM lamdescaped drought by maturing early
under conditions of limited water availability. TRAO’s AquaCrop model was successfully
calibrated and validated for taro UM and ‘Red’ bamgbgroundnut landraces. The calibration
and validation of AquaCrop for taro is the firsicBuattempt and represents progress in the
modelling of neglected underutilised crops. Thabeation and validation of AquaCrop for
taro requires further fine-tuning while that fornblaara groundnut still needs to be tested for

more diverse landraces.
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CHAPTER 1

INTRODUCTION AND GENERAL REVIEW OF LITERATURE

1.1 Conceptualisation and study objectives

According to the United Nations (2009), the worlwpplation is expected to reach 7 billion in
2012 and 9.1 billion in 2050. Much of this growthaxpected to come from the developing
world. This will result in increased pressure oesfr water resources needed to produce more
food. Already, South Africa is one of the 30 driestintries in the world (The Water Wheel,
2007), with an annual average rainfall of less th@@ mm, a significantly lower amount than
the world annual average of 860 mm (DWAF, 2002)cakding to the Water Act (RSA,
1998), South Africa’s water resources are scarag lanited in extent. As a result, the
International Water Management Institute (IWMA) heategorised South Africa a water
stressed country (IWMI, 1996). The fact that recdimhate change forecasts have predicted
an increased frequency and intensity in the ocagg®f droughts (Hassan, 2006) only serves
to make the situation dire. This is of great concehen viewed within the context of the
impacts all this will have on agriculture, and thanerability of rural households and the
urban poor, regarding food and nutrition secufiigcause the incidence of crop failure will
likely increase (Sisulu and Scaramella, 2012). Trreat has resulted in renewed focus on
identifying and improving new and already existergps for drought tolerance (Mabhaudhi,
2009).

In light of the aforementioned, there has recebtgn interest in the possible use and
introduction of underutilised, indigenous and ttexhial crops as possible drought tolerant
crops (Mabhaudhi, 2009). Underutilised indigenond #&aditional crops can be defined as
crops that have either originated in South Africahmse that have become “indigenised” over
many years (>100 years) of cultivation and nataral farmer selection within South Africa
(Schippers, 2002, 2006). In addition, these arpstbat have not been previously classified
as major crops, have previously been under-resedrahd currently have a low level of use
that is mainly confined to small-scale farming aréAzam-Ali, 2010). Historically, such

crops have played an important role in ensuringraamity and household food security; most
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of them have provided healthy alternatives whemtlae crop failed or during the periods in-

between subsequent harvests. Most of these crepbedieved to be adapted to a range of
ecological niches and may have tolerance to abawtit biotic stresses, chiefly heat and water
stress. This makes them important future cropsiioall-scale farmers on marginalised lands

and an important germplasm source for future cnggrovements.

However, the promotion of elite, exotic and higtelging crops has occurred at the
expense of underutilised, indigenous and traditiccraps, in that the latter have been
generally ignored by plant breeders and agronomii$tat there was little or no research done
on them has led to a scenario which deservedlyedatrem the title of “underutilised crops”.
Thus, there currently exist very little literatudescribing their performance and adaptations to
environmental stresses. Promotion of underutiliseghs, with a view to reinstating them as
major sources of food in agriculture will depend, & large extent, on availability of

information about their growth and development.

Taro (Colocasia esculenjaand bambara groundnuVigna subterranea(L.) Verdc),
locally known asAmadumbendIzindlubuin the Zulu vernacular, respectively, are two srop
that fall within the category of underutilised csofResearchers still argue about the exact
origins of taro; what is certain, however, is thist origins lie outside of South Africa.
Bambara groundnut, on the other hand, has itsnariigi the regions between the Jos Plateau in
Northern Nigeria and Garu in Cameroon (Pasguetl, 1999). Although both of them have
their origins outside of South Africa, they havetthdecome traditional crops due to their
extensive domestication. Little information curtgnéxists describing the agronomy and
water-use of taro, with regards to whether or hag a drought tolerant crop (Lebot, 2009).
Such information is urgently required if the crapto be promoted as a possible drought
tolerant crop. Thus, there is a need to generdt@nmation that can be used for policy
formulation in order to successfully promote anidstate taro and Bambara groundnut within
rural households and boost their food and nutriteaurity. In the absence of extensive, and
sometimes costly, agronomic trials, the use obcated and validated crop models may assist

to generate such information.

Crop modelling has been defined as the dynamiclaiioa of crop growth by numerical

integration of constituent processes with the leélpomputers (Sinclair and Seligman, 1996).
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Crop models have been successfully used to prgdmtth and yield of crops (Jones and
Ritchie, 1990), both temporally and spatially (EijI1977). Simulation results can be used to
evaluate production options and to show futuresadaresearch. It is important to note that
crop models are not and cannot be a substitutefiétat experiments. However, when
calibrated and validated with data from field expents, they can help lower the overall
costs of field experiments with regards to time apdce.

The primary aim of the proposed study was to evalti@e drought tolerance of selected
landraces of Bambara groundnut and taro to watesstSecondary to this, was to calibrate
and validate FAO’s AquaCrop model for taro andreate scenarios to answer questions with
regard to growth and yield under conditions of watieess. Lastly, and to a limited extent,
taro and bambara groundnut were compared for growtler conditions of intercropping in

response to selected soil water regimes.

It is hypothesized that local landraces of taro bathbara groundnut may have acquired
tolerance to drought stress through years of nlaturd farmer selection often under harsh
conditions. It is further hypothesized that in bamsbgroundnut such drought tolerance may

be linked to seed coat colour. Hence, the speaffjectives of this study were:

* To understand the mechanisms of drought toleramdard and bambara groundnut
with regards to growth, development and yield,

 To evaluate the growth, physiological and yieldpmsses of taro and bambara
groundnut to water stress,

» To calibrate and validate AquaCrop for taro and Ibara groundnut,

* To evaluate the performance of the model with rgaiits accuracy in predicting crop
growth and water use of taro for different soilsl aveather conditions in South Africa,
and

 To evaluate the feasibility of a taro-bambara gyt intercrop under dryland

conditions.



1.2 Underutilised indigenous and traditional crops

Currently between 300 000 to 500 000 plant spemiést, out of which 30 000 are thought to
be edible (Garn and Leonard, 1989). Throughoubtystof the 30 000 edible plants, only 7
000 have been either cultivated or collected ad.fetven more shocking is the fact that only
20 species have provided for 90% of the world’sdfaequirements (Collins and Hawtin,
1999), with wheat, maize and rice accounting fo%66f man’s diet (Collins and Hawtin,
1999). Thus, tens of thousands of edible plantispeemain relatively “underutilised”, with
respect to their ability to contribute to the wdsldincreasing food requirements.
Consequently, there has been a reduction in gediticsity underpinning agriculture; this is
accompanied by the displacement of indigenous epeby more favoured major crops
(Azam-Ali, 2010). However, as Prescott-Allen andeseott-Allen (1990) highlighted, the

importance of many indigenous species should noielggected.

The reduction in genetic diversity caused by fooudew staple crops has resulted in the
occurrence of neglected underutilised species (NH8Jever, unlike most staple crops, NUS
are often well-adapted to local growing conditigRadulosi, 1998), which are often marginal
and harsh, thus offering sustainable food prodaodtidowu, 2009). Within the context of this
study, NUS consist of crops that are indigenousiare been indigenised in South Africa.
Based on the definitions forwarded by Schipper®22@006), indigenous crops are those that
have originated in South Africa while indigenisgubsies are those that originated outside of
South Africa, but have become domesticated ovedtads of years of on-farm cultivation
and selection. Neglected underutilised species dhatindigenous to South Africa include
many Amaranthus spgLaker, 2007), wild mustard and other wild edibéafly vegetables
(Modi et al., 2006) while indigenised NUS comprgseeet potatoeddomoea batatgs wild
melon Curcubita spp, taro and bambara groundnut. Historically, thesgs have provided
dietary support to the local communities. Howetlee, promotion of the “major” crops, even

in less suitable areas at times, has relegated tdti&ir current status.

As already established (section 1.1), South Afica water-scarce country; more than
80% of the country is classified as hyper-aridemsarid (Bennie and Hensley, 2001). Water
availability is a major limiting factor to crop ptaction. As a result, this threatens the food

security of vulnerable groups. Although previousdgts have classified South Africa as being



food secure (De Klerlet al, 2004), there is consensus that a large propomio South
Africans are vulnerable to household food inseguaihd malnutrition (Steyrt al, 2001,
Rose and Charlton, 2002; De Klegkal, 2004). In addition, there is concern that mdgshe

major crops are not adapted for cultivation undatewstressed conditions (Bagteal, 2001).

Neglected underutilized crop species are often ridest as “drought tolerant” (Zeven,
1998) and could therefore prove vital in fightingniger. However, limited information
describing basic aspects of their genetic poterdaglonomy, water requirements and nutrition
remains a hindrance to their development and prieamoSuch information may be available
in “grey literature” and/or indigenous knowledgest®ms, both of which are not peer
reviewed. Therefore, the focus of this study wasléeelop scientific knowledge describing
the genetic potential, agronomy and water requirgmef two selected NUS in South Africa,

taro and bambara groundnut.

1.3 Taro

1.3.1 Origins and history

The origins of taro@. esculentpare still a point of debate, although its histaryseveral
centres of origin is well documented. Accordind-ebot (2009), the origins of taro have been
studied by many researchers (Yen and Wheeler, 1B&&knett, 1984; Matthews, 1990;
Lebot and Aradhya, 1991; Lebot, 1999). All the egskers concerned seem to have concurred
that there is no single point of origin of taro.eTitmain centre of origin is thought to be tropical
Asia (Lebot, 2009), although several species cbalk originated elsewhere. What is certain
is that taro is perhaps one of the oldest (if hetdldest) crops known to man. Suggestions of
how long taro has been on earth range between 9R¥fet al, 2010) to 10,000 BC (Lebot,
2009). Lebot (2009) further advanced a hypothesigsgward by other authors (Cable, 1984;
Plucknett, 1984; Haudricourt and Heédin, 1987) g may have been first discovered as a

weed in taro fields!

The domestication of taro may have occurred sevenas in different locations ranging
from India to South China, Melanesia and northeustfalia (Lebot, 2009). The spread of taro

from these centres into Africa may have been thnaihg Mediterranean (Purseglove, 1979;
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Leon, 1977; Plucknett, 1984), reaching Egypt al#l@0 BP (Plucknetét al, 1970). From
there, it may have spread to the rest of Africadlgh trade and migration. In South Africa,
taro is a traditional “indigenised” crop. Its Zuhkame isamadumbederived from the fact that
it is most common in coastal areas and the himtdriaf KwaZulu-Natal province (Modi,
2004). In additionamadumbes an important staple crop in the sub-tropicahstal areas
starting at Bizana district in the Eastern Capetaedest of coastal KwaZulu-Natal. The crop
is also cultivated, to a lesser extent, in the sapical and tropical regions of Mpumalanga

and Limpopo provinces (Shange, 2004).

1.3.2 Botany and ecology

Taro [Colocasia esculentél.) Schott] belongs to the familkraceae sub-family Aroideae
whose members are more commonly referred to adsafbebot, 2009). The family comprises
about 110 genera with over 2,500 species dividedngst seven sub-familie&coroideae
Calloideag Lasioideag MonsterroideagPothoideag Pistioideaeand Aroideae(Mayo et al,
1997; Bown, 2000). Members of the aroid sub-fanshg found in almost every climatic
region, with the exception of deserts and Polariétesy Mare (2006) characterised local taro
landraces in KwaZulu-Natal as belonging to the ge@olocasiaand speciessculenta
Members of the genuSolocasiaare known to be monoecious and belong to the anrhf
Aroideae(Lebot, 2009)Taro is one of the few edible species in the g&niscasia(Ezumah,
1972) and is the most widely cultivated speciesiifig, 2003).

Some authors consideC. esculentato be an allogamous and polymorphic species
(Purseglove, 1979; Ivanciet al, 2003) with two botanical varietieC. esculentavar.

esculentgalso called dasheen), a@d esculentavar. antiquorum(also called eddoe).

According to Lebot (2009), the main distinguishiagtor between the two varieties lies in
the shape and size of their main corms and corrivelgety esculentagenotypes produce a
large main corm and few, small side cormels — ttiible part of which is the large central
corm. The varieties in antiquorum genotypes argattarised by a relatively smaller central
corm (compared with the dasheen) and numerousdegiloped side cormels (Purseglove,
1972; Lebot and Aradhya, 1991; Lebot 2009); in SoAfrica, the side cormels are mostly
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consumed while the central corm is usually kept $med. Details of taxonomic and
morphological differences between the two varietiese been described by Lebot (2009).
The landraces that were considered for this stwgist of both dasheen and eddoe varieties

(Fig 1).

Figure 1: Two taro landrace varieties from KwaZulu-Natal: A) Vasculenta- dasheen with
one main corm and lauli used as planting material and, B) Vantiguorum— eddoe

with numerous side cormels.

1.3.3 Importance of taro

Globally, taro is ranked fourteenth among staplgetable crops with about 12 million tonnes
being produced from about 2 million hectares ofll§Raoet al, 2010). The average vyield
estimate is 6.5 t/ha (FAOSTAT, 2012). The bulk arfot production is in Africa (Onwueme,
1999). In South Africa, taro is generally consunasda subsistence crop (Shange, 2004),
although some commercialisation has recently oeduffarmers in Umbumbulu rural district
of KwaZulu-Natal have come together and managechddket the crop to Woolworths and
Pick ‘n Pay, which represent large retail outlekodi, 2003). This has elevated the

production of taro and possibly resulted in monedldeing allocated to taro production in



KZN. The case of the Umbumbulu farmers is perh&esanly one where NUS have been
successfully commercialised in South Africa. Howeveroduction still remains low and
supply is challenged by obstacles in extendingfdifielof taro (Mare, 2010). With improved

information availability, taro production may bepaxded together with commercialisation.

1.4 Bambara groundnut

1.3.1 Origins and history

Bambara groundnutd/fgna subterraneajlso known adNyimoin Zimbabwe andugobeans
or Izindlubuin South Africa, originated in North Africa and gnated with indigenous people
to South Africa. Its name originates from Bambaaadistrict on the upper Niger near
Timbuctoo. Bambara groundnut has been grown fotucess and has in the past contributed
to the food security of Africa’s poorest people éwevelder, 1998; FAO, 2001; Azam-/Ali
al., 2001; Mwaleet al, 2007a). However, due to the expansion of grouhdArachis
hypogea production, Bambara groundnut has been relegatéiae status of an underutilized

crop in most parts of Africa (Swanevelder, 1998).

Traditionally, it was cultivated in extreme, tropicenvironments by small-scale farmers
without access to irrigation and/or fertilizers amith little guidance on improved practices. It
is mainly grown by women for the sustenance ofrtfi@milies (Mukurumbira, 1985). Its
protein content (16—25%) is comparable, and in sors&nces, superior to other established
legumes, making it a good complement for cereatthadiets (Linnemann and Azam-Ali,
1993; Mwaleet al, 2007a). As an underutilized crop, its germplasnprovement and
management practices have mainly relied on localeeance and resources (indigenous
knowledge) (Mukurumbira, 1985).

1.4.2 Botany
Bambara groundnut has been described as an amguahé with a strong well-developed tap
root and a short lateral stem on which the leave$arne. Growth of Bambara groundnut can

be divided into distinct vegetative and reproduetphases. The vegetative stage involves



emergence and continuous production of leaves &magation of roots. The leaves are
trifoliate (x 5 cm long) with the petiole approxitety 15 cm long. Leaves are stiff and
grooved, and the base is green or purple in colble. flowers are typically papilionaceous
and borne in a raceme on long, hairy peduncleshwaiise from the nodes on the stem. The
reproductive phase begins at flowering. Bambarawagypes of flowers/pollination, the first
is usually self-pollinated, while the second isss‘@ollinated by ants.. After fertilisation the
flower stem elongates while the sepal enlargestla@druit develops above or just below the
soil surface. Pod colour varies according to rigsnieom light yellow to black, purple and
other shades. The seeds are round with a diame&doot 1.5 cm and are smooth and when
dried, very hard. Seeds also vary in colour witkaon, brown, red, mottled and white being
the dominant seed colour (Swanevelder, 1998). is $tudy, seed colour was used as a

criterion for selecting Bambara groundnut for watieess tolerance.

1.4.3 Bambara groundnut importance

Bambara groundnut is grown in the semi-arid tropit®re water is usually in short supply
(Mwale et al., 2007a). According to Linnemann and Azam-Ali (199%)ithin these
communities, Bambara groundnut plays an importal& as a protein source. In addition to
being a source of dietary protein, the crop alsoergshes nitrogen in the soil through
nitrogen fixation. The ability of the crop to fixraospheric nitrogen is important for resource-

poor farmers who may otherwise not be able to dfiioorganic fertilizers.

1.5 Drought and water scarcity

Drought, within the context of crop productionwiken there is insufficient water in the soil to
support plant growth and development. This can oasta result of a meteorological drought,
poor rainfall distribution during the growing seasand poor cultural practices which
effectively reduce soil water content resultingtliie plant being water stressed (Mabhaudhi,
2009). It has already been established in the gnegesections that South Africa is a water
scarce country (The Water Wheel, 2007; DWAF, 2002ter Act RSA, 1998; IWMI, 1996).



Water scarcity is mainly caused by a limited amaofmtvater resources combined with low

and uneven annual or seasonal rainfall.

Water is critical to crop production and food ségufWenholdet al., 2007). Neglected
underutilized species have been reported to havwsilgg evolved to tolerate harsh
environments, including drought stress. Howeverrem@search still needs to be done to

define and describe their responses to water stigegsll as the mechanisms thereof.

1.6 Crop responses to water stress

Plant or crop responses to water/drought stresg arad are dependent on the intensity and
duration of the stress (Chaves al, 2002). Such responses are often described ag bei
complex (Blum, 2011) and research is yet to fullycelate all of them. An understanding of

crop responses to water stress is important andafaental to selection and breeding of
drought tolerant crops. This is especially trugha case of NUS where there is a dearth of
such information. The major crop responses to waitess are discussed below.

1.6.1 Stomatal conductance

Jaleelet al. (2009) defined drought stress as the moderate dbssater which results in
stomatal closure and limitation of gas exchangem@tal conductance, measured by water
flow, is the rate of diffusion of carbon dioxide@g) in and water molecules out of the leaf,
which by extension represents opening and clostigtomata. It has previously been stated
that closure of stomata (reduced stomatal condoejas the first response of almost all plants
to water stress (Mansfield and Atkinson, 1990; @oamd Massacci, 1996). However, others
have showed that cell expansion is more sensiiveater stress (Hsiao, 1973) suggesting that
leaf growth may be the first. However, since st@halosure is signalled for from the roots in
response to depleting soil water, it stands toamabat stomatal closure is the first and
foremost response to water stress. Plant stomasa ah order to reduce transpirational water
losses. Chavest al (2002) give a detailed description of stomatakule in water stressed
plants. Closure of stomata in response to stres®©&an associated with ABA signalling from
drying roots (Gowinget al, 1990; Davies and Zang, 1991). Field trials ores& crops such
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as maize (Tardieat al, 1991), grapevine (Correigt al, 1995; Stollet al., 2000) and clover
(Sociaset al, 1997) concurred with this hypothesis. In thigdgt stomatal closure was viewed

as a crop response to decreasing soil water content

Closure of stomata decreases the flow of,@@o the leaves, followed by a parallel
decline in net photosynthesis, and ultimately plgnawth. There is however ongoing debate
as to whether drought mainly limits photosynthedie to closure of stomata or metabolic
impairment (Sharkey, 1990; Tezaga al, 1999; Anjumet al, 2003; Lawsoret al, 2003).
However, general consensus has been that stoniasakre is the main reason for decreased
photosynthesis under mild to moderate water s{fgésmic and Massacci, 1996; Chawtsal,
2002, 2003; Yokoteet al, 2002). Collinsonet al. (1997) ascribed drought resistance in
bambara groundnut, in part, to effective stomatahtiol. Sivan (1995) studied drought
tolerance in two taro varieties of dasheen and edsglpes, as well as tanniXgnthosoma
sagittifolium) and observed that stomatal conductance was lomagr water stress relative to

the well-watered conditions.

1.6.2 Chlorophyll content

Limitations to crop production caused by watersdrare mostly due to limitations caused by
water stress on photosynthesis. The capture of sathation, used in photosynthesis, and
production of reducing powers is the preserve obtpéynthetic pigments — mainly the
chlorophyll a and b. Farooet al (2009) showed that these pigments are sensiiweater
stress. In separate experiments conducted on b@hgym et al, 2003) and by Farooet al
(2009), water stress was shown to induce changteimatios and quantities of chlorophyll a
and b as well as carotenoids. Chlorophyll conteas$ shown to decrease in sunflower plants
subjected to water stress (Kiagtial,, 2008).

Assessing alterations in pigment composition anotesd has now become an effective
means of evaluating plant responses to stressemn(&hal, 2007). In separate reports by
Estill et al (1991) and Ashradt al (1994), chlorophyll b increased in two lines &fa while
chlorophyll a was unaffected; the overall effectsveareduction in the chlorophyll a:b ratio in

both okra lines in response to water stress. Merethal (2006) reported decreased
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chlorophyll content in sesame subjected to watesst In India, Sahoet al (2006) observed
decreased chlorophyll stability index in a taro fbsubjected to water stress using
polyethylene glycol (PEG). Recently, Vuraysial (2011b), working on pot trials, reported
that water stress did not have a significant eff@ctchlorophyll content index (CCI) of
bambara groundnut landraces; they concluded thaww@€ not reduced by water stress at all
stages of growth. However, they recommended thait thbservations be evaluated further

under field conditions.

1.6.3 Plant growth and development

Plant growth includes stages from germination, gem®ce up to and including vegetative
growth. Plant growth is achieved through cell dis (mitosis), expansion and finally
differentiation. The processes of cell growth aoene of the most sensitive ones to water
stress due to reduction in turgor pressure (Ta Zgiger, 2006). In short, cell growth and
consequently plant growth, is a turgor driven psscd hus, under water stress, turgor pressure
is low, resulting in reduced cell division, expamwsiand differentiation; the observed effect of

which is reduced plant growth.

According to Harriset al (2002), the first and foremost effect of wateess is reduced
germination and emergence. Kaghal (2006) stated that drought stress severely retluce
germination and seedling stand. Water stress hasn lreported to reduce seedling
establishment in several NUS — maize landraces Kishadhi and Modi, 2010, 2011); wild
mustard (Mbatha and Modi, 2010); wild melon (ZulodaModi, 2010). Poor seedling
establishment, as a result of water stress, leabtst yield due to reduced stand, and in most
cases no amount of effort and/or expense latehenctop development can compensate for
this deleterious effect (Mabhaudhi and Modi, 2010).

Water stress impairs mitosis, elongation and expansesulting in reduced plant height,
leaf number and area and generally reduced croptigrNonami, 1998; Kayat al, 2006;
Hussainet al, 2008). Water stress has previously been repddecduce plant height in
potato (Heuer and Nadler, 1995) and soybean (Sgckt 2001; Zhanget al, 2004. Bhatt

and Rao (2005) associated the reduction in plaighhevith a reduction in cell expansion.
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Leaf development is crucial to photosynthesis and rdatter production. Similar to plant
height, water stress has been reported to affathlember and area in many crops, including
soybean (Zhangt al, 2004), cowpea (Manivanna al, 2007a), wheat and maize (Saeks
al., 1997) and sunflower (Manivannanal., 2007b).

With regards to NUS, water stress was also showaduoce plant height, leaf number and
area in maize landraces (Mabhaudhi and Modi, 22Q0}1); wild mustard (Mbatha and Modi,
2010); wild melon (Zulu and Modi, 2010). Elsewhe&ghooet al (2006) subjected a taro
hybrid to water stress using PEG. They observedifgignt differences in plant growth
parameters of height, leaf number and area in respto induced water stress. Furthermore,
growth responses of bambara groundnut landracsatir stress have been previously studied
(Collinsonet al, 1996, 1997; Mwalet al, 2007b; Sinefu, 2011; Vurayat al, 2011a). They
all reported reduced plant growth (plant heighaf leumber, leaf area, leaf area index) in
response to water stress. However, work on bamipanandnut still requires more research
since all research has been done on landracesaaddhtes have a lot of a variation within
and amongst themselves. This implies that the teesannot be easily transferred to other
landraces. In a study on drought tolerance of daslend eddoe taro cultivars by Sivan
(1995), water stress was shown to reduce leaf nynasimel leaf area of both cultivars; the
greatest decrease in leaf area was in the eddeeciyftivar. Reduction in leaf number and

area was attributed to premature senescence td¢alds.

In principle, the root is the only plant part respible for sourcing water which is used by
the plant. Therefore, the importance of the roatteay with regards to a plant’'s ability to
tolerate stress has been well established (Jakeal, 2009). Hypothetically, under water
stress, the root will grow until a plant’s demaiod Water is met; however, genetic variations
may limit potential maximum rooting depth (Blum, ). Several studies have reported
increased root growth in plants subjected to wategss — sunflower (Tahet al, 2002),
Phoenix dactylifergDjibril et al, 2005) andPopulus sgWullschlegeret al,, 2005). Increased
root growth under stress has been associated withcaeased root:shoot ratio; under stress,
plants will allocate more assimilate to root groWglburcing more water) while limiting stem

and leaf growth (loss of water).
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Increased root:shoot ratio of dry matter has beeponted in bambara groundnut
(Collinsonet al, 1996; Vurayaiet al, 2011a) under water stressed conditions. Siva@5)19
also reported increased root:shoot ratio, on antliter basis, in dasheen and eddoe cultivars
of taro; the eddoe cultivar was shown to increas¢ shoot ratio in response to both moderate
and severe water stress. However, Blum (2005) drghat the increase in root:shoot dry
matter ratio in response to stress may not nedbsda due to increased dry matter
partitioning to the roots, but rather reduced piarting to the leaf as well as leaf senescence.
Blum (2005) further argued that root length mayéase under stress at a reduced total root
mass. However, despite differences in perceptioweh-developed root system allows for
enhanced capture of soil water; an important drowglaptation response (Vurayet al,
2011a).

1.6.4 Yield

Yield refers to the harvestable portion of the crbpe objective of every farmer is to achieve
high yields (Jaleekt al, 2009) under all conditions, more so under drougjhess. The
objective of many breeding programmes is to devaaopop that will produce high yields
under all environmental conditions (Blum, 2005)luding drought. However, crop yields

show considerable variation under drought streasliions (Jaleett al,, 2009).

According to Farooet al (2009), many yield-determining plant processesadfected by
water stress. Faroogt al (2009) provided a detailed table highlighting qeertage yield
reductions for a wide variety of crops in theirieav of effects of plant drought stress on crop
growth. Water stress has been reported to redualdsyin cotton (Pettigrew, 2004), pearl
millet (Yadavet al, 2004), and in barley (Samarah, 2005). Studies lsdso shown yield
reduction in response to water stress in legumpscsach as soybeans (Fredegtlal, 2001)
and black beans (Nielson and Nelson, 1998). Thecefif water stress on yield of bambara
groundnuts has also been studied; reports showkdaed yield in response to water stress
(Mwale et al, 2007a, b; Sinefu, 2011; Vurayet al, 2011a). Despite popular belief that taro
is a water loving plant, Sahat al (2006) reported negligible yield reduction inaact hybrid

subjected to PEG induced water stress. They coedlutat the development of drought
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tolerant taro cultivars was possible. Thereforegl@ating responses of previously unstudied
taro landraces to water stress may aid in identgfgenotypes with drought tolerance.

1.6.5 Physiological responses to water stress

In addition to morphological and phenological adéiphs to water stress, the plant also
employs several physiological mechanisms to hefje awith stress. These include, but are not
limited to, osmotic adjustment, osmoprotection, omegulation and antioxidant defence

systems.

1.6.5.1 Compatible solutes

Tolerance to water stress involves accumulatiosevkral compatible organic solutes in the
cytosol (Serraj and Sinclair, 2002) which act totpct plants from stress by assisting in
osmotic adjustment, detoxification of reactive osgspecies (ROS), enhancing membrane
stability as well as protein structure and intggiiEarooget al, 2009). Such metabolites
include proline and soluble sugars.

Proline is a widespread plant response to wat@sst(Yanceyet al, 1982). Proline
accumulation is due to increased biosynthesis ées oxidation in mitochondria via the
Al-pyrroline-5-carboxylate (P5C); a reaction catetydy P5C reductase; P5Cs have been
shown to increase in response to drought stresmd@aet al, 1995). Positive roles for
proline have been suggested, including stabilisatb macromolecules, a sink for excess
reductants, and a store of carbon and nitrogenderfollowing relief of water stress (Smirnoff
and Stewart, 1985; Smirnoff and Cumbes, 1989; Sasretr al, 1995). In certain plant
species, proline plays a major role in osmotic stient (e.g. in potato), while in others, such
as in tomato, proline accounts for only a smallcticm of the total concentration of
osmotically active solutes (Claussen, 2005). Vesland Sharp (1999) suggested that proline
had a clear role as an osmoticum due to high carateans observed under stress. Gasatia
al. (1987) reported that free proline levels sigaifity increased in maize seedlings in
response to water stress; Mabhaudhi (2009) alseredd proline accumulation in water
stressed seedlings of maize landraces. de Retrale(2000) detected that with decreasing soil

water content, there was a progressive increageénproline in six cotton cultivars. Proline
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accumulation has a role in plant acclimation toewattress, depending on the plant and
variety; it may therefore be used as an index fought stress tolerance.

1.6.5.2 Antioxidants

On a whole plant level, exposure to water stregsnofesults in reduced photosynthesis and
growth as described in preceding sections. Howeatethe molecular level, a consequent of
water stress is the plethora in ROS which causgatixe damage. The ROS produced include
superoxide anion radicals £Q) hydroxyl radicals (OH-), hydrogen peroxide,(d), alkoxy
radicals (RO) and singlet oxygen£D(Munné-Bosch and Pennuelas, 2003). Accumulatfon o
ROS has been linked to an excess of energy dudrésssnduced limitations on PSII
(Demmig-Adams and Adams, 1996). Reactive oxygertispehave been reported to cause
oxidative damage by reacting with proteins, lipgatgl DNA; hence impairing normal cellular
metabolism (Foyer and Fletcher, 2001). Plants hhageiever, evolved mechanisms to help
alleviate oxidative stress by producing an arragmfymatic and non-enzymatic antioxidants
like a-tocopherol, superoxide dismutase, catalase, amgnees of the ascorbic glutathione
cycle (Foyeret al, 1994). Catalase is the principai® scavenging enzyme (Asada, 1999).
Abdel-Kader (2001) observed increased catalaseitgctn response to water stress in two

lettuce cultivars and concluded that catalase wasaated with drought tolerance.

1.7 Mechanisms of drought tolerance
A plant's chosen mechanism to coping with strebs$®d on the choice of responses it adopts
in responding to developing water stress. Basethisncombination, and the magnitude and

timing of stress (Blum, 2005), a plant may escapejd, and/or tolerate stress.

1.7.1 Drought escape

Drought escape is mainly associated with occurresic@henological stages. Plants that
escape drought achieve this by having a short grgpa@ason, allowing them to complete their
growth cycle before water stress becomes termiAatording to Arauset al (2002),
flowering is an important adaptation related toutjtat escape. They further stated that escape
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occurs when crop phenology, such as time to flavggrs closely synchronised with periods
of water availability, particularly when the growinseason is characterised by terminal
drought (Faroocet al, 2009). The only negative to drought escape as yield is generally

correlated with length of crop duration as thisnslates into the period of active
photosynthesis. Therefore, shortened growth duratdl result in decreased yield as the

period of active photosynthesis is reduced as agethe size of the photosynthetic factory.

1.7.2 Drought avoidance

The essence of drought avoidance is to reduce aderwhile enhancing or maintaining
uptake by the roots. Drought avoidance involvep egasponses such as stomatal regulation,
enhanced capture of soil water through an exteresivk prolific root system (Turnest al,
2001; Kavaret al, 2007). Several root characteristics such amass, length, depth and
thickness (volume) are thought to contribute towafdhal yield under drought stress
(Subbaracet al, 1995; Turneet al, 2001; Kavaet al, 2007) due to improved water capture.
Additionally, morphological changes can help thanplto reduce water losses; reduced plant
height, leaf number, leaf area and leaf area irftl@xX) all contribute towards reducing water
losses by the plant (Mitchedit al, 1998) thereby assisting the plant to avoid dnbuBlum
(2004) also associated drought avoidance with edlseason duration due to reduced leaf
number; reduced season duration is also charaatesfsdrought escape, suggesting that the
mechanisms do not work in isolation. However, agwirought escape, the crop responses
that are employed to avoid drought are at the esgoeai dry matter production and hence

yield.

1.7.3 Drought tolerance

Drought tolerance has been defined as the plasimaty to maintain metabolism under
water stress (Blum, 2005). It includes osmotic sbijent (accumulation of metabolites,
osmoprotection (e.g. proline) and the antioxidafedce systems (Faroeq al, 2009). Blum
(2005) gave a detailed account of increasing eweemuggesting a relationship between high

osmotic adjustment and maintenance of biomass &ld ynder stress. Unlike escape and
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avoidance, thenodus operandof drought tolerance does not show any solid ewadeof a
yield reduction (Blum, 2005). However, drought talece as an effective crop drought-
resistance mechanism is rare; it mainly existse@adsembryo and is lost after germination

(Blum, 2005). Nonetheless, it is an important angchanism for dealing with stress.

1.8 Crop modelling

A crop model is a simplified representation of alrsystem (Hillel, 1977; de Wit, 1982).
Sinclair and Seligman (1996) defined crop modellagy the dynamic simulation of crop
growth by numerical integration of constituent grsges with the aid of computers. Uses of
crop models span from the farm level to regionatle Models can assist as decision support
tools for planning (Stedutet al, 2009), decision making, yield forecasting, eatihg effects

of climate change as well as for identifying resbagaps. According to Singets al (2010),
models are also useful in the integration of knaolgke and data across disciplines;
multidisciplinary research has recently been adwsataas the way forward in terms of
research. With regards to decision support, Stedttal (2009) suggested two classes of
support — strategic (land-use, climate changeamaiility) and tactical (cultivar selection,
fertilisation, plant populations etc) while Singetsal (2010) added a third class — operational

support (irrigation scheduling, weeding etc).

The variety of applications of crop models has mik@en an essential tool in agricultural
systems. South Africa has also been part of thbagladvancement in modelling; over the
years, South Africa has developed several of it emodels — ACRU (Schulze, 1975),
BEWAB and SWAMP (Benniet al, 1988, 1997, 1998), CANEGRO (Inman-Bamber, 1995;
Inman-Bamber and Kiker, 1997) and CANESIM (Singatsl Donaldson, 2000), PUTU (de
Jager, 1974; Kaiser and de Jager, 1974), SAPWADBs{@r and Crosby, 1999), and SWB
(Annandale et al, 1999). In addition, several other internatiomabdels have been
successfully used in South Africa. These includ&REE and CROPGRO which are housed in
DSSAT (IBSNAT, 1993; Jonest al, 1998; Uehara and Tsuiji, 1998) and APSIM (McCatn
al., 1996; Keatinget al, 2003). Singel®t al (2010), in their review of the history of crop
modelling in South Africa over 25 years (1983-2Q0&yported that, given South Africa’s

limited manpower and resources, the scope of madegklopment and application was
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plausible. However, more still needs to be doneroher to bring South Africa on par with
global developments and trends. The recent invodrgnof South Africa in global projects
such as the Agricultural Model Intercomparison almdprovement Project (AGMIP)

(http://www.agmip.or) is a step in the right direction. Furthermorechsiefforts should

involve working on new local and international misgleadapting them to South African
conditions, and modelling underutilised and indgencrops.

1.8.1 Approaches to modelling

Several authors (Boumaat al, 1996; Passioura, 1996; Monteith, 1996; Bosttal, 1996;
Fischer et al, 2000; Hammeret al, 2002) have reviewed the different approaches to
modelling, as well as their advantages and linatedi These included regression or empirical
models, stochastic models, parameter models, atetngeistic models. This review will

focus on deterministic models.

Deterministic or mathematical models attempt to mjnm as much as is feasibly possible
within calculation time, the actual processes kndwroccur in the SPAC (Savage, 2001).
They attempt to explicitly represent causality bedw variables (Whisleet al, 1986) and
their observed behaviour based on the physical omgrolling flow of mass and energy that
can be described mathematically (Hillel, 1977; $&yal993; Savage, 2001). Hence their
increased accuracy and precision. A distinctiowbeh deterministic models can be drawn
between a mechanistic and functional approach €Hill977; Wagenet, 1988; Passioura,
1996; Savage 2001). For the purposes of this study,shall focus more on both the
mechanistic and functional approaches.

1.8.1.1 Mechanistic approach

The mechanistic approach has also been describexdsagntific approach to describing
knowledge. Its aim is to improve our knowledge anderstanding of the crop with regards to
crop growth and development, physiology, and respsrio environmental changes (Steduto
et al, 2009).
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1.8.1.2Functional approach
This has also been described as an engineeringagpto solving problems and is selected to
fit observed field and laboratory measurements (f&itim 1996). They attempt to provide

sound management advice to farmers or predictmpslicymakers (Passioura, 1996).

It must however be noted that the distinction betw#ese two approaches is seldom as
lucid. In practise, and to varying degrees of ershanost models may contain aspects of the
two approaches and serve both purposes (Karuna2fi@®; Singelgt al, 2010).

1.8.2 An overview of major crop models

Azam-Ali et al (1994) stated that at the core of any crop molikd, a set of equations
designed to estimate production rate of biomasme foaptured resources such as carbon
dioxide, solar radiation and water. Steduto (20€&gorised modelling biomass production

into three approaches: carbon-driven, radiatiometiriand water-driven models.

The so-called school of de Wit is credited for tterbon-driven biomass production
approach (de Wit, 1965; de Wat al, 1970). These base crop growth on carbon assiomla
by the leaf via photosynthesis (Todorowt al, 2009) and includes WOrld FOod Studies
(WOFOST,; Van Dieperrt al, 1989; Boogaret al, 1998) as well as other Wageningen crop
models (Boumaret al, 1996; Van lttersunet al, 2003) and the American CROP GROwth
model (CROPGRO; Bootet al, 1998, 2002). Van lIttersuet al (2003) provide a detailed
and particularly interesting review of the Wagemingnodels since de Wit (1958) to date.

Radiation-driven crop models rely on conversioméércepted solar radiation to radiation
use efficiency (RUE) as the basis for calculatirgnass (Monteith, 1977). Intermediary steps
such as leaf quantum efficiency per unit of JRed, photo- and dark respiration rates, are
thought to be incorporated into RUE (Monteith, 197This reduces their level of complexity
and input requirements compared with carbon-drivesdules. Models such as the Crop
Environment Resources Synthesis (CERES; Ritehial, 1985; Jones and Kiniry, 1986;
Joneset al, 2003), Erosion Productivity Impact CalculatoiP(E; Joneset al, 1991), and
Simulator mulTIdisciplinary for Crop Standard (SHCBrissonet al, 2003) (adapted from
Todorovicet al, 2009).
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Water-driven crop models are based on an approastulpted by several authors from as
early as 1958 (de Wit, 1958) to most recently (Hardl©83; Tanner and Sinclair, 1983; Hsiao
and Bradford, 1983; Steduto, 1996; Steduto andiZtgr2005). Biomass accumulation is a
function of transpiration and a water productiiy P) parameter. Water-driven models are
less complex with few input requirements (Stedettal, 2007, 2009). The main advantage of
water-driven models compared to radiation-driverdets, lies in the normalisation of the WP
parameter for climate (both ETo and atmospherig)@itus giving them wider applicability in
space and time (Steduto and Albrizio, 2005; Hehal, 2007; Stedutet al, 2007). Notable
models, which come to mind include CropSyst (Steeklal, 2003), which has both RUE and
a vapour pressure deficit (VPD)-driven componentl dhe FAO’s model — AquaCrop
(Stedutoet al, 2009; Raest al, 2009). CropSyst requires 40 parameters to rumhite

AquaCrop only requires 33 crop input parametersito(Todorovicet al,, 2009).

The focus of this study is on describing drouglerance of selected landraces of taro and
bambara groundnut. Therefore, emphasis is on yedponse to water such that a water-
driven model would be most suited to this studythéligh several water-driven models have
been used to predict yield response to water, émgyaCrop has recently been used for
underutilised crops. Therefore, within the contaxdl scope of this study focus was restricted

to the water-driven models with particular emphasisAquaCrop.

1.8.3 Introducing the FAO’s AquaCrop model - condspand underlying principles
AquaCrop is a water-driven, canopy level, engimege(functional) type model whose primary
focus is to simulate attainable crop biomass amityin response to water (Stedwbal,
2012). The model is an evolution of Doorenbos amgdam’s (1979) initiative, published in
FAQ'’s Irrigation and Drainage Paper No.33. At tlerecof their paper was the following

equation:

Yx-Ya ETx—ETa )
( ) = Ky (—) Equation 1
Yx ETx

where Yx = maximum yield
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Ya = actual yield
ETx = maximum evapotranspiration
ETa = actual evapotranspiration, and

Ky = proportionality factor between relative yieldss and relative reduction in

evapotranspiration.

The FAOQO's irrigation scheduling model CROPWAT (Smif992) uses Eq. 1 to simulate
yield under water deficit. In South Africa, SAPWATrosby and Crosby, 1999) also uses this
approach to calculate crop vyields. The successdmothf CROPWAT and SAPWAT, with
regard to uptake by end-users, speak volumes dbpuf. In South Africa, SAPWAT has
been fully adopted by the former Department of Wat#airs and Forestry (DWAFF) as a
tool for determining irrigation water allocations welation to licensing of agricultural water
use (Singel®t al, 2010). However, as progress in understandingt plater relations would
dictate, and also due to the need for increase@rwabductivity as a result of increasing
water scarcity, the FAO had to upgrade Eq. 1. Aisilee was taken to develop a new crop
model as an evolution from Doorenbos and Kassar9)19The new model would remain
water-driven, as well as retain the broad spectapplicability of Eq. 1, while also making
ground breaking improvements in accuracy and msidlintaining the hallmark of a robust and
simple model. It is to this end that FAO has depetb AquaCrop (Raest al, 2009; Steduto
et al, 2009; Stedutet al., 2012.

According to Stedutet al (2009) (Figure 2), the evolution lies in AquaCsogapacity to:

I. separate ET into crop transpiration (Tr) and sedp®ration (E). Previously, in Eq. 1
these were combined and this caused challengesregtrds to the unproductive use
of water lost through E, especially during crombshment when ground cover is still

very low,

II.  estimate Tr and E based on a simple canopy gromdtdacline model,
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lll.  treat final yield (Y) as a function of biomass @)d harvest index (HI), thus allowing
for the distinction of functional relations betwes® environment and B, and between

the environment and HI,
IV.  segregate responses to water stress into fouratepgamponents —
a. canopy growth
b. canopy senescence
c. Tr,and
d. HI
The above changes led to the equation at the ¢gxgquaCrop:

B =WP xXTr Equation 2

Where, B = biomass,
WP = water productivity (biomass per unit of cuntivia transpiration), and

Tr = crop transpiration.
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Figure 2: Flowchart of AquaCrop indicating the structurdat®nships in the SPAC (adapted
from Raeset al, 2009).

Fundamental to Eq. 2 is the WP parameter whichstéade constant over different soils
and climatic conditions as described by de Wit 8)98lanks (1983) and Tanner and Sinclair
(1983). In addition, normalization of WP for diféart climatic conditions further makes it a
conservative parameter (Stedwbal., 2007), implying greater applicability, robustnesxl
transferability of the model between and amongsuservarying regions of the world. The
other important improvement from Eq. 1 is that Eqcan operate on a daily time step thus
approaching the time scale of plant responses terveresses (Aceveda al, 1971), while

Eq. 1 operated on a seasonal time scale.

There are, however, similarities between AquaCro@ ather established models with
regards to structure of the SPAC. As with other el®dAquaCrop includes the soil (soil
water balance), the plant and the atmosphere wswtal components of the model (Stedeto
al., 2009). The atmosphere and soil components beallasties to other models. It is the
relationship between the crop and soil compondms distinguishes AquaCrop from other

known models. Under its management component, egparticular emphasis on irrigation,
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with solil fertility also being considered to a liexl extent. AquaCrop, however, does not
consider other biotic factors such as pests arehdes (Stedutt al,, 2009).

The review of modelling has shown that there hanbruch progress in the development
and understanding of crop models. However, a lathf progress and most of the models
currently developed are for the major crops. Theree been very limited efforts to develop
models for NUS. Perhaps, it is in this regard thatiaCrop leads. Although the model is still
in its infancy, it has already been calibrated aalidated for some NUS — quinoia (Geegts
al., 2009) and bambara groundnut (Karunarahel, 2011). These efforts form stepping
stones to modelling of other NUS. A huge gap culyegxists in this regard. As such, part of
the focus of this study was to also contribute riterinational efforts on modelling yield
response to water availability of NUS through aalting and validation AquaCrop for local

landraces of taro and bambara groundnut.

1.9 Mitigating some effects of drought: Intercroppng

Predicted climate change (de Wit and Stankiew2@6; Hassan, 2006) poses a significant
threat to the hegemony held by major crops and salpping, as a practice (Bag al,
2001). This poses a serious threat to global fesdisty, especially in the tropics. The need to
identify “new” drought tolerant crops is also sltht®y the need to explore alternative farming
practices such as intercropping. Although suchreffbave taken off, albeit slowly, they
appear to be occurring separately. Studies oncireping have been focused on evaluating
mostly cereal-legume intercrop combinations ofrttegor crops. On the other hand, studies on
NUS have primarily been conducted as sole crogs.ifhperative that intercrops comprising
NUS be also studied. In a future whereby wateetsd® become more limiting, intercropping
NUS could hold the key to maximizing resource métion.

Intercropping has been defined as the growing af tw more different crop species
“simultaneously” on the same piece of land or figldboth space and time and with overlap at
least during part of each crop’s growing seasonl@yi1979; Ofori and Stern, 1987; Baldy
and Stigter, 1997). Within the context of an intep; “simultaneous” implies that the crops
grow together for a significant part of their grogyi periods. Other authors (Willey, 1979)
have used this to distinguish intercropping fromayeropping, although the latter is generally
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accepted as a form of intercropping. The spati@ngements of the component crops can be

arranged in several ways, which may include, beitnart limited to:

row intercropping — growing two or more crops a ffame time with at least one crop
planted in rows. This system is more aligned toveotional agriculture and will serve
as the scenario for the case study describedsnéekiew,

strip intercropping — growing two or more crops dtger in strips wide enough to
allow for separate, mechanized crop production.s T&irangement is often most
desirable whereby at least one or both crops abe tmachine harvested; however, the
component crops should remain in proximity to alfowinteraction,

mixed intercropping — growing two or more cropsna distinct row arrangement
which is more typical of traditional agro-systerAs.mentioned earlier, some text may
not necessarily refer to this as a form of intgppiog but rather ‘mixed cropping
(Ruthernberg, 1971; Andrews and Kassam, 1975; Faayamd Venkateswarlu, 1977;
cited in Willey, 1979) and,

relay intercropping — planting a second crop intstanding crop at a time when the

standing crop is at its reproductive stage but teelfi@rvesting.

Willey (1979) stated that intercropping had longibeecognized as a common agricultural

practice in the tropics. This view was also shargdValker (2009) who stated that, in the

tropics, many of the traditional cropping systerosprised more than one crop growing in

one field at any given time. However, despite thistorical contribution, intercropping has

mostly been regarded as a primitive practice. Has meant that there has been limited

research on intercropping as opposed to the voluhessearch done on sole crops. The status

of intercropping as a farming practice is simathtat of NUS. They too form part of historical

cropping systems that have been sidelined by relsearfavour of the major crops — rice,

wheat, maize and potato.
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1.9.1 Resource Utilization

Intercropping is known for its main advantage ¢dwaing plants to efficiently utilise available
resources of light, water and nutrients thenceeasing productivity (Lithourgidi®t al.,
2011). Component crops use natural resources eliffigr and therefore make better overall
use of them than when grown as sole crops (Will8y9). They are able to completely absorb
and convert natural resources such as solar radjatiater and nutrients to crop biomass thus
improve yield production. This is due to the fabitt component crops have different
competitive abilities for resources due to variatia crop characteristics such as rates of
canopy development, final canopy size, photosymtlaetaptation of irradiance conditions and
rooting depth (Midmore, 1993; Marris and Garrit99B; Tsubcet al.,2001).

Radiation interception is perhaps the most imporfactor affecting productivity of
intercrops. Since radiation intercepted dependsamopy size and duration (Black and Ong,
2000), this provides a scenario whereby it can beipulated by varying plant density and
spatial arrangements within the intercrop. Thutecs®n of crops that differ in competitive
ability in space or time is important (Lithourgid$ al., 2011). Previous research has shown
that intercropping is more efficient when componeraps differ greatly in growth duration
(Wien and Smithson, 1981; Smith and Francis, 188&ai and Trenbath, 1993; Keating and
Carberry, 1993). Rao and Willey (1980) found th#elicropping late maturing pigeon pea
with early maturing setaria improved the Land Eqiewnt Ratio (LER); LER is a measure of

the efficiency of intercropping in relation to mamopping.

Intercropping has also been reported to improveemase efficiency (WUE) (Hook and
Gascho, 1988). It was reported to result in in@sas WUE (18 - 99%) relative to WUE of
sole crops of component crops (Morris and Garii§93). In separate studies, Saial.
(2011) observed better water-use in a maize-sorghtercrop while Oseni (2011) observed it
in a sorghum-cowpea intercrop. High leaf area aal &rea index have been identified as
some of the factors which contribute to water coreen in intercropping (Ogindo and
Walker, 2005). Morris and Garrity (1993) found thaercropping improved water capture by
7% compared with monocropping. Elsewhere, it wasmdbthat WUE of a maize-soybean
intercrop was higher than that of sole crops (Barh2001). As such, intercropping can be a

very useful cropping practice in water scarce areas
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Differences in root and canopy architecture of congmt crops provides a platform for
harnessing more solar radiation, improved wated rautrient- use than root and leaves of a
sole crop (Thayamini and Brintha, 2010). Dahmaréehal. (2009) reported that maize-
cowpea intercropping increased soil nitrogen, phogags, and potassium content in relation to
a maize mono crop. Intercropping between high awd ¢anopy crops can improve light
interception and consequently yield (Azam-@fial.,1990). In the case of this study, taro and
bambara groundnut exhibit different canopy architex; and size as well as different rooting
depths. On one hand, taro is characterised by laayees compared with the small leaves of
bambara groundnut. In addition, taro plants grdiertéhan bambara groundnut plants. Lastly,
taro has shallow roots while bambara groundnutahdseper rooting system. Hypothetically,
intercropping taro and bambara groundnut wouldteraascenario whereby the root density in
the soil is increased. Increased root density iespinhanced soil water capture which would

translate to greater biomass production.

1.9.2 Sustainability

Issues of sustainability have taken centre stagaeast debates. As such, as we advocate for
the promotion of NUS and alternative farming preesi, such discussions should also focus on
sustainability. Such sustainability should be laagn, enhance the environment as opposed to
degradation and still meet the objective of feedimghuman population. Here we will define
‘sustainability’ according to Sivakumaet al (2000) who described sustainability as the
balance between utilization to satisfy human neold maintenance of the environment.
Hansen (1996) also provides some useful definitiohsustainability that are specific to
agriculture. Since sustainable agriculture seeksnast cases, to mimic nature, intercropping
offers a rare window to achieve such. Intercroppnugeases on-farm diversity maximizes on
resource use and conversion to biomass as wethpoving water- and nutrient-use. Other
benefits of intercropping may also include reduiteidence of pests and disease in intercrops
as well as reduced requirement for labour for wegdr his amounts to savings (financial and
human resource) for resource-constrained farmehgorEtically, this creates a balance
between providing food and fibre for man, enhancthg environment and avoiding
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environmental degradation. This implies that imapping is indeed a sustainable farming
practice.

1.10 Conclusion

It is possible that the key to future food secunitgry very well lay in the untapped potential of
neglected underutilised crops. Therefore, it is emagive that we study locally available
neglected underutilised crops and evaluate themdfought tolerance using agronomic
techniques as well as recent techniques such gs roadelling, which allow for rapid
evaluation of production scenarios. Since a crapitity to tolerate drought is dependent on a
complex or dynamic variety and combination of res@s and mechanisms, the study sought
to evaluate the dynamics of drought tolerance ilecsed landraces of taro and bambara

groundnut, two crops that occupy the status of NitBin South Africa.

An understanding of morphological mechanisms ingdhin the responses of taro and
bambara groundnut landraces is fundamental to tthentification as drought tolerant crops.
Such an understanding of morpho-anatomical resgomgeuld contribute significantly
towards breeding for drought tolerance and makiraglable developed varieties of these two
NUS. The use of crop modelling as a technique miap aid in the interpretation of
agronomic field data. Well-calibrated and validateddels could also assist as selection tools
for drought tolerance in these crops thus reduocingime and resources needed to fill the

knowledge gap on these NUS.

1.11 Structure of thesis

A series of agronomic and modelling experimentsewamducted over two seasons (2010/11
and 2011/12) to answer the objectives of this stullyis thesis consists of individual
manuscripts, whereby each manuscript answers &rtairc objective related to a particular

crop:
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Chapter 2 is a short communication which serves as an intboo and a scientific
description of the taro landraces used in thisystitddetails results of agro—morphological
characterisation and DNA fingerprinting done usBf§R primers. It also seeks to justify that

the taro landraces used in this study were indééateht.

Chapter 3 reports on field trials conducted at Ukulinga, tBimaritzburg to determine
drought tolerance mechanisms involved in taroniveers the first objective of the study. It
describes results of field trials such as emergestoenatal conductance, chlorophyll content
index, plant height, leaf number, leaf area indeAl), vegetative growth index, yield and

yield components as well as yield determinants.

Chapter 4 reports on results of experiments conducted inrshalter at Roodeplaat, Pretoria
to evaluate growth, yield and water—use of taralaces under varying water regimes. These
experiments were linked to the second objectivéhefstudy. It also reports on emergence,
stomatal conductance, plant height, leaf numbeit, dAstructive sampling (root length, fresh
and dry mass), yield and vyield components, water—afficiency (WUE) and yield

determinants of taro landraces.

Chapter 5 comprises the first part of work done on bambaoagdnut landraces to evaluate
their growth and yield responses to water stresieiufield conditions at Roodeplaat, Pretoria.
Similar to Chapter 3 on taro, this study also sd¢ekdetermine drought tolerance mechanisms
associated with drought tolerance in bambara gnouinthndraces. It reports on results of
emergence, stomatal conductance, chlorophyll comelex, plant height, leaf number, LAI,
biomass, phenology (timing and duration of flowgrimaturity and senescence), yield and
yield components as well as yield determinants.

Chapter 6is a sequel to Chapter 5 and also reports on granthyield responses of bambara
groundnut landraces to water stress, using refults rainshelter experiments conducted at
Roodeplaat, Pretoria. It relates to the secondctibgeof the overall study. Results reported in
this paper include emergence, stomatal conductamberophyll content index, plant height,
leaf number, LAI, biomass, phenology (timing andradion of flowering, maturity and
senescence), WUE, yield and yield components dsassfield determinants.
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Chapter 7 is linked to the last objective of the whole studyevaluate the feasibility of
intercropping taro and bambara groundnut landrandsr dryland conditions in Umbumbulu,
KwaZulu-Natal, South Africa. The aim was to evatudlt intercropping taro and bambara
groundnut landraces, mainly studied as sole crophis study, could be practised in rural
areas as an alternative cropping system. The silsdyrecognised that in these areas taro is
the main crop grown as a cash crop. Thereforestindy evaluated if intercropping taro and
bambara groundnut could be productive without caussignificant yield losses to the
farmers’ main crop — taro. Results reported incledeergence, plant height, leaf number,

yield and yield components and land equivalendr@tER).

Chapter 8 reports on the calibration and validation of th&CFs AquaCrop model for taro
and bambara groundnut landraces from South Afitcaddresses the third objective of the
overall study. Results from field and rainsheltals, as well as other preliminary studies not
included in the body of this thesis, were useddwetbp parameters for one landrace of taro
and as well as one bambara groundnut landracetisale®kesults from the first season
(2010/11) were used to calibrate the model, wrekults from the second season (2011/12)
were used for validation. Were available, independfata were also used to verify model

applicability to different soils, climates and mgeenent.

The general discussiorforms the last and final chapter of the study. ffers a holistic
discussion, encompassing all the separate stuelested in this thesis. It also highlights on
major findings, outcomes and implications of thedgt This section winds up by offering
concluding statements to the thesis as well agmawndations for future studies.
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Abstract

Taro Colocasia esculentél.) Schott) is an important underutilised cropfSauth Africa, East
Africa and Indonesia. Three taro landraces, nani@glymbe Lomfula (wild), KwaNgwanase
and Umbumbulu, were collected from two locationKimaZulu-Natal (KZN), South Africa,
and planted at two locations, Pietermaritzburg (KzZhhd Roodeplaat, Pretoria. Agro-
morphological characterisation of vegetative andncoharacteristics were done four months
after planting and at harvest, respectively. Samgpfor DNA fingerprinting using five SSR
primers was done using leaf material four monthteraplanting. Agro-morphological
characterisation was useful in showing differenbesveen the wild landrace and the two
cultivated landraces, as well as identification d#fsheen and eddoe types. SSR primer
characterisation showed that despite significantpimalogical differences, the wild Dumbe
Lomfula and Umbumbulu landraces were closely rdlaigt different from the KwaNgwanase
landrace. Although landraces showed great morpieabgariation, this did not necessarily
imply genetic variation. It is concluded that SSimers are more useful for characterising

taro landraces.

Keywords agro-morphology, characterisation, DNA, landra&SR primers, tardCplocasia
esculenta.. Schott), genetic diversity

1. Introduction

Taro [Colocasia esculentdlL.) Schott] is a major root crop belonging to tfemily
Araceae sub—familyAroideae(Lebot, 2009). It is one of the oldest crops kndwman and is
thought to have originated from tropical Americal asia (Lebot, 2009). The spread of taro
into Africa may have been through the Mediterran€béon, 1977; Purseglove, 1979;
Plucknett, 1984), reaching Egypt about 2000 BC dRiett et al., 1970). From there, it may
have spread to the rest of Africa through trade mgtation. Taras one of the few edible
species in the genuSolocasia(Ezumah, 1972) and is the most widely cultivatpecges
(Vinning, 2003). In South Africa, taro is a traditial crop locally calledédmadumbein the
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Zulu vernacular and is generally consumed as aigehse crop (Shange, 2004), although its
commercialisation has recently occurred in Umbumjpal rural district of KwaZulu-Natal
(Modi, 2003). The nameamadumbe derives from the fact that taro is most common in
coastal areas and the hinterland of KwaZulu-Natalipce (Modi, 2004) starting at Bizana
district in the Eastern Cape and the rest of co&staZulu-Natal. The crop is also cultivated,
to a lesser extent, in the sub-tropical and trdpregions of Mpumalanga and Limpopo
provinces (Shange, 2004). With improved informatimailability, taro production as well as
its commercialisation may be expanded. Howeverh xpansion is limited, in part, by the
lack of improved cultivars. Subsistence farmersrantty rely on landraces selected over
generations to suit their agro-ecological and da@quirements (Singh et al., 2008). Very

little is known of the genetic diversity that esish these local landraces.

Shange (2004) and Mare (2006) morphologically dtaressed local taro landraces in
KwaZulu-Natal, however, they primarily focussed eddoe types. While morphological
characterisation may show variation, this may remtessarily reflect variation at the molecular
level (Okpul, 2005; Singh et al., 2008). As sutiere is a need for molecular characterisation,
in addition to morphological characterisation, mder to determine the full nature and extent
of differences. Within South Africa, there have e® reported efforts to characterise local
landraces using molecular markers. Singh et aD&p@valuated 859 accessions from Papua
New Guinea (using 30 agro-morphological descriptarel DNA fingerprinting [using seven
simple sequence repeats (SSR) primers]. Previoudlyer researchers had used DNA
fingerprinting techniques such as amplified fragtmiemgth polymorphism (AFLP) primers
(Quero-Garcia et al., 2004), and random amplifielymorphic DNA (RAPD) primers (Singh
et al., 2011) to characterise taro. However, SSRgs were regarded to be advantageous
over AFLP and RAPD (Hamza et al.,, 2004). Therefdree aim of this study was to
characterise genetic diversity in three taro laoesadrom KwaZulu-Natal, South Africa, using

agro-morphological characterisation and DNA fingeriing using five SSR primers.
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2. Materials and methods
2.1 Plant material and experimental design

Three taro landraces were collected from two locetiin KwaZulu-Natal (KZN); one
from KwaNgwanase (KW) (27°1'S; 32°44’E) in northeZN, and two from Umbumbulu
[UM and Dumbe Lomfula (DL): 29°36’S; 30°25’E] netlre south coast of KZN (Figure 1).
Table 1 detailed the background information onl#ér@lraces as well as existing knowledge
describing the agronomy of the landraces. All lacds were planted using corms (Figure 1)
in a randomised complete block design (RCBD) repdid three times, at two locations —
Pietermaritzburg, KZN (29°37’'S; 30°16’E; 775 mashd Roodeplaat, Pretoria (25°60°S;
28°35°E; 1 168 masl), during the summer of 2010/11.

Figure 1: An illustration of the three taro landraces (A -urmibe Lomfula; B —
KwaNgwanase; C — Umbumbulu) in their natural habif@1, A2 & A3) and the shapes of
their corms or cormels (B1-3). Note the differenoesorm shapes as well as natural habitats

of the three landraces.
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2.2 Agro-morphological characterisation

Agro-morphological characterisation was done whikamtg had reached their maximum
vegetative stage (four months after planting). falt@f 17 plant characteristics, split into
vegetative and corm characteristics, were usedanacterise the landraces as described by
the International Network on Edible Aroids (INEAht{p://www.ediblearoids.odg The
parameters, both quantitative and qualitative, udetl descriptions of vegetative growth

(stolon formation, plant height, shape of laminagemtation of lamina, leaf lamina margin,
lamina colour, variegation of lamina, sinus, vaingtion, colour of leaf petiole, variation on
petiole, flowering, maturity) and corm charactecst(corm shape , weight, flesh colour,

eating quality). An average value, of 6 plants, wsead to describe quantitative traits.

2.3 SSR characterisation

Leaf samples of the three taro landraces takemgltine maximum vegetative period were
used for DNA extraction and SSR characterisatiddAQvas isolated using the CTAB (cetyl
trimethyl ammonium bromide) method (Murray and Tipsion, 1980). Agarose (3%) gel
electrophoresis and spectophotometry were usedtasrdine the integrity and concentrations
of DNA. Based on previous assays of amplificatiod @roduct length polymorphism in taro
landraces, five SSR primers (Mace and Godwin, 20@2g used.

Polymerase chain reaction (PCR) amplification wagsmed in 0.2 mL plates using an
MJ-Research PTC-100® thermal cycler. The PCR re@actiixture (10 pL) contained in 10 ng
template DNA, 0.24 uM each of forward and revemseagrs, 0.4 mM of each dNTP, 3.5 mM
MgCl,, 0.75 U TAQ DNA polymerase and 1 u@i33P] dATP. The PCR regime consisted of
an initial denaturation (94 °C for 5 min), 35 cy&keach consisting of 30 sec denaturation (94
°C), 1 min annealing (ranging from 62 — 65 °C) ([aB). Thereafter, the amplified products
were mixed with 5 pL stop solution [98% formamid®, mM EDTA, 0.05% (w/v)] xylene
cyanol and 0.05 bromophenol blue) and denatureg#&tC for 3 min. A 2 pL aliquot was
loaded onto denaturing polyacylamide gels (10% laonde/bisacylamide 19:1) and
electrophoresed.
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Tables

Table 1. General information on the three taro landracesgKgwanase (KW), Umbumbulu (UM) and Dumbe Lomfuld)]. The
information provides a brief description of theqdavhere the landrace was sourced from, its natataitat or place of cultivation as

well as a summary of current existing knowledgehmnlandrace.

Description of locations where landraces were soued Existing knowledge of landraces
Assumed
Area of Altitude Climatic Local Landrace Growing drought
Location Coordinates (masl)’ description Name type conditions tolerance
Umbumbulu 29°36’S; Lowlands Dumbe Cultivated -
(UM) 30°25’E (<500 m) Semi-arid dumbe Eddoe upland (slopes) Unknown
Umbumbulu 29°36’S; Lowlands Dumbe Wild - shallow
(DL) 30°25'E (<500 m) Semi-arid | Lomfula Dasheen rivers Unknown
KwaNgwanase 27°1'S; Lowlands Cultivated -
(KW) 32°44'E (<500 m) Humid Phondo Dasheen Swamps Unknown

"Note masl = meters above sea level.
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Table 2. Profiles of five SSR primers used for moleculaaretterisation of three taro
landraces (DL, KW & UM).

Annealing Temp

SSR ID Sequence bp' (°C)
Ug55-112 F *Fwd: CTT TTG TGA CAT TTG TGG AGC 21

Ug55-112 R SRvs: CAA TAA TGG TGG TGG AAG TGG 21 62
Uqg73-164 F Fwd: ATG CCA ATG GAG GAT GGC AG 20

Ug73-164 R Rvs: CGT CTA GCT TAG GAC AACATG C 22 65
Ug84-207 F Fwd: AGG ACA AAA TAG CAT CAG CAC 21

Ug84-207 R Rvs: CCC ATT GGA GAG ATAGAGAGAC 22 65
Ug88B-94 F Fwd: CAC ACA TAC CCA CAT ACACG 20

Ug88B-94 R  Rvs: CCA GGC TCT AAT GAT GAT GAT G 22 62
Ugl10-283 F Fwd: AGC CAC GAC ACT CAACTATC 20

Uql10-283 R Rvs: GCC CAG TAT ATC TTG CAT CTC C 22 65

"Note bp = number of base paitBwd = forward primer’Rvs = reverse primer.

2.4 Data analysis

For each of the three taro landraces, band positoil primer combinations were scored
using photographic prints of electrophoresis gétores were entered as either present (score
= 1) or absent (score = 0). Scores were then aslysing hierarchical cluster analysis in
GenStat® (Version 14, VSN, UK) and dendograms ef genetic relatedness of the three
landraces produced.
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3. Results and discussion
3.1 Morphological characterization

Results of morphological characterisation (Tablev8je based on a set of 17 parameters,
split into vegetative and corm characteristics. stdu analysis of agro-morphological
characteristics grouped landraces into two disgnotips at a similarity index of 0.73 (Figure
2). The first group comprised Dumbe Lomfula and Klgavanase landraces, while the second
group consisted of Umbumbulu. Dumbe Lomfula and Kga&anase landraces were dasheen
type landraces characterised by a single centrah @nd several, small, side cormels which
are not edible (Lebot, 2009). The similarity indetween Dumbe-Lomfula and Umbumbulu
landraces was only 0.22 (Figure 2). This was bex#us Umbumbulu landrace was an eddoe

type landrace characterised by numerous cormelshwbrm the edible part (Lebot, 2009).

DL 4

KW -

um

T T T T T T
1.00 0.95 0.90 0.85 0.80 0.75

Figure 2: Dendogram illustrating genetic relatedness oftkinee taro landraces generated by
hierarchical cluster analysis using GenStat® frooorss of the 17 agro-morphological

parameters. Note: DL = Dumbe Lomfula, KW = KwaNgas& and UM = Umbumbulu.
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Table 3. Agro—morphological characterisation of three tammdraces [Dumbe Lomfula (DL),
KwaNgwanase (KW) and Umbumbulu (UM)] collected fritwaZulu-Natal, South Africa.

Dumbe Lomfula KwaNgwanase
Descriptor (DL) (KW) Umbumbulu (UM)
Vegetative
1. Stolon formation  Stolons only Partly present Séit
Suckers formation Absent Partly present Suckehp

2.
3. Plant height Very tall (> 150 cm) Tall (100-1&@) Medium (50-100 cm)
4

Orientation of Tip-pointing
lamina downwards Semi-horizontal Semi-horizontal
5. Leaflamina
margin Undulated narrow Undulated narrow Entire
6. Lamina colour Normal green Normal green Nornrakg
7. Variegation of
lamina Absent Absent Absent
8. Sinus Narrow pointed Narrow pointed Narrow pedh
9. Leaf petiole
colour Brown-purple Light purple Light green
10. Vein junction Light purple Light green Dark purple
11. Variation of
petiole None None Upper part darker
12. Flowering Rarely flowering Never flowering Neviiwering
Corm characteristics
13. Maturity Very late (> 10 Intermediate (6-8
months) Late (8-10 months) months)
14. Corm shape Cylindrical Elliptical Conical
15. Very small (< 0.25
Corm mass Large (2-4 kq) Medium (0.5-2 kg)kg)
16. Flesh colour White White Greyish-white
17. Eating quality Good Very good Very good

Among the landraces, large variations were obsefeednorphological characteristics
such as stolon and/or sucker formation, plant higlghf petiole and vein junction colour, and
corm shape (Table 3). On average, the Dumbe Londoth KwaNgwanase landraces had
evidence of stolon formation; the two landraces &alzd relatively tall plants (> 1 m) and very
large leaves relative to the Umbumbulu landracee TUimbumbulu landrace did not form
stolons but rather had suckers, which was typi¢adduoe type varieties (Table 3). Other
characteristics such as corm mass and maturitycastysibuted to the variation between the
landraces. Dumbe Lomfula and KwaNgwanase landifacesed large to medium sized corms

while the Umbumbulu landrace formed small but nwousrcormels (Table 3). In addition, the
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Dumbe Lomfula landrace was a perennial crop whilgaKgwanase was a late maturing
variety. Umbumbulu landrace, on the other hand, stesvn to mature earlier relative to the
other two landraces (Table 3). On the other hatidlandraces showed similarities with

respect to sinus, lamina colour and variegatiotheflamina.

Previous characterization of local landraces (Skar&904; Mare, 2006) had mainly
focussed on eddoe type landraces to the excludiatagsheen type landraces. This may be
because the eddoe type landraces are more populdwaZulu-Natal, South Africa than
dasheen type landraces. Such popularity may alsluédo the fact that there currently exists

a market for eddoe type landraces (Modi, 2003).

3.1 SSR characterization

Contrary to the results of morphological charaesgion, DNA fingerprinting using five
SSR primers showed that Dumbe-Lomfula and Umbumlarhdraces were more similar
(0.82) to each other, while the KwaNgwanase larelnaas distinctly different (Figure 3).
Morphological characterization had showed thatsinalarity index between Dumbe-Lomfula
and Umbumbulu landraces was only 0.22 (Figure Bg denetic similarity between the wild
Dumbe Lomfula and cultivated Umbumbulu landrace rbaydue to the fact that the two
landraces were collected from the same locatiobl€lr'a). Molecular characterisation did not
show distinct differences between the two morphickiggroups, Dasheen and Eddoe landrace
(Figure 3). This concurs with Lebot’'s (2009) stagemthat these two morphological groups
are not differentiated by molecular markers. Ththaufurther suggested that eddoe types
were less genetically improved and yielded less th@sheen types. This assertion concurred
with morphological characterisation which showedt tthe eddoe type Umbumbulu landrace
had smaller sized corms which weighed less thamgoof the dasheen type landraces,

Dumbe-Lomfula and KwaNgwanase.
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Figure 3: Dendogram illustrating the genetic relatednesthefthree taro landraces generated
by hierarchical cluster analysis using Gensfeam scores of the 5 SSR primers. Note: DL =

Dumbe Lomfula, KW = KwaNgwanase and UM = Umbumbulu.

Furthermore, our results of DNA characterizatioig(ife 4) which showed that there were
differences between the agro-morphological charaei®on and SSR primer characterisation
were consistent with earlier reports by Okpul et(aD05)and Singh et al. (2008). In their
separate studies (Okpul et al., 2005; Singh eR@08), they reported that molecular analyses
did not often result in clusters similar to thogenwrphological traits. This agreed with our
own observations whereby DNA characterization tesuin clusters (Figure 3) that were
contrary to those derived using morphological ctiarézation (Figure 2). They went on to
state that, while morphological characterisatiory elaow differences, such differences may
not exist, entirely, at the genetic level and cobkl an outward expression imposed by
genotype and environment interactions. In such s;asieey suggested that molecular
characterisation was more accurate compared witpmotogical characterisation.
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Figure 4: Levels of polymorphism observed for tive forimers (Ug — 84, Uq -88, Uq — 110,
Uq — 73 & Uq — 55). Note: M = Marker; L = 10 basairpadder; 1 = Dumbe Lomfula, 2 =
Umbumbulu and 3 = KwaNgwanase. Note that the nusnberthe gels represent the sizes (in

base pairs) of bands where areas of polymorphigeidd in red) occurred.

4. Conclusion

Both agro-morphological and SSR primer characteosawere useful in identifying
differences between landraces. Morphological chersation was able to show differences
between the dasheen and eddoe types, which werelegat at the molecular level. Agro-
morphological characterisation suggested that tild @umbe Lomfula landrace and the
cultivated KwaNgwanase, both dasheen types, wemilasi However, SSR primer
characterisation showed that Dumbe Lomfula and Unthuu landraces were more similar
while the KwaNgwanase landrace was different fréwen. The extent of genetic diversity
within the taro landraces may be confined to ggaigalocation than morphology. There is
need for further research to collect and analys;yguSSR primers, all landraces of taro

occurring in South Africa.
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Abstract

Growth, phenological, yield and drought mechanisifithree taro landraces [Dumbe Lomfula
(DL), KwaNgwanase (KW) and Umbumbulu (UM)] were kixsied under field conditions
(irrigated and rainfed) at Ukulinga Research Fdpmetermaritzburg, South Africa, over two
summer seasons. Emergence, plant height, leaf nundad area index (LAI), stomatal
conductance (SC) and chlorophyll content index (G@dre determined. Vegetative growth
index (VGI) was also calculated. Biomass, yield &agdvest index (HI) were determined at
harvest. Taro was slow to emerge (~ 49 days) andieghaignificant differences between
landraces with respect to final emergence with Bizan achieving a good crop stand. Growth
(plant height, leaf number and LAI), VGI, SC andI@re significantly lower under rainfed
than irrigated conditions. Rainfed conditions résailin significantly lower biomass, HI, and
final yield of taro landraces compared to irrigatsmhditions. The DL landrace failed to
produce any yield. The UM landrace showed bettaptdions to water stress compared with
the KW and DL landraces. The UM landrace avoideaudnt through increased stomatal
regulation, lowering chlorophyll content, small@nopy size and reduced growth period. It is
concluded that among the three landraces, UM isldei for production under water stress

conditions, because it exhibited drought avoidaarmescape mechanisms.

Key words: Drought, landrace, LAI, stomatal conductance, ipbyll, vegetative growth

index, yield.
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INTRODUCTION

Current reports suggest that world population ismgdo reach 9 billion by 2050 (United
Nations, 2009) and that the world’s current stapteps (maize, rice and wheat) will not be
able to meet demand for food (Baye et al., 200h)s Treates a quagmire — how to feed all
these people? The challenge has sparked recerdgsnie the possible use and re-introduction
of neglected underutilised species (NUS) (Mabhau2d®9). Azam-Ali (2010) defined NUS
as crops that were previously not classified asomajops, have been under-researched and
currently occupy low levels of utilisation, and areinly confined to small-scale farming
areas. Unlike most staple crops, most NUS cropsbalieved to be adapted to a range of
ecological niches (Padulosi, 1998), which are oftearginal and harsh, thus offering
sustainable food production (Idowu, 2009). Suclpsrimclude taroQolocasia esculentél..)

Schott], locally known admadumben South Africa.

Taro is thought to be one of the oldest domesticateps, with a history of cultivation
in the Indo-Pacific dating back to more than 100 @@ars (Cable, 1984; Plucknet, 1984;
Haudricourt and Hédin, 1987 cited in Lebot, 2008pket al., 2010). In South Africa, taro is
an important NUS cultivated by subsistence farnusiag landraces. Its production remains
confined to mostly rural coastal areas of KwaZultdl and the Eastern Cape provinces
(Shange, 2004). Over the last decade, semi-comatisetion of taro by subsistence farmers
(Modi, 2003; Agargaad and Birch-Thomsen, 2006) bastributed to an increase in taro
production. As such, there is growing interestrmnpote it among small-scale farmers in other
parts of the country, which may be drier than tbhastal areas. Lack of scientific information
describing effects of drought on growth, developmand yield of diverse taro landraces

remains a bottleneck to its successful expansion.

There has been limited research on drought tolerafi¢his crop. Snyder and Lugo,
(1980) reported that drought tolerance existedmeswild relatives of taro, suggesting it was
possible to develop drought tolerant hybrids. SiyA895) evaluated effects of drought on
growth of two taro varieties (dasheen and eddoe) tamnia and observed that stomatal
conductance declined under water stress relativhaonell-watered treatment. In addition,
water stress was shown to reduce leaf number afichtea of both cultivars. In India, Sahoo

et al. (2006), using taro hybrids, reported sigaifit variations for taro growth parameters
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such as height, leaf number and leaf area, leativel water content, chlorophyll stability
index and injury by desiccation in response to dsmstress. They further concluded that
development of drought tolerant varieties of taasva possibility after observing tolerance to

osmotic stress with negligible yield reductionlve taro hybrid.

South Africa’s research efforts on taro have primdocussed on propagule quality
and storage (Shange, 2004; Modi, 2007), with lichitesearch on growth, and yield quality
(Mare, 2006, 2010; Modi, 2007; Mare and Modi, 20HY well as nutritional quality
(McEwan, 2008). There has been no research dasgtiéio’s drought tolerance and there are
currently no improved varieties of taro, hence laabsistence farmers still use landraces.
Availability of information describing drought toknce in these landraces could lead to
development of drought tolerant varieties. It iptthesised that local taro landraces may have
developed drought tolerance over centuries of faramel natural selection. Therefore, this
study is aimed to evaluate the growth responsesater stress and mechanisms of drought

tolerance of local taro landraces.

MATERIALS AND METHODS
Planting material

Three landraces of tardAihadumbg were collected from two locations in KwaZulu-Nata
(KZN); one from KwaNgwanase (KW) (27°1'S; 32°44’K) northern KZN, and two from
Umbumbulu [UM and Dumbe Lomfula (DL): 29°36’S; 3@°E] in the midlands of KZN, in
April, 2010. The KW and DL landraces were classlifess dasheen types characterised by a
large central corm and no side cormels (Shange4)2dte DL landrace was obtained from
the wild where it was growing in shallow streambeTKW landrace was semi-domesticated
and cultivated on stream-banks. The UM landraanisipland landrace and is an eddoe type
landrace characterised by a central corm and numeside cormels which are the edible parts
(Lebot, 2009). In order to eliminate propagule seffects, planting material was initially
selected for uniform plant size (Singh al, 1998). Propagules were then treated with a
bactericide and fungicide (SporeRill to prevent rotting during sprouting. Thereafter,
propagules were sprouted in vermiculite (30°C, B for 21 days before being planted out
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in the field. KwaNgwanase was propagated using4se#d (huli), Umbumbulu and DL using

sprouted corms and cuttings, respectively.

Description of experimental sites

Field trials were conducted at the University of &fulu-Natal's Ukulinga Research Farm,
Pietermaritzburg (29°37’S; 30°16’E) during the suemnplanting seasons of 2010/11 and
2011/12. Ukulinga represents a semi-arid enviroriraad is characterised by clay-loam soils
(USDA taxonomic system). Weather parameters weraitor@d by an automatic weather
station (AWS) (ARC - Institute for Soil, ClimatedNVater) situated within a 100 m radius of

the trials.

Experimental designs

A factorial experiment with a split-plot layout anged in a completely randomised block
design was used at both experimental sites. Iragdfull irrigation (FI) versus rainfed (RF)]
was the main factor, while landrace type (DL, KWdddM) was the sub-factor. The sub-
factor was replicated three times. The trials watested on an area of 499.8.nMain plots
measured 207.4 Teach, with 15 m spacing between them to prevetgnfieom sprinklers in
the FI treatment from reaching RF plots — sprirklesd a maximum range of 6 m radius. The
sub-plot size was 17 Twith an inter-plotspacing of 1 m, and plant spacing of 1 x 0.5 m,
translating to 20 000 plants per hectare. Irrigagaheduling for the full irrigation treatment
was based on ETrom the AWS and was applied using sprinklers on high risers. In order
to allow for maximum possible crop stand, the Rfatment was established under irrigation
until plants had reached 90% emergence. Therealfteyation was withheld from the RF

treatment.
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Agronomic practices

Prior to commencement of trials, soil samples wedeen for soil fertility and textural
analysis. Results of soil texture analysis weralusedefine soil physical parameters of field
capacity (FC), permanent wilting point (PWP) andusation (Ksa) using the Soil Water
Characteristics Hydraulic Properties Calculator

(http://hydrolab.arsusda.gov/soilwater/Index.htnhand preparation involved disking and

rotovating the fields to achieve a fine seedbedtillser was applied using an organic

fertiliser, GromoF, at a rate of 5 330 kg figMare, 2010). Since taro takes long to mature,
fertiliser application was split into two: half ptanting and the remainder 20 weeks after
planting, to ensure nutrient availability throughdle trials. Weeding and ridging were done
by hand-hoeing.

Data collection

The experimental designs and data collection wpeeiBcally designed to collect empirical
data and observations for taro, which could laterused to model taro using AquaCrop
(Stedutoet al, 2009). Data collection included emergence wattieast 90% of the plants had
emerged. Canopy characteristics [plant height, teshber and leaf area index (LAI)] were
determined starting from when the plants had rehd®@% emergence. Plant height was
measured from the bottom of the plant up to the fdighe 2 youngest fully unfolded leaf.
Leaf number was counted only for fully unfoldedves with at least 50% green leaf area.
Leaf area index was measured using the LAI2200 parmalyser (LI-COR, Inc. USA &
Canada). During the 2010/11 season, only the KWlidvidandraces were measured since the
crop stand in the DL landrace was too low to allgpod measurements to be taken. Stomatal
conductance (SC) was determined using a steady Istdt porometer (Model SC-1, Decagon
Devices, USA). During 2011/12 planting season, &dbrophyll content index (CCI) was
determined using a chlorophyll content meter (CQM-ZLUS Opti-Sciences, USA).
Stomatal conductance (SC) and CCI were measuradtire abaxial and adaxial leaf surfaces,
respectively, of the " youngest fully unfolded leaf for the entire duoatiof the trial as

described for SC by Sivan (1995). Soil water con{&WC) was monitored weekly using a
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PR2/6 profile probe connected to a handheld HH2stace meter (Delta-T Devices, UK). The
vegetative growth index (VGI) was measured in fiegldls as described by Lebot (2009) with

minor modifications (Equation 1):

VGI = [((leaf width x leaf length)*leaf number)*H@D] — (suckers + stolorfs) Equation 1

where VGI = vegetative growth index

H = plant height

Statistical analysis

Data collected from all trials were analysed usamplysis of variance (ANOVA) with
GenStat (Version 14, VSN International, UK). Thereaftezast significant differences (LSD)

were used to separate means at the 5% level dfisagrce.

RESULTS
Weather data

Weather parameters (mean Tmax, Tmin, Rainfall afg) were measured for the duration of
the trials (September to June in 2010/11 and 2@)1(Eig 1). During the first season
(2010/11), the average temperature was 19.5°C, mighsured total rainfall of 939.2 mm
against a calculated reference evapotranspiration) (of 878.1 mm. As such, rainfall
received during this period was greater (by 61.1)rttran ET. Based on monthly rainfall

totals, rainfall was well distributed over the s@masMost of the rainfall was received during
the vegetative periods (Dec-March) and generalljeeded or matched ETFig 1). During

the 2011/12 season, the average temperature waarsimthat of 2010/11, however, total

rainfall (647.2 mm) received in 2011/12 was lesantlthat received in the previous season.
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Furthermore, total rainfall received was less (88®m) than EJ, suggesting that the crop
may have suffered evaporative demand stress dineg2011/12 season. Lastly, rainfall
distribution showed that rainfall during the whgi®wing season was lower than JZ€xcept

for March and November (Fig 1).
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Figure 1. Maximum (Tmax) and minimum (Tmin) temgaras, rainfall and reference
evapotranspiration (EJ recorded at Ukulinga (Sept — June) during A. 2010and B.
2011/12 planting seasons. Note the differenceinfathand (ET,) recorded during 2011/12.
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Crop establishment

In order to allow for maximum possible crop stamdals (irrigated and rainfed) were
established under full irrigation. Irrigation wasthdrawn when plants had reached at least
90% emergence. Results presented here show difEsdretween landraces for both planting
seasons. Taro landraces emerged slowly during itese 21 days after planting (DAP).
Thereafter, emergence proceeded relatively fastaching 90% establishment at about 49
DAP, on average (Fig 2). Results of emergence stiohighly significant differences
(P<0.001) between landraces, with KW emerging fastampared to the UM and KW
landraces. The DL landrace showed the lowest emeegdailing to reach 25% emergence

throughout the season (Fig 2).

100

{i -e— DL LSD (P=0.05) =4.7
90 —&— KW
1 = uM
80
. 70
s |
3 60
c
S |
o
5 50
S |
Ll
40
30
20
10
0+—=@ i @ i i f f f f f
5 10 15 20 25 30 35 40 45 50

Days After Planting (DAP)

Figure 2. Emergence of taro landraces [Dumbe LoanfidL), KwaNgwanase (KW) &

Umbumbulu (UM)] based on mean values for both seaddote that DL was slow to emerge.
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Stomatal conductance and chlorophyll content index

Stomatal conductance (SC) was measured at the ohtet rapid vegetative stage (4 months
after planting). Across both seasons, results stdwghly significant differences (P<0.001)
between irrigation treatments and landraces (Figo8)ing the 2010/11 season, there was a
significant interaction (P<0.05) between irrigatimaatments while in the subsequent season
(2011/12), the interaction was not significant.rB&bal conductance was lower under rainfed,
after 17 weeks, compared to irrigated conditiohsvas almost twice as high under irrigated
relative to rainfed conditions (Fig 3). On averadm, both irrigation treatments, the DL
landrace had higher SC than the UM landrace. Umdexfed conditions, based on mean
values for both seasons, SC for DL, KW and UM w4%352% and 58% lower, respectively,
compared with irrigated conditions. Under rainfemditions, the UM landrace was shown to
have the lowest SC compared to the DL and KW latedrasuggesting a greater degree of

stomatal control in the UM landrace.
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Figure 3: Stomatal conductance of taro landracasniie Lomfula (DL), KwaNgwanase
(KW) & Umbumbulu (UM)] grown under irrigated andimged conditions at Ukulinga during
(b) 2010/11 and (a) 2011/12 planting seasons.
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The trend in chlorophyll content index (CCI) wadime with observations of SC (Fig
3). Chlorophyll content index was shown to decresigaificantly (P<0.001) under rainfed
relative to irrigated conditions (Fig 4). Based mmean values, CCIl was about 40% lower
under rainfed compared with irrigated conditionsantlraces were shown to differ
significantly (P<0.001) with respect to CCI. The Udhdrace had the highest CCI compared
with KW and DL landraces, respectively, under biotigated and rainfed conditions. Results
of CCIl showed that DL had the greatest decreas&o)48hile KW and UM had similar
decreases (36%) under rainfed relative to irrigateaditions. This meant that, even though
the UM landrace had lower CCI under rainfed coodsi it retained a higher CCI under
rainfed (stress) conditions than the DL and KW lands.
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12011/12 Season —=— UM
100-{LsD (P=0.05) = 22.14

Chlorophlly Content Index (CCI)

30+

20

10 — 1 1 1 1 1 1 1 1 1
16 18 20 22 24 26 16 18 20 22 24 26
Weeks After Planting (WAP)

Figure 4: Chlorophyll content index (CCI) of tarantraces [Dumbe Lomfula (DL),
KwaNgwanase (KW) & Umbumbulu (UM)] grown under (ajigated and (b) rainfed
conditions at Ukulinga during the 2011/12 plantssgson.
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Crop growth

Results collected from both seasons (2010/11 arid/2Q) showed that measured growth
parameters of plant height, leaf number and LAleveegatively affected by limited water

availability under rainfed conditions. Plant heigbsults for both seasons recorded highly
significant differences (P<0.001) between irrigaticeatments, landraces and their interaction

(Fig 5). Based on mean values of irrigated plots,had the tallest plants (117 cm) compared

with KW (107 cm) and UM (82 cm), respectively. Dhgi2010/11, plant height of KW, UM
and DL was respectively 42%, 32% and 29% lower umd@nfed relative to irrigated
conditions. While for the subsequent season (2@),1{dant height of UM, KW and DL was

respectively 33%, 31% and 26% lower under rainfddtive to irrigated conditions. Results

showed that UM and KW landraces were more incliteecttain a lower maximum plant

height under water limited conditions.
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Figure 5: Plant height (cm) of taro landraces [Denblomfula (DL), KwaNgwanase (KW) &

Umbumbulu (UM)] grown under irrigated and rainfednditions at Ukulinga during (b)
2010/11 and (a) 2011/12 planting seasons.
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Results of leaf number measured for both seasomsvexh highly significant
differences (P<0.001) between irrigation treatmeaitsl landraces. During the 2011/12
planting season there was a highly significant (B&D) interaction between irrigation
treatments and landraces (Fig 6). Leaf number wasaverage, higher during the 2011/12
season than the 2010/11 season although lesslranafareceived during the former season.
The observed trend of results, across both seasbiosyed that, on average, DL and KW
landraces had a higher leaf number than the UMr#ared Leaf number was shown to be
consistently lower under rainfed relative to irtiggh conditions. On average, for both seasons,
leaf number of DL, KW and UM landraces was lower2®%6, 36% and 28%, respectively,
under rainfed relative to irrigated conditions. TR/ landrace had the greatest decrease in
leaf number compared to the DL and UM landracess Was consistent with lower plant

height observed in the KW landraces under raintedlitions.
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Figure 6: Leaf number of taro landraces [Dumbe Ldenf(DL), KwaNgwanase (KW) &
Umbumbulu (UM)] grown under irrigated and rainfednditions at Ukulinga during (b)
2010/11 and (a) 2011/12 planting seasons.
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Figure 7: Leaf area index (LAI) of taro landrac&uinbe Lomfula (DL), KwaNgwanase
(KW) & Umbumbulu (UM)] grown under irrigated (IRRYnd rainfed conditions at Ukulinga
during (b) 2010/11 and (a) 2011/12 planting seasons
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Leaf area index (LAI) was not consistent across@es as was the case with plant
height and leaf number. Results of LAl measurednduR010/11 showed highly significant
differences (P<0.001) between irrigation treatmemis landraces (Fig 7). Leaf area index was
70% lower under rainfed compared with irrigated dibans; the greatest reductions in LAl
were observed in the KW landrace (Fig 7). OvertleE UM landrace was shown to have
significantly higher LAl than the KW landrace. lhet subsequent season (2011/12), results
were consistent in that there were highly significdifferences (P<0.001) between irrigation
treatments. Based on mean values for irrigatioatiments, LAl was 66% lower under rainfed
compared to irrigated conditions. There were naiigant differences between the landraces.
However, the KW and UM landraces had higher LAInththe DL landrace under both
irrigated and rainfed conditions. This was desgpitefact that DL had larger-sized leaves (data
not shown) than UM and KW. Overall, for both seasdrAl was shown to be very sensitive
to water stress as shown by the huge reductiob&limunder rainfed compared with irrigated
conditions. The KW landrace was shown to have teatgst reductions in LAl under rainfed
conditions compared with the UM landrace. The itssod LAl observed in the KW landrace
were consistent with decreased plant height anfl faenber. Although the UM landrace
showed a decreased plant height and leaf numBeeduction in leaf number were minimal,
hence, it had better LAl under rainfed conditions.

The vegetative growth index (VGI) which considerd parameters related to
vegetative growth (i.e. plant height, leaf numbied area, suckers and stolons) was shown to
be significantly lower under rainfed compared witigated conditions (Fig 8). Results for the
VGI showed highly significant differences (P<0.0@Btween treatments and landraces. The
interaction between irrigation treatments and lands was also shown to be highly significant
(Fig 8). Under rainfed conditions, VGI was 91% aBic?6 lower during the 2010/11 and
2011/12 planting seasons, respectively, relativieriggated conditions. Decreases in VGI were
highest in the KW and UM landraces (94% and 89%gpectively, compared with the DL
landrace (86%). Reduction in VGI under rainfed gbads was consistent with results of

reduced plant height, leaf number and leaf areexrmdmpared with irrigated conditions.
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Figure 8: Vegetative growth index (VGI) of taro teaces [Dumbe Lomfula (DL), KwaNgwanase (KW) & Umttaulu (UM)] grown
under irrigated and rainfed conditions at Ukulimigaing A. 2010/11 and B. 2011/12 planting seasons.
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Crop phenology

Results of crop phenology, observed as time todsarmaturity, showed highly significant
differences (P<0.001) between irrigation treatmestsvell as between landraces (Fig 9). Only
the KW and UM landraces were evaluated for thisapeter, because the DL landrace, a
perennial, was not exhibiting any signs of harvesturity. Time to harvest maturity
decreased significantly under rainfed relativertmated conditions. Based on mean values, it
took 32 weeks after planting (WAP) for taro to nratunder irrigated conditions compared
with 30 WAP under rainfed conditions. The UM lantirehad a shorter crop duration under
both irrigated and rainfed conditions compared i KW landrace (Fig 9).
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Figure 9: Time to harvest maturity, in weeks afimting, of taro landraces [KwaNgwanase
(KW) & Umbumbulu (UM)] grown under irrigated (IRR)nd rainfed conditions at Ukulinga
during 2010/11 planting season. Note that DL isincuded in this graph.
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Yield

The DL landrace failed to form yield across eiteeason. This is most likely because the DL
landrace is a non-domesticated perennial crop whaamally grows in shallow rivers. As
such our attempt to take it out of its natural kethivas unsuccessful. Results only show the
KW and UM landraces (Tables 1 & 2). Due to diffeves in weather parameters between the
two seasons, results presented here do not showmttraction between seasons. During the
2010/11 planting season, results of yield companantl final yield were lower under rainfed
relative to irrigated conditions (Table 1). Biomakd, corm number and corm mass were all
lower under rainfed compared to irrigated condgi¢hable 1). Results of biomass, corm mass
and yield all showed highly significant differencg3<0.001) between irrigation treatments.
Harvest index (HI) and corm number showed no sicgmit differences between irrigation
treatments (Table 1). Only biomass and HI showgdifstant differences between landraces
(Table 1). Overall, yield (t h3 was higher under irrigated relative to rainfedditions; yield
was, on average, 65% lower under rainfed comparadigated conditions. The KW landrace
had higher yield under irrigated conditions thaa M landrace only in 2010/11. This was
consistent with the longer crop duration (Fig 9heTopposite was true under rainfed
conditions, with the UM landraces having betterldjithan the KW landrace during both
seasons. Under rainfed conditions, yield of the KiWdrace was 75% lower compared with
52% in the UM landrace. The pattern of lower yie&tween the two landraces was consistent
with trends in VGI; vegetative growth of the UM tiaces was less affected by limited water
availability under rainfed conditions (Fig 8). Asch, lowering of final yield was mainly
related to lower biomass per plant (Table 2). Gati@n and path analysis of yield and yield
determinants confirmed that biomass was highlyetated with yield (r = 0.9572) and that
biomass had the greatest direct contribution tta\({it.08193) (Table 2).
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Table 1. Yield and yield components (biomass, h&triredex, corm number and corm mass)

of two taro landraces (KwaNgwanase (KW) and UmbuonuM) grown under irrigated and

rainfed conditions during 2010/11 and 2011/12 sunseasons. Numbers in the same column

not sharing the same letter differ significanth.&D (P = 0.05).

Corm
Biomass Harvest Corm mass
Water plant®  Index number plant®  Yield
Season Treatment Landrace (kg) (%) plant®  (kg) (tha?)
Umbumbulu 1.03b 82.46a 13.72a 0.86b  17.14b
IRRIGATED
KwaNgwanase 1.95a 65.49b  20.56a 1l.21a 24.16a
- Umbumbulu 0.56b  74.23ab 12.14a  0.4lc 8.26¢
o RAINFED
S KwaNgwanase 0.52b 65.91b  13.11a 0.31c 6.13c
o
N LSD (P=0.05) Water 0.36 8.34 7.47 0.19 3.76
LSD (P=0.05) Landrace 0.36 8.34 7.47 0.19 3.76
LSD (P=0.05) WT*Landrace 0.50 11.79 10.56 0.27 5.31
Umbumbulu 1.32a 67.26a 14.97a 0.73a 14.63a
IRRIGATED
KwaNgwanase 0.89b 51.07a 7.29b 0.52ab 10.43ab
Umbumbulu 0.63bc  59.01a 15.19a 0.36b 7.27b
o RAINFED
= KwaNgwanase 0.49c 59.63a 8.11b 0.27b 5.39b
o
~ LSD (P=0.05) Water 0.20 21.61 4.82 0.25 5.01
LSD (P=0.05) Landrace 0.20 21.61 4.82 0.25 5.01
LSD (P=0.05) WT*Landrace 0.28 30.56 6.82 0.35 7.09
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Table 2. Correlation matrix and path coefficiertewsing direct and indirect contributions of
biomass, harvest index and corm number per playietd for both KwaNgwanase (KW) and
Umbumbulu (UM) landraces during 2010/11 and 201glEhting seasons. Values in bold
represent the direct contributioh;represents the indirect contribution and * dendtes

correlation coefficient.

Corm
Harvest number Correlation
Season index plant™ Biomass  Coeff. Yield*
o Harvest index 0.260343 0.029004 -0.27925 0.0101
S — Corm number plant™ | -0.09942 -0.07595 0.819671 0.6443
N Biomass -0.06719 -0.05754 1.081931 0.9572
"o Harvestindex | 0422679  -0.02087 017119 0573
(:3' o Corm number plant® | 0.088974 -0.09914 0.291366 0.2812
N Biomass 0.088509 -0.03533 0.817524 0.8707

During the subsequent season (2011/12), the treasl similar, with respect to
differences between water treatments (Table 1)ldYéemponents and final yield decreased
under rainfed compared with irrigated conditiongl{le 1). Yield in the irrigated treatment
during 2011/12 was comparatively lower than thasembed during 2010/11. Contrary to
results from the first season, the UM landrace higher biomass and yield than the KW
landrace under both irrigated and rainfed cond#ti@uring the second season. Secondly,
based on percentage yield decline under rainfedlitons, the UM landrace was shown to
have performed better than the KW landrace undafeth conditions (Table 1). Correlation
and path analysis of yield and yield determinantstlie second season were consistent with
results of the first season (Table 2). Biomass kgkly correlated to final yield (r = 0.8707)
and contributed highly (0.817524) towards finallgieThe contribution of HI to final yield
was minimal while corm number had the least couatridn (Table 2). Corm number generally
was not much lower under rainfed relative to irrgghconditions. This suggested that while
corm number may be relatively consistent, individoarm size and mass decreased in
response to limited water availability. Since bia®avas shown to contribute most to yield,
the UM landrace may be more suited to rainfed prodo due to a higher biomass (and

consequently yield) under rainfed relative to iatigd conditions (Table 1).
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DISCUSSION

The findings of this study showed that taro landsatook at least 7 weeks to emerge. The
KwaNgwanase (KW) (dasheen) and Umbumbulu (UM) (edidandraces were better than the
Dumbe Lomfula (DL) (wild unclassified) landrace. dhould be noted that DL is a wild
landrace naturally adapted to wetlands; hencentag have affected its performance. Slow
emergence of taro landraces would imply that afaotater is lost to soil evaporation during
the establishment stage. Mare (2010) reported reyer establishment periods 10 weeks)

for several eddoe type landraces. Time taken torgemenay be reflective of different
propagules used for each of the three landraceaNgwanase was propagated using head-
setts (huli), Umbumbulu and DL using sprouted coand cuttings, respectively. This may
have resulted in propagule type and size effecisgfSet al., 1998; Lebot, 2009); thus

explaining differences observed between landraces.

Levitt (1972) is credited with categorising theferent plant strategies to drought
tolerance as escape, avoidance and tolerance. @lomasure, a drought avoidance
mechanism (Levitt, 1979; Turner, 1986), is one mips’ initial responses to drought stress.
The strategy is to minimise transpirational watessks (Chaves et al., 2003). It is widely
accepted as the major limitation to photosynth@sid biomass production under drought
stress (Chaves et al., 2002, 2003). Our findingsvsld that stomatal conductance decreased
under rainfed compared with irrigated conditionkisTwas indicative of stomatal regulation.
Under rainfed conditions, the UM landrace had tteatgst decreases in stomatal conductance,
indicating greater control of stomatal aperturenttfee KW and DL landraces. Sivan (1995)
reported similar findings of decreasing stomatahdu@wtance under water stress in two
dasheen and eddoe taro varieties. Stomatal regulatay play a role in stress acclimation of

taro landraces to water stress, specifically the laiMirace.

Under non-limiting conditions, plants {@lants in particular) utilise a large proportion
of absorbed solar radiation for photosynthesis phadtorespiration (Maroco et al., 1998).
However, under conditions of limited water availdpj plants have to find ways of getting rid
of excess radiation. Loss of chlorophyll is onebsstrategy (Havaux and Tardy, 1999). The
strategy is to effect a down-regulation of photdkgsis in response to decreased availability

of intracellular CQ resulting from stomatal closure. In this study iaswvshown that
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chlorophyll content index decreased under rainéddtive to irrigated conditions, in line with
decreasing stomatal conductance. This was evidaeinerergy dissipation mechanism in taro
landraces. Our findings concur with Sahoo et 8006} who reported decreased chlorophyll
stability index in a taro hybrid subjected to wastness. This response was clear in the UM
landrace, suggesting the UM landrace was able wndegulate its photosynthesis in line
with decreasing Coavailability.

Plants also cope with limited water availabilitydabgh reductions in plant size and
surface area available for transpiration (Mitctetlll., 1998) as a drought avoidance strategy
(Levitt, 1979; Turner, 1986). This study has shawat plant height, leaf number, LAI and
VGI of landraces were lower under rainfed relativerrigated conditions. Our findings were
consistent with findings by Sahoo et al. (2006} thater stress decreased plant height, leaf
number and leaf area of a taro hybrid. According_é&bot (2009), VGI is a unique taro
specific index in that it considers all aspect$and morphology — leaf number and area, plant
height as well as suckers and stolons. It has bemorted to be positively correlated to corm
yield (Lebot, 2009). Our findings showed that V@&cdeased under limited water availability
compared with irrigated conditions. This was morenpunced during the 2011/12 season
which was classified as a drought season. The tieduin VGI was due to failure by
landraces to form suckers, coupled with reducedtgiaight, leaf number and leaf area under
rainfed conditions. Over-all, the KW landrace whswn to be most sensitive to water stress
compared to the UM and DL landraces. The UM larglralsowed moderate decreases in
vegetative components under stress suggestingttivats able to strike a balance between
minimising water losses through transpiration whaldowing for biomass production to
continue. This was consistent with UM’s degree tdnstal control and accompanying

lowering of CCI.

Another plant strategy for coping with limited watavailability is escape (Levitt,
1979; Turner, 1986). Plants that escape droughérgéy exhibit a degree of phenological
plasticity through completing their life cycle bedowater stress becomes terminal. In this
regard, taro landraces, especially the UM landrsleeywed a degree of phenological plasticity
in response to limited water availability undemfad conditions. The UM landrace matured

earlier under rainfed relative to irrigated corwlis. This was consistent with decreased
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vegetative growth under rainfed conditions. Raintshditions resulted in enhanced leaf
shedding (reduced leaf number) which resulted iartehed crop duration. Blum (2005)
associated drought avoidance with reduced seasati@udue to reduced leaf number. While
reduction in leaf number is a drought avoidance haeism, phenological plasticity is an
escape mechanism. This agrees with Ludlow (1989) sdggested that drought tolerance

strategies do not necessarily work in isolation.

Our findings on yield response to limited waterikaklity were consistent with results
of crop growth. Yield components and final yieldrevall lower under rainfed conditions
relative to irrigated conditions. This concurs wiglum (2005) that plant drought responses
that favoured avoidance and escape were oftenetaetriment of yield due to reduced crop
duration and biomass production. Rainfed productésulted in yield losses of at least 50%,
on average, in the KW and UM landraces while thel@nidrace failed to form yield under
both irrigated and rainfed conditions. It is worthting that the DL landrace was obtained
from the wild where it grows as a perennial. Oujeotive was to evaluate if it could be
domesticated as an annual crop as has been ddnéheiKW and UM landraces over a long
period of time.

According to Farooq et al. (2009), many yield-detieing plant processes are affected
by water stress. Findings of the current study slibthat the greatest contributor to yield
attainment was biomass. However, biomass productias affected by reduced stomatal
conductance and chlorophyll content, reduced végetayrowth and crop duration under
rainfed conditions. Therefore, management practicaisfavour biomass production should be
considered in order to maximise yield under coodsiof limited water availability. The UM
landrace which consistently produced relativelyhigbiomass under rainfed conditions may

be suited for rainfed conditions where water isghmary limitation to crop production.
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CONCLUSION

This study showed that taro landraces were su$depto drought stress under rainfed
conditions. Attempts to domesticate the DL outtsefriative habitat were unsuccessful as the
crop failed to produce yield. Future studies, whiohy include breeders, should evaluate
whether there are any useful traits in the DL landrthat could be useful to future crop
improvement. Nonetheless, the study managed toiddeught strategies in taro landraces.
Drought adaptation in taro landraces involved algioation of drought avoidance and escape
mechanisms. Drought avoidance was achieved thrsigghatal regulation, energy dissipation
and reduced canopy size. These responses hadtte&ewt of reducing crop water losses to
transpiration. Escape was demonstrated throughgbbginal plasticity such that under water
limited conditions, taro matured earlier. The KWhdeace is more suited to irrigated
conditions and therefore should be cultivated wiseigplementary irrigation is available. The
UM landrace showed greater adaptability to watesstunder rainfed conditions. As such, the
UM landrace may be suited for rainfed productiomegi that management practices that

favour biomass accumulation are practised.
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ABSTRACT

Taro [Colocasia esculentél.) Schott] is an underutilised crop in sub-SalmafAfrica. There is
no information describing water-use and drougheraoice of local taro landraces. Therefore,
the objective of this study was to evaluate growibld and water-use of three South African
landraces of taro under varying water regimes. & taeo landraces [Dumbe Lomfula (DL),
KwaNgwanase (KW) and Umbumbulu (UM)] were plantedirainshelter (14, October, 2010
and 8, September, 2011) at Roodeplaat, PretoriathSafrica. Three levels of irrigation
[30%, 60% and 100% crop water requirement (ETa)levapplied three times a week using
drip irrigation. Emergence, plant height, leaf nembleaf area index (LAI) and stomatal
conductance were measuréed situ. Root length, fresh and dry mass were obtained by
destructive sampling. Yield, yield components aratesuse efficiency were determined at
harvest. Taro landraces showed slow and unevengemes. Stomatal conductance was
respectively 4% and 23% lower at 60% and 30% ETaive to 100% ETa. Such a decline
was clearer in the UM landrace, suggesting gresttanatal regulation in the UM landrace
compared to KW and DL landraces. Plant growth patars (plant height, leaf number and
LAI) were lower by between 5 — 19% at 60% and 30%a,Eespectively, ETa relative to
100% ETa. The KW and DL landraces had very low gnowhile the UM landrace had
moderate growth. Taro yield was 15% and 46% higlheptimum irrigation relative to 60%
ETa and 30% ETa. Water-use efficiency was relativeichanged (0.22 — 0.24 kg>nacross
varying water regimes. On average, the UM landitz@ 113% higher WUE than the KW
landrace. These findings can be used to differentize landraces on the basis of potential

drought tolerance.

Keywords:Drought; Neglected underutilised species; Waterafficiency; Yield

70



1. Introduction

Taro (Colocasia esculenth. Schott) is a major root crop of the Araceaeifamwith wide
distribution in the tropics and subtropics (Leli2209). It is among the oldest crops known to
man with a history dating back to more than 10 96ars (Rao et al., 2010). However, the
crop remains underutilised in much of the world;luding South Africa, due to lack of
information. The widely held perception that tasbdne of the least water efficient crops
(Uyeda et al., 2011) may, in part, explain its eatrlow levels of utilisation. It therefore
comes as no surprise that information describingemase of taro and possible drought
tolerance is scarce. Only recently has a majoreptdpeen commissioned where one of the
objectives is to breed for drought tolerance i ténternational Network of Edible Aroids
(INEA) http://www.ediblearoids.oig

There were few reports in the literature descrildngught tolerance of taro and its water-
use (Sivan, 1995; Sahoo et al., 2006; Uyeda et28l11). Sivan (1995) studied drought
tolerance in two dasheen and eddoe taro varietsesell as tanniaX@nthosoma sagittifolium
and observed that stomatal conductance, leaf nurabdrleaf area of both cultivars all
decreased in response to water stress. In a sezuaty, Sahoo et al. (2006) subjected a taro
hybrid to water stress using polyethylene glycd@ and observed significant differences in
plant growth parameters of height, leaf number amed as well as minimum yield reduction
in response to water stress. Elsewhere, Uyeda. é2@l1) evaluated the response of three
commercial taro varieties to five irrigation ratessed on reference evapotranspirationoET
and found that irrigating taro at 150% of Fdould maximise yield. Sahoo et al. (2006) went
on to conclude that development of drought toletard cultivars was possible while Uyeda et
al. (2011) stated that upland taro varieties mayadapted to water-limited production.
Therefore, evaluating responses of previously utistutaro landraces to water stress may aid
in identifying genotypes with drought tolerance awatability for production in water-limited

areas.

South Africa is classified as hyper-arid to semgd-gBennie and Hensley, 2001); water
availability remains a major limiting factor to grg@roduction and threatens household food
security. Climate change pundits suggest that watktrbecome even scarcer (Petit et al.,

1999; Hassan, 2006), further threatening crop ptol and food security. Taro production
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has been mainly confined to the coastal areas dZ-Natal and Eastern Cape provinces
(Shange, 2004) where farmers still rely on landsgoe planting material. It is possible that,
over hundreds of years of farmer and natural selecthese landraces may have acquired
drought tolerance and evolved to be productive urdaditions of limited water availability
under upland cultivation. However, this assumptiemains to be tested rigorously, as has
been done for other established crops.

As such, there is a need to evaluate responseaxcalf taro landraces to water stress and
determine their water-use under varying water reginSuch information would allow for
promotion of taro in areas with limited rainfallutowith access to irrigation. Furthermore, if
indeed certain landraces have adapted to low |®@felster-use that would contribute towards
local and international breeding efforts for droutgierance in taro. It was hypothesised that
taro landraces have evolved under natural selediiorbecome suited to water-limited
conditions. Therefore, the aim of this study wa®valuate the growth, yield and water-use

efficiency of three taro landraces under varyingeveegimes.

2. Material and methods

2.1 Plant material

South African taro landraces were sourced from Kgwdhase (KW) (27°1'S; 32°44’E)
in northern KwaZulu-Natal (KZN) province, and Umbbmaiu [UM and Dumbe Lomfula
(DL): 29°36’S; 30°25’E] situated in the midlands KWEZN. The KW and DL landraces were
classified as dasheen types characterised by a dafi@ple central corm with few side cormels
(Shange, 2004). The UM landrace was classifiechasddoe type landrace characterised by a
central corm and numerous side cormels which aesthible part (Lebot, 2009). Propagules
were initially selected for uniform size (Singh &t, 1998) before being treated with a
bactericide and fungicide (SporeRjiito prevent rotting during sprouting. Propagulesrev
then sprouted in vermiculite (30°C; 90% RH) forddlys before being planted.

2.2 Site description
Trials were planted under a rainshelter at Roo@dgpRretoria (25°60°S; 28°35'E), South
Africa, over two summer seasons (14 October, 201uhe, 2011 and 8 September, 2011 to
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May, 2011). In both seasons, the duration of thpesments was eight months. The
rainshelter is designed to stay open when theme minfall, but to close when a rainfall event
occurs, thus excluding the effect of rainfall fradhe experiment. Soil in the rainshelter was
classified as sandy clay loam (USDA taxonomic sy3teThe Soil Water Characteristics

Hydraulic Properties Calculator (http://hydrolaiusda.gov/soilwater/Index.htmjas used to

calculate the amount of water available at fieldazgty (FC), permanent wilting point (PWP),
and saturation (SAT), as well as the saturatedawitr conductivity (Table 1). Daily weather
parameters [maximum and minimum air temperatutative humidity, solar radiation, wind

speed, rainfall and reference evapotranspiratiog){Edr the duration of the experiments were
monitored and collected from an automatic weattegros located within a 100 m radius from

the rainshelter.

2.3 Experimental designs

The experimental design was a factorial experimetit two factors: irrigation level and
landrace type, replicated three times. The thnégation levels were 30%, 60% and 100% of
crop water requirement (ETa). There were three rioebs: Dumbe Lomfula (DL),
KwaNgwanase (KW) and Umbumbulu (UM). The experimeas laid out in a randomised
complete block design; individual plot size in tiaénshelter was 6 mwith plant spacing of
0.6 mx 0.6 m.

2.4 Irrigation

Irrigation in the rainshelter was delivered usingpdirrigation. The irrigation system
comprised a pump, filters, 3 solenoid valves (aveeach irrigation level), 3 water meters, a
control box, online drippers, 200 litre JOJO tamigin line, sub-main lines and laterals. The
maximum allowable operating pressure of the systas 200 kPa, with an average discharge
rate per dripper of 2 I/hour. Dripper line spacings based on actual plant spacing (0.6 m x
0.6 m). In order to prevent seepage and lateralemewnt of water between plots, a double-

folded black, 20Qum thick polyethylene sheet, was trenched at a defpthm between plots.

Irrigation scheduling was based on reference evapspiration (EJ) and a crop factor
(Kc) (Allen et al., 1998). Reference evapotranspiraiigT,) values were obtained from an
automatic weather station (AWS); the AWS calculdédson a daily basis according to the
FAO Penman—Monteith’s method (Allen et al., 199Baro is about 7 months (210 days)
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duration crop and authors differ on how these maglibided based on growth stages (Lebot,
2009). Crop coefficient (K values for taro were as described by Fares (2008)eby Kgitial

= 1.05 (2 months), Kgq= 1.15 (4 months) and g = 1.1 (1 month). Using these values of
Kc and ET from the AWS, crop water requirement (ETa) wastbelculated as follows as
described by Allen et al. (1998);

ETa=ET*K. Equation 1
Where ETa = crop water requirement
ET, = reference evapotranspiration, and

K. = crop factor

Initially, at the beginning of the study, all tresénts were irrigated to field capacity (Table
1). Thereafter, the treatments were imposed. kidgawas applied three times every week.
Irrigation was applied during the mornings to eeswater availability during peak periods of
demand in the day. The total actual amount of atian water applied, taking into
consideration the initial watering, ranged from832nm (100% ETa) to 1 009 mm and 800
mm for 60% and 100% ETa, respectively. The soilewatatus during the growing period was

monitored using Theta probes (Fig 1).

Table 1. Soil physical properties of soil in the rainshelt®WP — permanent wilting point;
"YFC — field capacity;SAT — saturation’TAW — total available water’Ksat — saturated

hydraulic conductivity.

'PWP “FC *SAT TAW ’Ksat
Textural class vol % (mmM (mm day)
Sandy clay loam 16.1 24.1 42.1 80 324.2
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2.5 Agronomic practices

Soil samples were taken from the rainshelter ptoomplanting and submitted for soil
fertility and texture analyses. Based on soil igytiresults, an organic fertiliser (Table 2),
Gromor Accelerator® (30 g Ko\, 15 g kg' P and 15 g k§ K) was applied at a rate of 5 330
kg ha' (Mare, 2010), with half being applied at plantiagd the balance applied 20 weeks
after emergence. Routine weeding and ridging inideplots were done by hand. Agronomic

practices were similar for both planting seasons.

Table 2. Chemical properties of soil in the rainshelter.

pH Org. Total
Fe Mn Cu Zn K Ca Mg Na P (H0O) C N

7.09 120.56 3.50 19.56 165.86 804.26 262.57 27.65 41.44 7.89 0.73 0.048

2.6 Data collection

Soil water content in the plots was monitored uditig2x Theta Probes connected to a
DL-2 data logger (Delta-T Devices, UK). In eachtpliwo probes were carefully inserted
within the root zone at an angle (< 90°) at de@th30 cm and 60 cm, respectively, and then

buried with soil. Data collection for SWC using fhileeta probes was done every 4 hours.

Parameters determined during the course of theriexpets were emergence [up to 49
days after planting (DAP)]. Thereafter, plant hejgeaf number, leaf area index (LAI) and
stomatal conductance (SC) were determined up tav@€ks after planting (WAP). Plant
height was measured from the base of the plantoughe base of the"2 youngest fully
unfolded leaf. Leaf number was counted only folyfuhfolded leaves with at least 50% green
leaf area. Leaf area index was measured usingAli22D0 Canopy Analyser (Li-Cor, USA &
Canada) by taking one measurement above the camapfour below canopy readings taken
in a diagonal (1 m) in each plot using a 270° veap. Stomatal conductance was measured
between 10 am and midday using a steady stateple@imeter (Model SC-1, Decagon
Devices, USA); measurements were taken on the abiaxsif surface of the"2youngest fully
unfolded leaf (Sivan, 1995). Upon termination o #xperiments, biomass (B), harvest index
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(HI) and corm yield (Y) were determined. Biomassswaeasured as the whole plant mass
(shoot, corms and roots), corm yield was measuseitieamass of edible corms; HI was then

calculated as the proportion of Y to B. Stomataidiectance was only determined in 2011/12.

Plant samples were randomly taken from the non+saxgatal plants in each plot at four,
five and six months after planting for determinataf biomass accumulation and root length.
Plants were carefully dug out to avoid damagingtsoand thereafter root length was
determined by measuring from the base of the ptatite tip of the longest root.

Water-use efficiency (WUE):water-use efficiency was determined as follows:

WUE = Biomass / ETa Equation 2

Where: WUE = water-use efficiency in kgm
Biomass = above ground biomass plus below grouniibpan kg, and
ETa = crop evapotranspiration/ water-use/ cropemagquirement in fh

2.7 Data analysis
Analysis of variance (ANOVA) was used to statidticaanalyse data using GenStat®
(Version 14, VSN International, UK). Least sign#it difference (LSD) was used to separate

means at the 5% level of significance.
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3. Results

3.1 Meteorological conditions and soil water coriten

Table 3 summarises the weather conditions thatadesls during the growing season
months (September to May). The two seasons’ wegihderns were similar to longterm
weather characteristics for Roodeplaat (Sectioip 2vBere the experimental site was located.
Temperatures were cooler in April and May, whicpresents the onset of winter. These two
months were also characterised by low wind speethr gadiation and total reference
evapotranspiration (EJ. Warmer temperatures (December to March) coimcigdéh rapid
vegetative growth stages of taro (Figs 3 and 4)s pleriod was characterised by, high solar
radiation and EJ. Hence, the conditions were optimum for growthawb. Figure 1 shows the
soil water content measurements from the threerwatgmes. The measurements confirmed

that there were indeed differences between the theger regimes.

0.55 +
0.5 -
0.45 -
0.4 -
0.35 -
0.3 -

L ——100% ETa

0.25 - — 60%ETa

Soil Water Content

0.2 - 30% ETa
0.15 -

0.05 -

0 -
49 59 69 79 89 99 109119129139149159169179189199209
Time (Days after planting)

Figure 1: Volumetric soil water content observedthe rainshelter from 49 DAP showing
differences between the 30%, 60% and 100% ETa wedénes.
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Table 3. Summary of monthly averages for meteorologicalaldes during the taro growing

seasons.
Season
Wind speed Total radiation
Month 4T, (°C) T (°C) (ms?h (MJ m~ day?) ETo*
2010-11
September 29.61 8.89 1.08 22.58 140.12
October 31.59 13.58 1.22 25.86 171.36
November 29.79 15.73 1.07 23.64 148.63
December 29.11 16.25 0.95 24.31 152.61
January 28.25 17.25 0.69 21.73 134.92
February 29.40 15.84 0.57 24.47 136.55
March 30.08 14.97 0.47 22.62 136.03
April 24.52 11.77 0.48 15.28 85.85
May 23.77 6.3 0.47 15.43 84.31
2011-12
September 28.86 8.2 1.09 24.26 146.59
October 29.49 11.92 0.99 25.84 161.56
November 30.31 14.46 1.12 26.93 169.54
December 28.91 16.51 0.73 23.45 147.79
January 30.67 16.78 0.92 25.59 169.37
February 31.23 17.07 0.54 24.51 130.1
March 29.94 14.12 0.78 22.94 145,51
April 26.26 8.88 0.66 21.28 118.42
May 26.23 6.09 0.46 18.53 103.83

Maximum temperature;°Minimum temperature; ‘FAO reference evapotranspiration;
*Monthly total. Monthly averages and totals werelcatated from hourly data. Note:

meteorological variables do not include rainfaichuse it was excluded in the rainshelter.
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3.2 Crop establishment

Results of crop emergence showed differences batwegieties (Fig 2). Irrigation
treatment effects are not reported because altdaed were established under optimum 100%
ETa treatment. Landraces were slow to emerge slyown uniformity (Fig 2), with zero
emergence observed during the first 4 weeks aftantipg (WAP). There were highly
significant differences (P<0.001) between landraessergence. The interaction between
landraces and time (WAP) was also highly significé<0.001). The KW landrace was
shown to emerge better (44.44%), with regards tergemce rate and uniformity, compared

with the UM (38.89%) and DL (20.37%) landraces; bad the lowest emergence rate over
the time period observed.

50 LSD (P=0.05) = 9.03
—e— DL
—4— KW
—— UM
40}
& 30
[}
[8)
[
[}
j@2]
2
£ 20|
10
0@— PN — ‘
1 2 3 4 5 6 7

Weeks after planting

Figure 2: Emergence of taro landraces [Dumbe Lomf{iDL), KwaNgwanase (KW) &

Umbumbulu (UM)] based on mean values for both seag2010/11 and 2011/12).
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3.3 Stomatal conductance

Stomatal conductance was significantly affected)(B&l) by irrigation treatments (Fig 3).
It was lower by about 4% and 23% at 60% and 30% tB&a at 100% ETa treatment. There
were significant differences (P<0.05) between lands; KW (204.6 mmol ts®) and DL
(204.4 mmol rif s*) landraces were similar while stomatal conductasfcthe UM landrace
was 19% lower than the two landraces. The inteyachetween irrigation treatments and
landraces was significant (P<0.05). Stomatal cotaohee of the DL and KW landraces was
between 3-30% higher at 60% ETa compared to 10a¥38% ETa. Stomatal conductance of
the UM landrace was lower by 25% and 40% at 60% &h30% ETa than at 100% ETa. In
addition, stomatal conductance of the UM landraas 256% and 32% lower than the KW and
DL landraces, respectively, at 30% ETa. Stomatatuootance of the DL and KW landraces,
measured at 30% ETa, was respectively 6% and 1§kehthan stomatal conductance of the
UM landrace at 60% ETa. Overall, results of stommatanductance pointed to the UM
landrace having greater stomatal regulation, ipoese to decreasing water availability, than
the KW and DL landraces.

LSD (P=0.05) = 122.59
600 ETa 30 ETa 60 ETa 100

500

-2 S—l)

400

300

200

Stomatal conductance (mmol m

100

018‘2‘0‘2‘2‘2‘4‘2‘6‘2‘8‘3‘0 1‘8‘2‘0‘2‘2‘2‘4‘2‘6‘2‘8‘301‘8‘2‘0‘2‘2‘2‘4‘2‘6‘2‘8‘3‘0

Weeks after planting
Figure 3: Stomatal conductance of taro landracesnfiie Lomfula (DL), KwaNgwanase
(KW) & Umbumbulu (UM)] in response to three levalkirrigation (30%, 60% and 100%

ETa) during 2010/11 and 2011/12 seasons.
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3.4 Crop growth

Plant height showed highly significant differen¢s0.001) between irrigation treatments
(Fig 4). Plant height was 15% and 19% lower at @¥%a and 30 ETa than at 100% ETa.
There were also highly significant differences (P0Q) between landraces; the trend was DL
> KW > UM during 2010/11 season and DL > UM > KWrithg 2011/12. The DL landrace
was the tallest at 100% ETa at the end of the seadvle the KW landrace showed the
greatest reduction=(5%) in plant height (after 16 weeks) in resporsadcreasing water
availability at 60% and 30% ETa, respectively. THd landrace showed moderate reduction

(=7%) in plant height under conditions of decreasuader availability.

ETa 30 ETa 60 ETa 100
160
1 (A) 2010/11 Si
140.] (A) eason DL
{ LSD (P=0.05) = 27.11 —— KW
—=— UM

(o2}
o

| (B) 2011/12 Season

7 LSD (P=0.05) = 19.58
1201

Plant height (cm)
=

N

o

100

EEEE (EREREEmE T T
8 12 16 20 24 28 8 12 16 20 24 28 8 12 16 20 24 28
Weeks after planting

Figure 4: Plant height (cm) of taro landraces [Denblomfula (DL), KwaNgwanase (KW) &
Umbumbulu (UM)] in response to three levels ofgation (30%, 60% and 100% ETa) during
2010/11 and 2011/12 seasons.
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Leaf number followed the same trend as plant heiglighly significant differences
(P<0.001) were shown between irrigation treatmexgswell as between landraces, with
respect to leaf number (Fig 5). During 2010/11,ttead observed for leaf number was 100%
ETa > 60% ETa > 30% ETa; however, during 2011/¥2tteénd was 60% ETa > 100% ETa >
30% ETa. Mean separation showed that leaf numb&0@% ETa was statistically similar to
60% ETa but significantly less by 6% at 30% ETaug,hrrigation at 30% ETa consistently
resulted in plants with the least number of leav&&th respect to differences observed
between landraces, the trend was such that UM >>DKW, while in 2011/12 the trend
showed that KW > UM > DL. Similar to plant heighite KW landrace showed the greatest
reduction £5%) in leaf number in response to limited waterilabdity at 30% ETa. As with
plant height, the UM landrace showed moderate temuan leaf number in response to

decreasing water availability.

ETa 30 ETa 60 ETa 100
10
| (A) 2010/11 Season —— DL
_ _ —$— KW
8-{ LSD (P=0.05) =1.04 o— UM

YRR
A

Leaf number

| (B) 2011/12 Season
7 LSD (P=0.05) = 1.16

N L 1 % 2 % 8 & % % B 1 % 24 %

Weeks after planting
Figure 5: Leaf number of taro landraces [Dumbe Ldenf(DL), KwaNgwanase (KW) &
Umbumbulu (UM)] in response to three levels ofgation (30%, 60% and 100% ETa) during

2010/11 and 2011/12 seasons.
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Figure 6: Leaf area index (LAI) of taro landrac&uinbe Lomfula (DL), KwaNgwanase
(KW) & Umbumbulu (UM)] in response to three levaltirrigation (30%, 60% and 100%
ETa) during 2010/11 and 2011/12 seasons.

Leaf area index (LAI), which represents the whobnapy size, was shown to be
significantly (P<0.001) affected by water avail#tiil(Fig 6). This was clearer during the
2011/12 season, possibly due to an increased nuafb@vservations compared to 2010/11
season. Leaf area index was 5% and 12% lower atiBD&and 30% ETa than LAI at 100%
ETa treatments. This was consistent with measurenodmplant height and leaf number which
showed much lower values at 30% ETa. There werehhgjgnificant differences (P<0.001)
between landraces (UM > KW > DL) during the 201186ason. There was a significant
((P<0.001) interaction between the irrigation tneats and landraces. The UM landrace’s
LAl was shown to be similar at 100% and 60% ETaibwias statistically lowerx(14%) at
30% ETa. Consistent with observations on plant iteignd leaf number, lower water
application resulted in lower LAI for all landragethe extent of such reduction differed
between landraces.

83



A fluctuating growth pattern was observed for plaeight, leaf number and LAI (Figs 4, 5
and 6). This was possibly due to the nature of taegetative growth. Taro landraces
continuously shed older leaves, replacing them withinger ones. As such, this distorts

measurements of growth parameters (Section 2$)ltireg in the observed fluctuations.

3.5 Biomass and root length

Destructive sampling was done for the 2011/12 seasomonthly intervals (5-7 months
after planting), to determine plant fresh mass (Fi#ty mass (DM), root length and the ratio
between dry to fresh mass (DM:FM) (Fig 7 and 8)sufts showed huge variability. Fresh
mass was significantly (P<0.05) affected by irrigattreatments giving 15% and 37% lower
values at 60% ETa and 30% ETa (Fig 7). Althouglrehgere no significant differences
(P>0.05) between landraces, their interaction witlgation treatments was shown to be
significant. The UM landrace had 2% and 40% moestrmass at 100% ETa than the DL and
KW landraces, respectively; KW had 8% and 25% lofresh mass than UM and DL at 30%
ETa. Dry mass per plant showed no significant diffiees (P>0.05) between irrigation
treatments Results showed that DM was respectiVvéBb and 12% higher at 60% ETa
relative to 100% and 30% ETa (Fig 7). The rationasn fresh and dry mass (FM:DM)
showed the same trend as that observed for DM negtpect to differences between irrigation

treatments and landraces (Fig 8).

Plant root length was significantly (P<0.05) aféettby irrigation treatment (Fig 8).
Decreasing water application resulted in lower reoigth; landraces had 2% and 19% less
root length at 60% ETa and to 30% than at 100% HThare were also highly significant
differences (P<0.001) between landraces (DL > KWM) while the interaction of the two
factors was also highly significant (P<0.001). Grerage the UM landrace had 3% and 24%
shorter roots than the KW and DL landraces, respeyt
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Figure 7: Fresh and dry mass (g plintef taro landraces [Dumbe Lomfula (DL),
KwaNgwanase (KW) & Umbumbulu (UM)] in response toetke levels of irrigation (30%,
60% and 100% ETa) during 2010/11 and 2011/12 season
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Figure 8: Root length (cm) and fresh: dry massorétb) taro landraces [Dumbe Lomfula
(DL), KwaNgwanase (KW) & Umbumbulu (UM)] in respango three levels of irrigation
(30%, 60% and 100% ETa) during 2010/11 and 2014¢h30ns.
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3.6 Yield and water-use

Results of yield and yield components reportedia paper are only for the KW and UM
landraces (Table 4). The DL landrace produced mtdyimost likely because it is a wild
landrace whose natural habitat is in shallow steeaResults of final biomass, for the two
landraces, showed highly significant differencesQB01) between seasons (Table 4). Based
on mean values for the seasons, final biomass gl@@11/12 was at least 68% greater than
that observed during 2010/11. Results of final @emalso showed significant differences
(P<0.05) between irrigation treatments as wellets/ben landraces. Final biomass was shown
to be lower in response to decreasing water agitaates (100% ETa > 60% ETa > 30%
ETa). With regards to differences between landratesUM landrace had about 69% higher
final biomass relative to the KW landrace undertlatee irrigation treatments. The trend in
final biomass was consistent with results for plgrawth, whereby the KW landrace was

shown to be most affected by limited water avaligbi

Another key yield component was corm number pentpkspecially for the UM landrace
whereby the side cormels are consumed. The tremesafts was similar to that observed for
biomass. There were highly significant differen¢es0.001) between the two seasons, and
significant differences (P<0.05) between irrigatimeatments as well as between landraces
(Table 4). On average, corm number per plant waé% T8gher in 2011/12 than that in
2010/11. Interestingly, treatment means showeddbah number was respectively 13% and
11% higher at 60% ETa than at 100% and 30% ETa; was also confirmed by mean
separation using LSD (P=0.05) (Table 4). The UMdtace had about 92% higher corm
number per plant than the KW landrace; this was tdueorphological differences between

the two landraces (Section 2.1).
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Table 4. Yield and yield components (biomass, harvest indexm number and corm mass)
of two taro landraces (KwaNgwanase (KW) and UmbuonipdM) grown under a rainshelter
at three irrigation levels (30, 60 and 100% ETa)rdu2010/11 and 2011/12 summer seasons.

*Numbers in the same column not sharing the sartter Idiffer significantly at LSD (P =

0.05).
Season Corm
Biomass Corm mass Harvest WUE
Water plant’ number plant®  Index  Yield  (kgm
Levels Landrace (kg) plant™ (kg) (%) (t hal) 3
2010/11 Season
UM 0.248e 9.06¢c 0.220cd 87a 6.10cd 0.15c¢c
30% ETa
KW 0.183e 3.88e 0.156d 86a 4.32d 0.11c
UM 0.370de 8.11cd 0.336cd 90a 9.31cd 0.17c
60% ETa
KW 0.164e 6.20cde 0.138d 86a 3.83d 0.07c
UM 0.377de 9.06¢c 0.324cd 85a 9.00cd0.12c
100% ETa
KW 0.227e 3.46e 0.152d 57c 4.23d 0.06¢c
2011/12 Season
UM 0.886bc 16.56b  0.467bc 62bc 12.96ab 0.53a
30% ETa
KW 0.288e 2.44e 0.205cd 7l1labc 5.70cd 0.17c
UM 1.086ab 22.56a 0.804a 74abc 22.32a 0.49a
60% ETa
KW 0.478cde 3.28e 0.386bcd 82ab 10.70bcd 0.22c
UM 1.368a 21.78a 0.861a 63bc 23.904.44ab
100% ETa
KW 0.822bcd 4.28de  0.625ab 79ab 17.33ab 0.27bc
LSD (P=0.05) Season 0.179 1.53 0.102 8 2.82 0.08
LSDp=0.05) Water Treatment  0.220 1.874 0.124 9 3.45 0.10
LSDp=0.0s)Landrace 0.179 1.53 0.102 8 2.82 0.08
LSDp=0.05) WT*Landrace 0.311 2.65 0.176 13 488 0.14
LSDp=0.05) 0.20
Ssn*WT*Landrace 0.440 3.75 0.249 19 6.90
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Corm mass per plant also differed significantly @®91) between seasons, being higher
(=150%) during 2011/12 compared with 2010/11. Irimattreatments were also shown to
have a significant effect on plant corm mass; basetteatment means alone, corm mass per
plant was lower at lower water application rate€0% ETa > 60% ETa > 30% ETa).
Although corm number per plant was respectively E% 11% higher at 60% ETa compared
with 100% and 30% ETa, this did not correlate veitihm mass, suggesting that the numerous
corms were small. The two landraces also differigdificantly (P<0.001), with respect to
corm mass (UM > KW). Mean separation using LSD (B5Pshowed that corm mass of the
UM landrace at 100% and 60% ETa were statisticallpilar, while corm mass was
statistically less (44%) at 30% ETa. The geneeidrin corm mass showed much variation,

although corm mass was less affected at 60% ETial€ 7).

In line with observations on biomass, corm numbst eorm mass, harvest index (HI)
showed significant differences (P<0.05) between twe seasons. Unlike other yield
components, HI was 14% higher during 2010/11 coegavith 2011/12. This was due to
reduced vegetative growth and biomass (the dendomnauring 2010/11. There were
significant differences (P<0.05) between the thieigation treatments only in 2011/12.
Contrary to the trend observed for the other pataregHI was respectively 14% and 7%
lower at 100% ETa than at 60% and 30% ETa; meaaragpn confirmed this trend (Table
4). The fact that HI was higher under conditionsliofited water availability implied a
positive effect of stress on HI. Additionally, Héesmed to be more sensitive to changes in
biomass than corm mass. There were no significaifiérehces (P>0.05) between the

landraces; based on mean values for landracesbttbyhad an average HI of 77%.

Consistent with results of yield components regbréove, final yield (t hY showed
highly significant differences (P<0.001) betweerassms. On average, yield was higher
(=150%) during 2011/12 compared to 2010/11 (Tabldrdyation treatments were shown to
have a significant effect (P<0.05) on final yieldith yield being lower at lower water
application rates (100% ETa > 60% ETa > 30% ETde €xtent of yield reduction was
greater at 30% ETa than at 60% ETa; based on maaesvfor irrigation treatments, yield
was 15% and 47% lower at 60% ETa and 30% ETa tha0@6 ETa. This re-affirmed the

trend observed so far indicating that differencesvieen 100% and 60% ETa were minimal,
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while 30% ETa had the greatest effect on all pataraeneasured. With respect to differences
between landraces, analysis of variance showedlyhigignificant differences (P<0.001)
between landraces, with the UM landrace out-yigjdime KW landrace under all conditions.
The performance of UM, especially under limited evatvailability, was consistent with the

moderate reductions observed for growth parameters.

Water-use efficiency (WUE) also showed highly siigaint differences (P<0.001)
between seasons, in line with the trend observegiédd components and final yield (Table
4). Interestingly, results showed that there wearesignificant differences (P>0.05) between
the three irrigation treatments. A closer look raigation treatment means showed that, on
average, WUE was slightly higher (9%) and similar38% and 60% ETa (0.24 kg'in
compared to 100% ETa (0.22 kg®n Results also showed highly significant differesc
between landraces, with the UM landrace (0.32 K having higher (113%) WUE than the

KW landrace (0.15 kg i); mean separation also confirmed this.

3.7 Yield determinants in taro landraces

Results of biomass, harvest index, corm number gdant (CMN) and WUE were
subjected to correlation and path analysis to ifletite parameter(s) that contributed most to
final yield (Table 5). Biomass (r = 0.92), CMN (10=7/3) and WUE (r = 0.67) were shown to
be highly correlated to final yield (Table 5). Tharameter that had the greatest contribution
to final yield was biomass, followed by harvestard Table 5). Corm number had the least
contribution to final yield, while WUE had a negeti contribution to yield. The low
contribution of corm number per plant relates tsashations that high CMN did not translate
to high yield (Table 4). This suggests that anea#n effort should target a landrace with

minimum biomass reduction under limited water alallty.
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Table 5. Correlation matrix and path coefficients showimgect and indirect contributions of
biomass, harvest index and corm number per playietd for both KwaNgwanase (KW) and
Umbumbulu (UM) landraces.CMN = corm number per planttWUE = water-use efficiency.
Values in bold represent the direct contributibnepresents the indirect contribution and *

denotes the correlation coefficient.

Biomass Harvestindex *CMN YWUE Yield*
Biomass 1.21 -0.18 0.08 -0.16 0.92
Harvest index -0.65 0.34 -0.03 0.13 -0.22
*CMN 0.93 -0.14 0.08 -0.14 0.73
YWUE 1.03 -0.23 0.08 -0.19 0.67

4. Discussion

Emergence of taro landraces was slow and erraitb, landraces failing to reach 50%
emergence by 49 days after planting. PreviouslyeMa010) reported that it took about 70
days after planting for taro landraces to emergdeurdryland conditions. Vigorous and
uniform emergence is important for canopy coversg¢iraira, 2006; Blum, 2012); thence the
ability to quickly emerge (vigour) and start phgtothesising is important (Harris et al., 2002;
Passioura, 2006). Good seedling establishment ensapid ground cover (Passioura, 2006)
thereby reducing loss of water to soil evaporatflow emergence of taro landraces implies
that a significant amount of water is lost to seiaporation(unproductive) aopposed to
being lost through transpiration during establishm@lum, 2012). This would result in a
significant amount of water being lost to evapanatin cases where the crop is irrigated using
sprinkler or surface irrigation methods that havegh percentage of soil surface wetted. The
use of drip irrigation, which has a smaller peraget wetted soil surface, would save water
(Phene et al., 1994; Unlu et al., 2006).

A plant’s ability to tolerate dry conditions is iittately linked to its ability to acclimatise
(Anjum et al., 2011). Stomata facilitate water Itisough transpiration as well as uptake of
CO, from the atmosphere. In the current study, stohtataductance was shown to decrease

in response to decreasing water availability; gagern was lucid for the UM landrace. Sivan
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(1995) reported similar findings of declining stdalaconductance in taro varieties subjected
to water stress. Under limited water availabilistomatal conductance decreases as a
mechanism to minimise transpirational water log€#sves et al., 2003) — this is dehydration
avoidance (Levitt, 1979; Turner, 1986). In thisardl) it can be assumed that the UM landrace
is the most water-efficient of the three landrage®videnced by its greater degree of stomatal

control.

Limited water availability has been reported touiesn reduced plant growth due to
impairment of cell division and expansion (Hussetiral., 2008). The trend observed showing
lower canopy size (plant height, leaf number and)lwAder limited water availability (60%
and 30% ETa) was consistent with reports by Siu&9%) and Sahoo et al. (2006) who also
observed reduced growth in taro varieties subjettdedater stress. Reduction in leaf number
was also due to premature senescence of leavespZaize represents surface area available
for transpiration; plants cope with reduced wateilability through reductions in canopy size
(Mitchell et al., 1998) — a dehydration avoidancechanism (Levitt, 1979; Turner, 1986). In
addition, reduced LAl has previously been ascrilbedreduction in photosynthesis and
assimilate supply under water limited conditionsnjidn et al.,, 2011) which curtail leaf

expansion.

Reduction in canopy size in response to limitedewawailability is an attribute of water-
use efficiency; however, this should not be exsesas leaf area directly correlates to biomass
production and yield (Blum, 2005, 2012). Hypothalliy, a plant that shows moderate
reduction in canopy size is capable of strikingatéabce between minimising water loss and
allowing for reasonable biomass production to cardi In this regard, the UM landrace was
efficient in achieving both aspects - while thepcreduced its canopy size under limited water
conditions, such reduction was moderate compargd thie DL and KW landraces. This

allowed the UM landrace to have higher biomass @etpwith the other landraces.

Under limited water availability, roots grow untlemand for water is met. However,
genetic variations may limit potential maximum ragt depth (Blum, 2005). A well-
developed root system allows for enhanced captuisoib water (Passioura et al., 2006) an
important adaptation (dehydration avoidance) toewdimited conditions (Vurayai et al.,

2011). This study showed that taro landraces hatlosh roots (< 30 cm); this suggests that
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taro landraces are unable to utilise water frompdeareas of the soil, a situation that may
result in drainage losses (Passioura et al., 20R0&)t length of taro landraces decreased with
decreasing water availability. This was contrarytber studies that have reported increased
root length under conditions of limited water aghility — sunflower (Tahir et al., 2002) and

Populus sp(Wullschleger et al., 2005). Moreover, this wasoatontrary to reports by Sivan

(1995) of increased root: shoot in taro varietiebjected to water stress. We can only
hypothesise that perhaps the constant re-wettintheofoot zone, at all water levels, due to
frequent irrigation by drip may have kept the rpohe reasonably moist enough to discourage

root growth.

Most plant adaptations associated with increasedWhber limited water availability are
often detrimental to yield attainment, which is teal of farming (Blum, 2005; Jaleel et al.,
2009). Yield and yield components all decreasedesponse to reduced water availability.
Despite the fact similar agronomic practices wewneal for both seasons, yield was
significantly higher during 2011/12 compared witG12/11. Differences in yield between
seasons may be due to landrace variability. Yieldreased by 15% and 47% in response to
reduced water availability at 60% ETa and 30% HE€apectively, compared with the 100%
ETa treatment. The trend was similar to recent ntspon yield and water use efficiency of
potato grown under different irrigation levels (Bagt al., 2012). They reported that tuber

yield of potatoes decreased with decreasing amafuntgation applied.

Water-use efficiency of taro landraces was showidoconstant across water regimes
(0.22 - 0.24 kg ). The increase in WUE under limited water avaligbiwas marginal.
Under limited water availability, WUE increasesabgh either increasing yield (biomass) or
decreasing water-use through the amount of iregagipplied (Pandey et al., 2000). Over-all,
WUE of taro landraces was low compared to thatnteddor other crops such as potato (Badr
et al.,, 2009). In the present study, decreasingatmeunt of irrigation applied, did not
significantly improve WUE. This was shown in copeading reductions in biomass and
yield. Percentage yield reduction may have beeraleigupercentage reduction in water-use
(water applied). On average, the UM landrace’s WOB2 kg n?) was twice as high as that
of the KW landrace (0.15 kg ™. Uyeda et al. (2011) reported that upland tars were

efficient at using water than varieties which arerenadapted to flooded conditions. The UM
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landrace is an upland variety while the KW landraceultivated along the coast in swamps

and other waterlogged areas.

Correlation and path analysis of taro yield deteants showed that biomass was highly
correlated to yield and had the greatest contaouto yield. Corm number per plant had less
contribution to final yield, suggesting that itdsrm mass, not number, which is more critical
under limited water availability. This partly expla why the UM landrace was able to out
yield the KW landrace under all conditions. Yie@luction under limited water availability is
a function of reduced canopy growth and biomassiyotion (Badr et al., 2012). The UM
landraces had moderate reductions in plant growthpared with the KW landrace and
therefore, was able to produce more biomass whagtslkated to higher yield. Yield of the UM
landrace in the 30% ETa treatment during both seasas higher than the global average
yield estimate for taro (6.5 t Ha(FAOSTAT, 2012).

5. Conclusion

Given the importance of vigorous emergence, stiegetp improve emergence of taro
should be a key objective of future studies. Thaaild improve water-use and possibly yield.
Under conditions of limited water availability, talandraces were able to reduce their water-
use through reductions in stomatal conductancecandpy size. The extent of reduction in
canopy size was greater in the KW landrace comparédthe UM landrace suggesting that
the KW landrace was more sensitive to limited wateailability. The UM landrace was
shown to have a greater degree of stomatal corttnak minimising water loss through
transpiration. Yield was shown to decrease in respado limited water availability while
WUE remained relatively unchanged across watetriretats. The UM landrace was shown to
have higher WUE and to be better adapted for atlom in areas with limited water

availability.
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Abstract

Bambara groundnut/ffgna subterraned. Verdc) is an underutilised species with potaini
contribute nutritional and food security in mardiaaeas. Growth, phenology and yield of a
local bambara groundnut landrace from Jozini, KwaNatal, characterised into three
selections according to seed coat colour, nameBrewn, Red and Light-brown — were
evaluated under irrigated and rainfed field conditi at Roodeplaat, Pretoria. Replicated (x3)
trials were planted under rainfed and irrigateddittons with seed colour as a sub-factor.
Emergence (up to 35 days after planting), planghteileaf number, leaf area index,
chlorophyll content index and stomatal conductameee measuredh situ. Yield and yield
components were determined at harvest. The ReayrBamd Light-brown landrace selections
emerged well, 84, 81 and 51%, respectively. Pldnysiplogical and growth parameters of
stomatal conductance, chlorophyll content indeanplheight, leaf number, leaf area index
and biomass accumulation were lower under rainfelhtive to irrigated conditions.
Adaptations were landrace selection specific, wiflown and Red landrace selections
showing better adaptation to rainfed conditionsdéhrainfed conditions, bambara groundnut
landrace selections flowered, senesced and maeader relative to irrigated conditions.
Consequently, there were lower yields under rai@epared with irrigated conditions. Red
and Brown landrace selections may have droughtdamce mechanisms. Seed colour may be

used as a selection criterion for drought tolerandeambara groundnut landraces.

Keywords: Bambara groundnut landraces, chlorophyll, droughi, stomatal conductance,
yield

*To whom correspondence should be addressed (Emmaibhaudhi@gmail.com

Introduction
Bambara groundnufVfgna subterraned.. Verdcg), also known aslugo beans originated in
North Africa and migrated with indigenous peopleSouth Africa. It has traditionally been

cultivated by women, in extreme tropical environtsewithout access to irrigation and/or
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fertilisers and with little guidance on improvedagtices. Its protein content (16-25%) is
reported to rival that of established legumes (Swalder 1998, Linnemann and Azam-Ali
1993), making it a good complement for cereal-badieds. However, the promotion of
groundnuts Arachis hypogaed..) has resulted invVigna subterraneabeing a neglected

underutilised species, despite it holding much e for planting in arid, semi-arid and

other marginal production conditions.

In South Africa, bambara groundnut is cultivateddemdryland conditions in the
KwaZulu-Natal, Mpumalanga, Limpopo and North-Wesbwhces (Swanevelder 1998).
Under these conditions, water stress through irserfit and/or uneven rainfall, remains a
significant limitation to crop production. Waterrets occurring at any stage can have a
negative impact on yield. Several studies describesl germination, growth and yield
responses of bambara groundnut landraces to wass gCollinson et al. 1996, 1997, 1999,
Sesay et al. 2004, Mwale et al. 2007, Vurayai ef@lla, 2011b, Berchie et al. 2012); but

information describing local bambara groundnut fands was scarce.

Collinson et al. (1997) reported that drought tatee in a Zimbabwean cream
bambara groundnut landrace was the result of alityatdp maintain leaf turgor pressure
through a combination of osmotic adjustment, reidacin leaf area and effective stomatal
control. Recently, Jgrgensen et(@010), working on two bambara groundnut landrdoas
diverse African origins, re-affirmed this obsereati Blum (2005) classified plants that resist
drought through enhanced soil water capture, retlweater use and maintaining cellular
hydration through osmotic adjustment as droughidard. There remains a need to further
explore the underlying mechanisms of drought toleeain bambara groundnut because of the

landrace diversity in drought toleran@ollinson et al. 1997).

There is need to characterise local landracesdardify them for drought tolerance in
South Africa. There are currently no improved baralgroundnut cultivars. The crop is sown
using landraces, of which little is known regardthgir agronomy and water use. Landraces
are crop genetic resources that have evolved umakeiral and farmer practices rather than
plant breeding (Zeven 1998). Previous studies l@seciated seed colour with seed quality
and vigour in landraces of maize (Mabhaudhi and iN@4.0, 2011), wild mustard (Mbatha
and Modi 2010) and wild water melon (Zulu and M&fi10), and recently in bambara

97



groundnut (Sinefu 2011). Although seed coat colmary not necessarily imply genotypic
differences, it may be a useful criterion for iaitselection of bambara groundnut landraces
for improved varieties. This may be especially tftorelandraces which typically exhibit large

variations in seed coat colour but little is knoabout their seed quality.

In this study, it was hypothesised that local bamlgroundnut landraces may have
acquired tolerance to drought stress through yaefansitural and farmer selection under often
harsh conditions. It was further hypothesized gath drought tolerance may be linked to
seed coat colour. In the process, mechanisms assdavith drought tolerance in bambara
groundnut would be determined in the context ofdseeat colour. Hence, the specific
objectives of this study were to evaluate growthenmlogical and yield of a local bambara
groundnut landrace characterised into three selestaccording to seed coat colour under

irrigated and rainfed field conditions over two S&as.

Materials and Methods

Planting material

Seeds of a locally grown bambara groundnut landngare collected from subsistence farmers
in Jozini (27°26’S; 32°4’E; < 500 masl), northernv&Zulu-Natal, South Africa. The mean
annual rainfall for Jozini is > 1000 mm. Informatidescribing the growing period as well as
any assumed drought tolerance of the landrace wesvailable. The landrace was
characterised into three selections according &m s®lour based on previous studies that
suggested seed coat colour may have an effect oly eatablishment performance
(Mabhaudhi and Modi 2010, 2011, Mbatha and Modi®Q4ulu and Modi 2010, Sinefu
2011). The seeds wesorted into three distinct seed coat colours: RBrdwn and Light

brown.

Description of experimental sites
Field trials were planted at Roodeplaat, Preto?iaP§0’S; 28°35°E; 1168 masl) during the
summer seasons of 2010/11 and 2011/12. During 2Q1Qfials were planted on 12
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September, 2010 while during 2011/12, trials weented on 6 September, 2011. The soil
was classified as a sandy loam (USDA taxonomicesykt The average seasonal rainfall
(November to April) of Roodeplaat is ~500 mm, andhighly variable with maximum
precipitation in December and January. Daily maximand minimum temperature averages
are 34°C and 8°C, respectively, in summer (Novembedpril) (Agricultural Research
Council — Institute for Soil, Climate and Water).

Experimental design

The experimental design was a split-plot desigrthwirigation (full irrigation vs. rainfed)
being the main factor and landrace colour being ghb-plot, arranged in a randomised
complete block design with three replicates. Mdotpwere 52 rheach with spacing of 10 m
between them and sprinklers were designed to havaxanum range of 6 m radius to prevent
water sprays from reaching rainfed plots; the siobspmeasured 3 mPlant spacing was 0.3
m (inter-row) x 0.2 m (intra-row). Trials were igated using sprinkler irrigation. Irrigation
scheduling, during both seasons, was based oreneferevapotranspiration (EjTobtained
from an automatic weather station located withitD@ m radius from the experimental site at
Roodeplaat, and a crop factor (Kc). The total anbhooh rainfall received during the
experiments was 678 mm during 2010/11 and 466 mnmgl2011/12 growing season. The
2011/12 growing season was characterised by less dlierage rainfall and was therefore a
dry season. Supplementary irrigation supplied &ithgated treatment amounted to 526 mm
during 2010/11 and 890 mm during 2011/12. The higimount of supplementary irrigation
applied during 2011/12 was because this was a sk@son compared to 2010/11.

Agronomic practices

The experiments during 2010/11 and 2011/12 werendmeiore the onset of the rainy season.
Soil samples were obtained from the field triaé gtior to planting for determination of soil
fertility and texture. Based on soil fertility rétsy 167 kg N hd, 23.4 kg P hd and 78.6 kg K
ha' were applied at planting using an organic fegiljssromor Accelerat8r(30 g kg' N, 15
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g kg* P and 15 g K§ K) to meet crop nutritional requirements (Swandeel1998). Weeding
and ridging were done by hand hoeing.

Data collection

Data collection included emergence up to 35 datgs afanting. Thereafter, plant height, leaf
number, leaf area index, stomatal conductance &talophyll content index (CCI) were
determined either weekly or every fortnight. Cropepology was observed as days to
flowering, flowering duration, days to leaf senesme and days to maturity. A phenological
event was deemed to have occurred if it was obddrvat least 50% of plants. Days to leaf
senescence was described as when at least 10%wveslédad senesced without new leaves
being formed to replace them — this stage indichtginning of canopy decline. Days to
maturity was defined in terms of physiological mayuor when at least 50% of leaves in at
least 50% of plants had senesced. Leaf area in@sxmeasured using the LAI2200 canopy
analyser (Li-Cor, USA & Canada). Stomatal conductawas measured using a steady state
leaf porometer (Model SC-1, Decagon Devices, USBhlorophyll content index was
measured using a chlorophyll content meter (CCM-ZOJS Opti-Sciences, USA);
chlorophyll content index data were only measuredng the 2011/12 season. Stomatal
conductance and CCIl were measured from the abdxaler) and adaxial (upper) leaf
surfaces, respectively, on young fully unfoldedrk=a Stomatal conductance was measured on
the abaxial surface because it was higher theegivelto the adaxial surface. In addition,
measurements of stomatal conductance and CCIl veden taround midday in-between
irrigation and/or rainfall events when the soil wilrging. Yield and yield components were
determined at harvest. Soil water content was rogedt gravimetrically, weekly, at depths of
30 and 60 cm. Weather data for the duration ofetkgeriments was recorded and obtained
from the Agricultural Research Council — Institdge Soil, Climate and Water's automatic

weather stations network.

Description of statistical analysis
Data were analysed using analysis of variance (ANPYGenStaf Version 14, VSN
International, UK). Duncan’s multiple range testswsed to separate means at the 5% level of

significance.
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Results

Weather conditions

Weather data recorded over the two seasons (2080 2011/12) showed a significant (P <
0.05) difference in rainfall, although temperatu(esgximum and minimum) observed were
similar (Figure 1). Comparing rainfall received ihgr the two seasons with the average long-
term rainfall for Roodeplaat showed that total falirreceived during 2010/11 (766 mm) was
13% more than the long-term rainfall (678 mm). Hoemr in the subsequent season
(2011/12), significantly less rainfall was measu{466 mm) compared to the long-term (31%

less) and the previous season’s rainfall (39% Ipwer
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Figure 1: Variations in monthly rainfall and maximu(Tmax) and minimum (Tmin)
temperatures (°C) recorded during (A) 2010/11 &B)d2011/12 planting seasons at
ARC-Roodeplaat, Pretoria, South Africa.
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Crop growth

Bambara groundnut landrace selections were sloanterge. During both the 2010/11 and
2011/12 seasons, it took an average of 35 DAP (dégs planting) for the crop to achieve
90% emergence (Figure 2). The trend of slow emegevas consistent over both seasons.
During 2010/11, there were highly significant difaces (P < 0.001) between landrace
selections; the ‘Brown’ landrace had the highesemgance, followed by ‘Red’ and ‘Light
brown’ landrace selections, respectively. The afifference during 2011/12 was that ‘Red’
performed better than ‘Brown’. However, for bottasens, performance of the ‘Light-brown’
landrace selection, with regard to emergence, wasel than that of the darker coloured
landrace selections.

2010/11 2011/12
LSD (P=0.05) = 18.62 LSD (P=0.05) = 13.47
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Figure 2: Daily emergence of three bambara grountémdrace selections (Brown, Red and

Light brown) under field conditions during 2011/d4dd 2011/12 planting seasons.
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Figure 3: Stomatal conductance (mmof rs') of bambara groundnut landrace selections
(Brown, Red & Light-brown) under irrigated and r@d field conditions during
2011/11 and 2011/12 planting seasons. Measuremenéstaken in-between irrigation
and/or rainfall events when the soil was drying.

Although not significantly different, stomatal caradance (SC) was lower under
rainfed conditions relative to irrigated conditiofisgure 3). The trend of decline in SC was
clearer during 2010/11; under rainfed condition§; &ecreased by 1%, 8% and 6% in

‘Brown’, ‘Red’ and ‘Light-brown’ landrace selectienrespectively.

Chlorophyll content index (CCI) was only measuradating the 2011/12 season;
measurements of CCIl were typically observed dumegiods between irrigation and/or
rainfall events when the soil was drying. Resultsvged significant differences (P < 0.001)
between rainfed and irrigated water regimes (Figdye Chlorophyll content index, on
average, was about 25% lower under rainfed comditrelative to irrigated conditions. There

were no differences (P > 0.05) between landracssehs. The interaction between landrace
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and water regime was not significant (P > 0.05k Trlend in CCI was clearer during the early
part of the season. Chlorophyll content index &mown’, ‘Red’ and ‘Light-brown’ decreased

by 29%, 25% and 20%, respectively, under rainféative to irrigated conditions.

Plant height and leaf number, observed during 201108howed highly significant
differences (P < 0.001) between seed colours alffndlvere were no significant differences (P
> 0.05) between water regimes as well as the ictierabetween landraces and water regime
(Figure 5). During 2011/12, results of plant height leaf number showed highly significant
differences (P < 0.001) between landraces, watgmes and their interaction (Figure 5). For
both seasons, plant height was lower under rairdedditions compared to irrigated
conditions. Leaf number was more affected by waterss than plant height during 2011/12
compared with 2010/11.

LSD (P=0.05) = 14.91
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Figure 4. Chlorophyll content index (CCI) of bamdbaroundnut landrace selections (Brown,
Red & Light-brown) under irrigated and rainfed fietonditions during the 2011/12

planting season.
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Figure 5:A. Plant height (cm), anB. Leaf number of bambara groundnut landrace selestio
(Brown, Red & Light-brown) grown under irrigated camainfed conditions during
2010/11 and 2011/12 planting seasons.
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There were no significant differences between laoels or water regimes during
2010/11, with respect to leaf area index (LAIl). Hwer, there was a significant interaction (P
< 0.05) between the two factors. Nonetheless, du2idill/12, there were highly significant
differences (P < 0.001) between landraces and waggmes (Figure 6). This was consistent
with observations of plant height and leaf numberrdy the same season. Based on mean
values for landraces across water regimes for sesisons, LAl was lower in ‘Brown’ (18%

and 9%) and ‘Red’ (5% and 8%) under rainfed theigated conditions (Figure 6).

Brown Red Light-Brown
(A) 2010/11 —— Irrigated
LSD (P=0.05) = 0.60 —$— Rainfed

Or——T—T 7T T T T T T T T T T T T T T 1
80 100 120 140 160 18080 100 120 140 160 180 80 100 120 140 160 180

(B) 2011/12
1LsD (P=0.05) = 0.70

Leaf Area Index (LAI)

O T T T T T T T T T T T T T T T
60 80 100 120 140 160 G0 80 100 120 140 16060 80 100 120 140 160
Days After Planting (DAP)
Figure 6: Leaf area index (LAI) of bambara groundiandrace selections (Brown, Red &
Light-brown) grown under irrigated and rainfed ciioths during 2010/11 and

2011/12 planting seasons.
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Figure 7: Biomass accumulation (per plant per drgtter basis) of bambara groundnut
landrace selections (Brown, Red & Light-brown) grmownder irrigated and rainfed

conditions during 2010/11 and 2011/12 planting segas

Results of biomass accumulation, for both seassim®yed no differences (P > 0.05)
between landrace selections, water regimes asaseteir interaction (Figure 7). However,
despite lack of statistical difference, biomassuanglation, with the exception of the ‘Light-

brown’ landrace selection, was lower under rairifeath irrigated conditions (Figure 7).

Crop phenology

Crop development, defined in terms of occurrencepbénological stages under field
conditions, was shown to be significantly affecbsddifferent water regimes (Table 1). Days
to flowering showed highly significant differenc@3<0.001) between landrace selections and
between water regimes. Based on mean values fdrdea selections, ‘Red’ flowered earlier

than ‘Brown’ and ‘Light-brown’, respectively. In ddion, mean values for water regimes
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showed that flowering occurred earlier (~11 dayspeunrainfed relative to irrigated
conditions. The interaction between landrace angmr@gime was not significant (P > 0.05)

for flowering (Table 1).

Table 1: Phenological stages of bambara groundnut landsatections (Brown, Red and
Light-brown) grown under irrigated and rainfed ciioths during 2010/11 and
2011/12 seasons.

| Flowerin Flowering Leaf
Treatmen Landrace i g Duration Senescence Maturity
Year t Selection , (‘DAP¥*) (*Days) (‘DAP¥) (‘DAP¥)
5 3 Brown | 88ab 47cd 135b 178b
S =S Red | 86bcde 49bc 135b 174c
O E __|Ugnhtbrown i 93a  47cd 140a - 182a
g 5 Brown . 75¢ 39ef 114cd 157d
= £ Red I 729 43cde 115cd 157d
N 04 Light-brown | 82cdef 31g 113d 155e
S o Brown i 87bc 56a 143a 150f
§ <4 Red . 87bc 56a 143a 150f
o |..=._|Ughtbrown | 87bcd  S4ab 141 1489
5‘ 3 Brown | 779 40ef 117c 136h
§ “% Red i 759 42de 117¢ 136h
@ Light-brown ,  81cef 35fg 116cd 134i
LSDp-=0.0s)Landrace | 2574 2.9 1.5 0.663
LSDp=0.05) Treatment i 2.101 2.3 1.2 0.542
LSDp=0.05) Year 2101 2.3 1.2 0.542
LSDp-0.05)Landrace*Treat*Year | 5.147 5.7 3.0 1.326

*DAP = Days after plantingiDAP values were rounded off to the nearest inteédalues in

the same column not sharing the same letter difégificantly at LSD (P=0.05).
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With respect to days to leaf senescence, resuttsesth no significant differences (P >
0.05) between landrace selections while there \waylely significant differences (P < 0.001)
between water regimes. Mean values for water regishewed that under rainfed conditions
bambara groundnut landraces flowered at least ¥5 earlier than under irrigated conditions.
There was no significant (P > 0.05) interactionwsstn landrace and water regimes with
respect to days to leaf senescence (Table 1).

Flowering duration showed highly significant difeces (P < 0.001) between landrace
selections as well as between water regimes. Basetiean values for landrace selections
only, the ‘Red’ landrace had the longest flowerthgation (~48 days) followed by, ‘Brown’
(~46 days) and ‘Light-brown’ (~42 days) landrace cbms, respectively. Bambara
groundnut landrace selections, on average, hadodeshlowering duration under rainfed
relative to irrigated conditions. The interactiogtween landrace and water regime was also
significant (P < 0.05). 'Brown’ and ‘Light-brown’ahdrace selections had the greatest

reduction in flowering duration under rainfed comgghto irrigated conditions (Table 1).

Days to maturity showed significant differences<(B.05) between landrace selections
and highly significant differences (P < 0.001) betw water regimes. Means of landraces
showed that, on average, ‘Red’ matured earlier thaght-brown’ and ‘Brown’ landrace
selections, respectively. Under rainfed conditiobambara groundnut landrace selections
matured earlier (~18 days) than under irrigated tmms. The interaction between landrace
and water regime was shown to be highly signific@ht< 0.001). Although all landrace
selections matured earlier under rainfed relativartigated conditions, ‘Light-brown’ and

‘Brown’ landrace selections matured earlier thas‘Bed’ landrace selection (Table 1).

Yield

Results for measured yield components, harveskifid®, pod mass, pod number per plant,
biomass and yield, during the 2010/11 planting a@ashowed highly significant differences
(P < 0.001) between water regimes. There were fiereinces (P > 0.05) between landrace
selections and the interaction between landraceveatdr regime was not significant (P >

0.05) (Table 2). Harvest index was significantly<F.001) lower under rainfed conditions.
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This was due to the lower corresponding pod masablé€r2) under rainfed conditions. The
effect of poor podding was shown in yield lossesoof average, 50% for all landraces under

rainfed conditions relative to irrigated conditions

During the 2011/12 season, which was drier thari200/11 planting season, results
of yield components showed no significant diffeesn¢P > 0.05) between water regimes and
landrace selections; the exception was that fanbgs there were significant differences (P <
0.05) between water regimes and landrace selec(ibakle 2). Biomass and yield were

significantly lower under rainfed relative to iraiged conditions.

Results of yield components (HI, pod mass, pod remnper plant) over the two
planting seasons (2010/11 and 2011/12) showed nvaciability between seasons and
landrace selections. Weather data showed that 2DM#As a drought season with less than
average rainfall received. There was a trend ofloWl under rainfed conditions relative to
irrigated conditions, for both seasons. Overak tBrown’ and ‘Red’ landraces were more
sensitive to lower HI compared with the ‘Light-bnewandrace. Despite 2011/12 receiving
less than average rainfall, HI under rainfed coodg was higher than during 2010/11,
indicating a positive effect of water stress on With respect to final yield, there were highly
significant differences (P < 0.001) between irrgghtand rainfed production, while there were
no differences (P > 0.05) between the seasons €T2blThe ‘Red’ landrace selection, on
average, had 3% and 48% higher yield compared whith ‘Light-brown’ and ‘Brown’
landrace selections, respectively.
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Table 2: Yield components of bambara groundnut landracecsetes (Brown, Red and Light-
brown) grown under irrigated and rainfed conditiahging 2010/11 and 2011/12

seasons.
Yea Landrace | HI* Pod Mass Pod No. Biomass Yield
r  Water Selection ' (%) (g planth)  Plant® (t hal) (t hal)
1
& 3 |
3 b= Brown 1 25.75abc 21.21ab 25ab 12.98abcd  2.44ab
0 2 Red | 3146ab  24.37a 27ab  11.80bcde  3.34a
4 __|_Light-brown | 32.46ab _ 27.53a __ 35ab __ 16.79%___ 3.22ab
g 3 Brown i 6.21c 4.27b 10b 10.60bcde  0.66¢
N .% Red , 17.48bc 12.94ab 17ab 11.69bcde 1.52bc
@ | Light-brown | 13.29bc 9.89ab 15ab 14.81ab 1.43bc
LSDp=0.05) Landrace*Water i
(2010/11) . 9.22 11.76 17.16 3.722 1.359
5 3 Brown | 326lab  16.04ab  21ab 8.23de  2.28abc
® g Red | 30.75ab 22.35a 32ab 12.14abcde  2.84ab
R E | Light-brown ! 20.76bc _20.74ab____36a____13.44abc__ 2.60ab
=~ 3 Brown ,t 25.19abc  11.66ab 15ab 7.90de 1.62abc
= “'% Red | 30.36ab  15.26ab 22ab 8.75cde  1.84abc
~ @ | Light-brown ; 42.11a 23.22a 24ab 10.23bcde  1.99abc
LSDp=0.0s) Landrace*Water
(2011/12) | 18.809 11.042 19.876 4.331 1.085
%Yield correlation (r) | 0.657 0.873 0.860 0.396 —
“LSD(p=0.05 Landrace 1 8.949 7.582 11 2.192 0.775
L SDp=o.0s Treatment | 7.307 6.191 9 1.790 0.633
?LSD(p=0.05 Year i 7.307 6.191 9 1.790 0.633
*LSD(p=0.05) .
“Landrace*Treat*Season | 17.898 15.164 21 4.384 1.549

*HI = harvest index; Pod number per plant values were rounded off tontrest integer

since pod number represents discrete déhues in the same column not sharing the same

letter differ significantly at LSD (P=0.05). Meaaparation was done using the LSD value for

the Landrace selection*Treatment*season interacti@tatistics refer to the comparison

between the 2010/11 and 2011/12 planting seasortedahree bambara groundnut landrace

selections under irrigated and rainfed conditions.
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Discussion

Bambara groundnut landrace selections were sloswiterge under both irrigated and rainfed
conditions, taking an average of 28-35 DAP to emefithis was much longer than the 7-14
days reported by Swanevelder (1998). Slow emergehserved in this study may be due to
poor seed quality of landraces used in this stlidyndraces often lack the same vigour as
hybrids or other improved varieties (Mabhaudhi &tadi, 2010). Thence, there is a need to
come up with strategies to improve or enhance geatity in landraces. In a study on maize
landraces, Mabhaudhi and Modi (2011) showed hydropg could be used to improve seed

vigour and emergence of maize landraces.

In addition, slow emergence may have been thetresydlanting early in September
when temperatures were still relatively cool. Sin€2011) observed similar results showing
that bambara groundnut landraces were slow to em@eking up to 35 DAP) for trials
planted in September (early); emergence improveith Veiter plantings in November and

January when temperatures were warmer.

The fact that ‘Red’ and ‘Brown’ landrace selectiammnsistently emerged better than
‘Light-brown’; further strengths our initial hypotkis that darker coloured seeds may have
better vigour compared with light coloured seedsl§faudhi and Modi 2010, Zulu and Modi
2010, Mbatha and Modi 2010). The effect of seed cobour on seed quality has previously
been related to levels of phenolic compounds (Adlaiaet al. 2009) and seed coat thickness
(Sinefu 2011). Darker coloured seeds may contagh Hevels of phenolic compounds
(Anuradha et al. 2009). High phenolic content inkda coloured seeds may be the reason for
the association between dark seed colour and se&dyqgsince phenolic compounds have
antioxidant properties. As such, seed coat coloay tve a useful indicator of seed quality
(Anuradha et al. 2009).

Although our results of stomatal conductance weat statistically significant,
stomatal conductivity was lower under rainfed tiaigated conditions. Under water limited
conditions, stomatal closure is designed to reduater losses through transpiration. This
means that the bambara groundnut landrace selsaiged in this study were able to adapt to
limited water availability under rainfed conditioty closing their stomata. The fact that

stomatal conductance was lower under rainfed welato irrigated conditions implies that
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bambara groundnut landraces demonstrated a defjstenaatal control hence regulation of
transpirational losses. Stomatal closure is widlebught to be a plant’s first line of defence
in response to developing water stress (Mansfialil Atkinson 1990, Cornic and Massacci
1996). Similar observations of stomatal regulatiorbambara groundnut were reported by
Collinson et al. (1997). They stated that droughgrance in bambara groundnuts may be due
to greater stomatal regulation which is a drougitidance mechanism. Recently, Jgrgensen
et al. (2010) observed stomatal closure in two kaEmlgroundnut landraces from two diverse
locations in Africa. They also concluded that sttahalosure in bambara groundnut was an

important strategy for survival during intermittesttess.

In addition to reducing transpiration, stomatalsciee also decreases flow of gidto
leaves, followed by a parallel decline in net plsgtahesis, ultimately resulting in reduced
plant growth. Decreased G&yailability necessitates a down-regulation of pkgnthesis.
This involves lowering the levels of photosynthgiigments, chiefly - chlorophyll. Results of
this study showed that chlorophyll content was lowerainfed plants relative to irrigated
plants. Chlorophyll content of ‘Brown’, ‘Red’ and.ight-brown’ landrace selections was
respectively 29%, 25% and 20% lower under rainfehtirrigated conditions. ‘Brown’ and
‘Red’ landrace selections were therefore shownetallie to reduce chlorophyll content better
than the ‘Light-brown’ landrace selection. Reduatio chlorophyll content, results in less
energy captured for photosynthesis. If this dowgutation was not to occur, the plant would
have more energy than required to fix Q@sulting in increased levels of free radicalsaklihi
would in turn damage the chloroplast membranes \(&hand Oliveira 2004). As such,
bambara groundnut landraces demonstrated an afoildpwn-regulate photosynthesis in line
with reduced C@availability caused by stomatal closure. Sevexgkeements conducted on
barley (Anjum et al. 2003nd sunflower (Kiani et al. 2008, Farooq et al. 208lso showed

that water stress decreased chlorophyll content.

Rainfed production led to lower plant height, leamber and LAI relative to irrigated
conditions. On average, irrigated plants were shtwimave taller plants, greater leaf number
and LAl relative to rainfed plants. Although themas much variability within and between
landrace selections, ‘Brown’ and ‘Red’ landraceestbns responded to rainfed production by

reducing their canopy size as defined by plant hteigeaf number and LAI. Canopy size
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results during 2010/11 showed no differences batweater treatments in the field trials due
to a favourable rainfall season; however, thereeveltiferences during 2011/12 when rainfall
was below the long-term average. The lower plaowgn observed under rainfed conditions
may have been due to reduced photosynthesis em@riedm reduced CQOassimilation and
fixation due to stomatal closure and reduced clployth in the leaves. Plants, by nature, are
designed to reduce water use when confronted wéttemstress (Blum 2005). Reduced plant
height, leaf area and LAI constitute this adaptattamed at minimising water loss under
drought stress (Mitchell et al. 1998). Similar d&sshowing reduction in plant height, leaf
number and LAI were found in the literature (Cadlom et al. 1996, 1997, 1999, Sesay et al.
2004, Mwale et al. 2007, Vurayai et al. 2011a, 2Q)Berchie et al. 2012).

Results of biomass accumulation and final biomdsswed that, despite much
variability between the landrace selections, thees a trend of declining biomass under
rainfed relative to irrigated conditions. Suchentt was consistent with the trend observed for
stomatal conductance, chlorophyll content and pimawth parameters. The combination of
reduced C@assimilation, low chlorophyll content and a snralanopy size ultimately meant
that bambara groundnut landrace selections prodiegssdbiomass under rainfed relative to
irrigated conditions. This explains why researchéesse previously ascribed stomatal
limitations to photosynthesis as the chief yielohiting factor under conditions of limited
water availability (Cornic and Massacci 1996, Clsageal. 2002, 2003, Yokota et al. 2002).
Blum (2005) stated that drought avoidance mechamnisaad the down side of reduced biomass
production. This is because in order for the plamtavoid drought, it would require to
minimise water losses through stomatal closure eettliced canopy size, both of which

ultimately reduce the amount of biomass producethbyplant.

Another important plant response to water limitedditions is the timing and duration
of key phenological events such as flowering. Ia ¢hrrent study, results of crop phenology
showed clear responses, with regards to bambatmdnat landrace selections’ responses to
rainfed production. Under rainfed conditions, bambgroundnut landrace selections flowered
much earlier, had a shorter flowering duration, andtured earlier relative to irrigated
conditions. This trend was more lucid during thd Q2 season which was a dry season. In

the case of the ‘Brown’ and ‘Light-brown’ landraselections, these observations may have
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been due to enhanced leaf senescence under raimfiedions. Although the ‘Red’ landrace
selection flowered early, it was shown to senester,| compared with the ‘Brown’ and
‘Light-brown’ landrace selections; this phenomemoay also suggest delayed leaf senescence
in the ‘Red’ landrace selection. Odindo (2007) ailbserved delayed leaf senescence in water
stressed cowpeas. Blum (2005) stated that earlyefing, partly due to reduced growth
duration (leaf number and area), was a major mestmafor moderating water loss under
drought stress. Early flowering has been classifieg drought escape mechanism (Araus et
al. 2002). However, a crop that escapes droughtataattain maximum yield under water

stress (Blum 2005) due to reduced crop duration.

Results for measured yield components HI, pod n@ss,number per plant and yield
showed much variability within landraces over the tseasons. Harvest index was lower
under rainfed relative to irrigated conditions;stvas due to corresponding low pod number
and mass as well as total biomass under rainfeditbmms. This resulted in yield losses of, on
average, 50% for all landraces under rainfed canditduring 2010/11. Nonetheless, the
‘Red’ landrace selection consistently performedlwelder all conditions and hence may be
described as the most stable of the three seedircalelections. The seemingly better
performance of the ‘Red’ landrace selection mayifideed to its ability to regulate stomatal
closure, moderate reductions in chlorophyll contmmd phenological plasticity. Of the three
landrace selections, the ‘Red’ landrace selecthmved delayed leaf senescence under rainfed
production, an adaptation that allowed it to haverger flowering duration and build-up of
harvest index. Blum (2005) stated that crops thatded drought through stomatal regulation,
reduced plant size, LAI, and growth duration dueady flowering, did so at the expense of
attaining high yields. Jaleel et al. (2009) statieat crops showed variation in yield under
stress while Jgrgensen et al. (2011) noted thatvémmbility that exists within bambara
groundnut landraces necessitated the need for mem®arch on drought tolerance. Such
variability may be a reason for low yields and negplain why farmers do not cultivate
bambara groundnut extensively. Our results or redydeld under rainfed conditions concur
with other reports in the literature where limit@dter availability was shown to reduce vyield
of bambara groundnuts (Mwale et al. 2007, Sinefu120/urayai et al. 2011b). In addition,
values of HI observed in this study for the ‘RedtdBrown’ landrace selections were similar

to those reported by Mwale et al. (2007).
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Pod number, pod mass and HlI, respectively, werastio contribute significantly to
yield attainment or loss. Bambara groundnut largrselections yielded significantly better
under rainfed conditions during 2011/12 which wadriar season compared to 2010/11. The
above average rainfall received during 2010/11 imaye resulted in periods of intermittent
water logging. Since bambara groundnut is senstbvevater logging (Swanevelder, 1998),
this could have resulted in yield losses during@®01. These results agree with reports in the
literature that bambara groundnut is drought tolfe@nd will give reasonable yield under
drought stress (Harris and Azam-Ali 1993).

Conclusion

Bambara groundnut landrace selections demonstrai@dight avoidance and escape
mechanisms under rainfed cultivation compared withated conditions. Bambara groundnut
landrace selections avoided drought by minimisirgtew losses through stomatal closure,
reducing plant height, leaf number and LAI in rasgm to reduced water availability under
rainfed conditions. Chlorophyll content index prdve be a useful index for evaluating crop
responses to reduced water availability under edirdonditions. It was lower under rainfed
conditions relative to irrigated conditions, atdeaarlier in the season. However, CCIl was
only observed during 2011/12 hence more researacledsssary on this trait. Flowering was
hastened, the duration of flowering was shorteheaf, senescence started sooner, and crop
duration, as shown by days to maturity, was shedemnder rainfed conditions relative to
irrigated conditions. Thus, bambara groundnut shawgegree of phenological plasticity in
response to drought. Biomass, harvest index and ge¢d were all lower under rainfed
conditions relative to irrigated conditions. ‘Redhd ‘Brown’ landrace selections showed
better resilience to drought stress compared \gh'ltight-brown’ landrace selection. While
seed coat colour does not imply genotypic diffeesnat may be used a selection criterion for

identifying bambara groundnut landraces with paééfbr water stress tolerance.
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Abstract

Bambara groundnut is a protein-rich legume, withdfgecurity potential. Effects of irrigation
levels and seed coat colour on growth, developmeeld and water-use efficiency of local
bambara groundnut landrace selections were evdluatder a rain shelter. Emergence was
slow, although variation was indicated between flaces. Limited water availability was
shown to lower stomatal conductance, although oplayll content index was shown to be
unaffected. Additionally, growth indices of plargight, leaf number and leaf area index were
shown to be lower in response to decreasing watailadility. Furthermore, landraces
generally flowered and matured earlier while aleondnstrating higher water-use efficiency
at lower water availability. Seed yield was lowerdar limited water availability resulting
from lower pod mass and pod number. Drought tols¥an bambara groundnut landraces was
achieved by reducing canopy size, early flowerind enaturity, and maintaining high water
use efficiency under stress. ‘Brown’ and ‘Red’ leames responded to water stress better than

the ‘Light-brown’ landrace, suggesting an effecseéd colour on possible drought tolerance.

Keywords: bambara groundnut landrace, growth, phenolologyemnuse efficiency, yield
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Introduction

South Africa is a water-scarce country (InternaioVater Management Institute, 1996;
Republic of South Africa Water Act, 1998; DepartmehWater Affairs and Forestry, 2002;
The Water Wheel, 2007) due to a limited amount afewresources combined with low and
uneven annual rainfall (Laker, 2007),which oftesutés in drought. The marginal nature of
most of South Africa and expected climate changas@idn, 2006) challenge the existence of
major crops and their ability to ensure food sdgun the future. Neglected underutilised
species (NUS) have been reported to have possudlyer to tolerate harsh environments,
including drought stress, and have been touted ossilde future (food security) crops.
Bambara groundnut/{gna subterranedL.) Verdc), locally known aszindlubuin isiZulu, is
one such indigenous legume with potential to cbata nutritional and food security in

marginal areas of agricultural production.

Bambara groundnut is an African indigenous leguime has been cultivated for
centuries in sub-Saharan Africa, mainly the send-e¥gions, and has in the past contributed
to food security (Swanevelder, 1998; FAO, 2001; Azali et al., 2001; Mwale et al., 2007).
Traditionally, it was cultivated in extreme, tropgicenvironments by small-scale farmers
without access to irrigation and/or fertilisers amith little guidance on improved practices. It
is mainly grown by women for the sustenance ofrtfanilies (Mukurumbira, 1985; Mwale et
al., 2007). It has been reported to contain 17-25%eprp#t2-65% carbohydrate and 6% lipid
(Aykroyd and Doughty, 1982; Linnemann and Azam-Ali993; Mwale et al., 2007).
However, germplasm improvement and managementipeachave mainly relied on local
experience and resources (indigenous knowledgekyimmbira, 1985). Consequently, the
crop remains underutilised and is still mainly sated from landraces of which very little is

known about their growth, yield and water-use reasps under water stress conditions.

There is hardly any report in literature describingter-use efficiency of bambara
groundnut. The growth responses of bambara grouridmater stress have been described in
several instances, using growth indices such ast plaight, leaf area index and total dry
matter (Collinson et al., 1996, 1997, 1999; Mwalale 2007; Vurayai et al., 2011a, 2011b).
However, most of this research has been done wutdrolled environments (Sesay et al.,

2010) and field conditions whereby quantifying wat@as not the major objective. Water use
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efficiency has often been equated to high yieldept&l under optimum and stressful
conditions (Blum, 2005). Reduced plant canopy siad maturity are often associated with
increased water use efficiency and better drougletdance in plants although literature has
shown that there may be yield penalties; howewudle Is currently known of this relationship

in local bambara groundnut landraces. Therefore,dihjective of the current study was to
evaluate growth, development, yield and water-u§eiency of local bambara groundnut

landraces characterised according to seed coaurcddo water stress under rain shelter

conditions.

Experimental
Plant material

Fresh seeds of local bambara groundnut landraces aaiected from subsistence farmers in
Jozini (27°26’S; 32°4’E), northern KwaZulu-Natalpu@h Africa in 2010. The same seed lot
was used for both seasons during which the tri@seveonducted. Seeds were characterised
according to seed coat colour and sorted into tbr&tnct seed coat colours: ‘Red’, ‘Brown’
and ‘Light brown’. Seed characterisation accordmgeed colour was based on the hypothesis
that dark coloured seeds tend to be more vigoroars ight coloured seeds and may thus be
more drought tolerant compared with light colousegds (Mabhaudhi and Modi, 2010, 2011;
Mbatha and Modi, 2010; Zulu and Modi, 2010).

Site descriptions

Trials were planted at Roodeplaat, Pretoria (2586@8°35 E) during the summer seasons of
2010/11 and 2011/12. Soils in the rain shelterseweassified as loamy sand (USDA
taxonomic system). Soil physical characteristicsewesed to generate parameters for amount
of water available at field capacity (FC), permaneilting point (PWP), and saturation
(SAT), as well as the saturated hydraulic conditgtiusing the Soil Water Characteristics
Hydraulic Properties Calculafor(Version 6.02.74, USDA Agricultural Research Sees).

Daily maximum and minimum temperature averages 28¢56°C and 15°C in summer
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(November — April) (Agricultural Research Councilnstitute of Soil Climate and Weather).

Rainfall was excluded since the rain shelters asggthed to close when rainfall starts.

Experimental designs

The experimental design was a factorial experinaranged in a completely randomised
block designindividual plot size in the rain shelter was 6, with plant spacing of 0.3 m x
0.3 m. There were two factors: irrigation level aw®kd colour, replicated four times. During
the 2010/11 season, only two seed colours, ‘Broavid ‘Red’, were used in the rain shelter
experiments. However, in the subsequent seasord/PBlall three colours (‘Brown’, ‘Red’
and ‘Light-brown’) were used. There were thregyation levels 30%, 60% and 100% of crop
water requirement (EJ calculated using reference evapotranspiration,&id a crop factor
(Kc) as described by Allen et al. (1996):

ETa=ET.*K.
where, ETa = crop water requirement
ET, = reference evapotranspiration, and

K. = crop factor.

Irrigation

Drip irrigation was used to apply water in the ralrelter. The system consisted of a pump,
filters, solenoid valves, water meters, control bomline drippers, 200 litre JOJO tank, main
line, sub-main lines and laterals. The system vessgded to allow for a maximum operating
pressure of 200 kPa with average discharge of @ut/lper emitter. Drip lines were spaced
according to the plant spacing (0.3 m x 0.3 m).l#&k 200um thick polyethylene sheet was
trenched at a depth of 1 m to separate the plotsdar to prevent water seepage and lateral
movement of water between plots. Irrigation schiedul was based on reference

evapotranspiration (EJ and a crop factor (¥
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Data collection

Plant measurements:Parameters determined weekly were emergence [\8b tdays after
planting (DAP)], plant height, leaf number, leaéaindex (LAI), stomatal conductance (SC),
chlorophyll content (CC) and days to flowering (DTAt the end of the season, biomass and
yield were determined. Whereas data for growth rpatars were collected weekly from 35
DAP, destructive sampling was performed biweeklyd&ermine dry mass. Leaf area index
was measured using the LAI2200 Canopy AnalyserQdi; USA & Canada). Stomatal
conductance was measured using a steady statepdeameter (Model SC-1, Decagon
Devices, USA). Chlorophyll content was measuredgisi Chlorophyll content meter (CCM-
200PLUS Opti-Sciences, USA); CC data were only measuteohgd the 2011/12 season.

Soil water content (SWC): during the 2010/11 season, a neutron water medsr wged to

determine SWC at soil depths of 20, 40, 60, 80 Hdaicm, at weekly intervals. Wet and dry
spot readings were determined, together with miresponding volumetric water contents in
order to obtain a best-fit regression equation (flaeti and Mulla, 1990). The equation was
then used to develop a spreadsheet for the coowersi neutron probe readings to
corresponding volumetric SWC readings. During tB&1212 season, ML-2X Theta Probes
connected to a DL-6 data logger (Delta-T Devicds) Were used to monitor SWC in the rain
shelters at varying depths. The frequency of datleation for SWC using the Theta probes

was every 4 hours.

Water-use efficiency (WUE):water-use efficiency for the crop was determinedbfiows:

Biomass

WUE =
ET,

where: WUE = water-use efficiency, and

ETa = crop water requirement.
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Agronomic practices

Prior to planting, soil samples were obtained fribra rain shelter for determination of soil
fertility and texture. Based on soil fertility ré&) an organic fertiliser, Gromor Accelerdtor
was applied at planting to meet crop nutritionauieements (Swanevelder, 1998). Routine

weeding and ridging were done by hand.
Data analysis

Analysis of variance (ANOVA) was used to statidticanalyse data using GenStd¥/ersion
14, VSN International, UK). Least significant diftmce (LSD) was used to separate means at

the 5% level of significance.

Results and discussion
Crop establishment

During the 2010/11 season, results of emergencereshsignificant differences (P < 0.05)
between the ‘Red’ and ‘Brown’ landraces, with ‘Redherging better than ‘Brown’ (data not
shown because only two landrace selections weré).uBeiring the 2011/12 season, results
showed highly significant differences (P < 0.00&jvieen landraces, with ‘Brown’ and ‘Red’
having higher and faster emergence compared wéeh'ltight-brown’ landrace (Figure 1).
These results suggest a possible effect of seamicoh vigour. Over-all, for both seasons,
time to 90% emergence was generally achieved 28 dfigr sowing, indicating that bambara
groundnut landraces are slow to establish as reghdoy Sinefu (2011). Successful crop
establishment is critical under water limited cdiwhis; Blum (2009) stated that during crop
establishment a significant amount of total avadakater is lost through soil evaporation not
transpiration. Therefore, a significant amount aftev is probably lost due to soil evaporation
with this slow establishment in bambara groundiRésearchers in Australia, working on
wheat, found that about 40% of total available wateas lost to soil evaporation at
establishment stage (French and Schultz, 1984;idhiddet al., 1990). Vigorous seedling
growth is thus essential in establishing canopycawnd reducing water losses to evaporation;
this is now a part of an Australian wheat breegirggram (Rebetzke and Richards, 1999).
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Figure 1: Emergence of bambara groundnut landréBeewn’, ‘Red’ and ‘Light brown’)

under rainshelter conditions during 2011/12 plapseason.

Crop physiology: Stomatal conductance and chlorofilopntent

Closure of stomata reduces transpirational los#ass minimising water losses through
transpiration while also lowering photosynthesisstts of stomatal conductance (SC) were
only collected during the 2011/12 planting seasbime results showed highly significant
differences (P < 0.001) between water regimes dksasgesignificant differences (P < 0.05)
between landraces (Figure 2). The trend showed Skatdecreased with increasing water
stress (Figure 2). ‘Red’ and ‘Brown’ landraces shdwhe greatest decrease in response to
water stress compared with the ‘Light-brown’ larmra(Figure 2), demonstrating greater
stomatal regulation in response to water stressn&al closure is a plant’s initial response to
declining soil water content and has been charigettras a drought avoidance mechanism
(Farooq et al., 2009) as well as being a charattenf increased water use efficiency under
drought stress (Blum, 2005, 2009). It has prevpusten suggested as a component of
bambara groundnut’'s drought resistance mechanigmSatiinson et al. (1997). However,
Blum (2005, 2009) argued that stomatal closurensgative response to water stress in that it

reduces C@availability leading to yield reduction under wastress.
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Figure 2: Stomatal conductance (mmof ') of bambara groundnut landraces (‘Brown’,
‘Red’ and ‘Light brown’) grown under a rainsheltduring the 2011/12 planting

season.
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Reduction in intracellular C due to stomatal closure, results in reduced ratlest

availability for photosynthesis. Therefore, theseneed to down-regulate photosynthesis in

line with reduced substrate availability. In thégard, chlorophyll content has been reported to

decrease in water stressed plants (Farooq et0fl9)2for example, in barley (Anjum et al.,

2003) and sunflower (Kiani et al., 2008). Resultscblorophyll content index were only

collected during the 2011/12 planting season. Thene no significant differences (P > 0.05)

between landraces, water regimes as well as th&raction (Figure 3); suggesting that

chlorophyll content in bambara groundnut landravess not sensitive to water stress.

Interestingly, with the exception of the ‘Light-bva’ landrace, ‘Red’ and ‘Brown’ had higher
CCl at 30% ETa relative to 60% ETa, whilst all leaes had highest CCI at 100% CCI

(Figure 3). These results once again showed thabibiry that exists within landraces, with

respect to responses to water stress.
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Figure 3: Chlorophyll content index (CCI) of baméaroundnut landraces (‘Brown’, ‘Red’

and ‘Light brown’) grown under a rainshelter durithg 2011/12 planting season.
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Crop growth

Results of plant height and leaf number during 201@nd 2011/12 were variable (Figures 4
& 5), with respect to differences between watermeg and landraces. In the 2011/12 season,
the ‘Light-brown’ landrace performed better thane tfBrown’ and ‘Red’ landraces,
respectively. There was a trend, for both seasaindecreasing plant height and leaf number
in response to increasing water stress. The lowadaes of plant height and leaf number were
observed in the 30% ETa treatment, followed by &b 100% ETa, respectively. The ‘Red’
landrace was shown to have the greatest decregdaninheight and leaf number under water

stress compared with ‘Light-brown’ and ‘Brown’ (feiges 4 & 5).
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Figure 4. Plant height (cm) of bambara groundnuidiaces (‘Brown’, ‘Red’ and ‘Light
brown’) grown under a rainshelter during 2010/1d 2011/12 planting seasons.
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Figure 5: Leaf number of bambara groundnut landrgt&&rown’, ‘Red’ and ‘Light brown’)

grown under a rainshelter during 2010/11 and 2@ planting seasons.
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Figure 6: Leaf area index of bambara groundnutriees (‘Brown’, ‘Red’ and ‘Light brown’)
grown under a rainshelter during the 2010/11 arldl2A® planting seasons.

129



With respect to LAI, for both seasons, there weavedifferences (P > 0.05) between
landraces, although the trend (2011/12) showed'Bratvn’ and ‘Red’ performed better than
‘Light-brown’ (Figure 6). For both seasons, resdt®wed a decrease in LAI in response to
increasing water stress; LAl was lowest at 30% Edmpared with 60% and 100% ETa,
respectively, which were statistically similar (&ig 6). The reduction in LAl in response to
water stress was assumed to be due to a corresigoretiuction in plant height and leaf
number (Figures 4 & 5).

The growth responses of bambara groundnut to wsitess have previously been
described using similar growth indices of plantghéi leaf number and leaf area index
(Collinson et al., 1996, 1997, 1999; Mwale et 2007; Vurayai et al., 2011a, 2011b). There
was consensus among the researchers that drodgtanice in bambara groundnut involved
reduction in these growth indices. Reduced plaighteleaf number and LAI are mechanisms
of reducing plant water use in response to deangasdil water availability (Mitchell, 1998).
Reduced canopy size is also responsible for ineceaster use-efficiency, although this often

occurs at the expense of yield potential (Blum,300

Crop phenology

Results of crop phenology were observed during2iEl/12 planting season when all three
landraces were planted. With the exception of timBowering, all other phenological stages
showed highly significant differences (P < 0.00&j)vieen water regimes but no differences (P
> 0.05) between landraces (Table 1). For all phegioél events observed, mean separation
showed that 60% and 100% ETa were statisticallyilaimbut significantly different from
30% ETa (Table 1). Bambara groundnut landraces sieen to flower early, have a reduced
flowering duration and mature early in responsddoreasing soil water availability (Table 1).
Water stress reduced the vegetative stage of bangpaundnut; landraces flowered earlier at
30% ETa compared with 60% and 100% ETa, respeygt{Valble 1).
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Table 1. Phenological stages of bambara groundnut landréBeswn’, ‘Red’ and ‘Light-
brown’) in response to three water regimes (30%% @d 100% ETa) during 2011/12
planting season.

Flowering Leaf
Water Regime Flowering duration senescence Maturity
(‘ETa) Landrace (DAP) (Days) (DAP) (DAP)
Brown 61.00ab 35.00d 96.0b 119.8b
30% Red 59.75b 42.00cd 101.8b 122.0b
Light-brown _ ___64.50ab____4875abc ____: 1133a _____ 126.5a
Mean 61.7% 41.9 103.7 122.78
Brown 65.25ab 53.75ab 119.0a 128.0a
60% R_ed 60.50ab 58.50a 119.0a 128.0a
Light-brown ____ 67.25a ___: 46.00bc_____1132a_ ___ 126.5a
Mean 64.33 52.8 117.F 127.50
Brown 65.75ab 53.25ab 119.0a 128.0a
100% R_ed 65.25ab 53.75ab 119.0a 128.0a
Light-brown ____64.50ab__ 54.50ab_____1190a _____ 128.0a
Mean 65.75 53.8 119.6 128.00
LSD (p-0.0s Water regime 3.73 5.72 5.52 1.74
LSD (p=0.05)Landrace 3.73 5.72 5.52 1.74
LSD (p=0.05\Water*Landrace 6.46 9.90 9.55 3.01

*ETa = crop water requirement. Values in the sanheénmo not sharing the same letter differ signifi¢gpmatt LSD
(P=0.05). DAP = Days after planting.

Since bambara groundnut landraces took long tdksta(Figure 1), this effectively
resulted in a shortened vegetative period which aisy be linked to reduced plant height and
leaf number under water limited conditions (Figude& 5). In addition, water stress reduced
the reproductive stage; decreased water availabdgulted in shortened flowering duration or
reproductive period at 30% ETa compared with 60% Hd0% ETa, respectively (Table 1).
Furthermore, water stress reduced the overall lepn§tbambara groundnut landraces’ crop
cycle through early leaf senescence and subseguearty maturity (Table 1). With respect to
landraces, ‘Brown’ and ‘Red’ landraces showed asistent trend in flowering and maturing
early in response to limited water availability quemed with ‘Light-brown’. However, ‘Red’
had a longer reproductive period compared with v8roand ‘Light-brown’, respectively; this

was due to delayed leaf senescence in the ‘Redidae (Table 1).

Early flowering, due to reduced vegetative growdaf number and area) is a major

mechanism for moderating water loss under drougbss (Blum, 2005). According to Araus
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et al. (2002), early flowering in response to liditwater availability, is a drought escape
mechanism. This is equally true for reduced flomgrduration, with the objective being to
reproduce before water stress becomes terminacit8ai for high water use efficiency under
limited water supply has tended to be biased tosvatdnts that flower early and maintain a
smaller canopy size (Blum, 2005, 2009). Hence, &yndion, bambara groundnut landraces
may be suitable for production under dryland coodg that require plants with a small

canopy, moderated growth and short growth duratimter water limited conditions.
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Figure 7: Biomass accumulation (per plant per drgtter basis) of bambara groundnut
landraces (‘Brown’, ‘Red’ and ‘Light brown’) growander a rainshelter during the
2010/11 and 2011/12 planting seasons.
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Biomass, Yield and Water Use

Biomass accumulation, over time, for both seassingywed no significant differences
(P > 0.05) between water regimes as well as betwawiraces (Figure 7). However, closer
inspection of results showed a trend of biomassedsing with increasing water stress
(Figure 7); although there was variability betwéamdraces. During 2010/11, this observation
was clear at 112 DAP, which also corresponded thigéhvegetative peak of the plants (Figure
7).

Table 2: Yield components of bambara groundnut landrad@ogn’ and ‘Red’) in response
to three water regimes (30%, 60% and 100% ETandw010/11 season.

Water
Regime HI* Pod *Pod No. Biomass Yield YWUE
(*ETa)  Landrace (%) Mass(g) (plant?) (tha') (tha®) (kg.m?®)
Brown 10.55c 2.293b 2b 3.259a 0.114c 0.262a
30% Red 15.04bc 1.900b  3b  2315a  0.215bc_ 0.186a
B Mean 1280 210 ¥ 279 016 0224
Brown 18.39bc 3.893b 8b 4.176a 1.078bc  0.255a
60% Red 14.65bc 3.180b  7b  3.886a  1125b 0.237a
] Mean 16.50° 354 T 403 110 0246
Brown 51.83a  8.883a 17a 3.062a 2.701a  0.13%a
100% Red  2712b 7.712a _ 15a _ 50lla _ 2486a 0.233a
Mean 39.30 8.30° 16" 4.04 2.59 0.186
Yield correlation (r) 0.295 0.649 0.869 0.943 —— e
LSDp-0.05s Water regime 10.48 1.946 4 1.906 0.652 0.116
LSDp-o.05)Landrace 8.55 1.589 4 1.556 0.533 0.095
LSDp=0.0s Land*Treat 14.82 2.752 6 2.696 0.923 0.164

*ETa = crop water requirement. *HI = harvest ind&qd number values were rounded off to the neanesgér
since pod number represents discrete dMAJE = water use efficiencyalues in the same column not
sharing the same letter differ significantly at LE#=0.05).
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Table 3: Yield components of bambara groundnut landraceso(a’, ‘Red’ and ‘Light-
brown’) in response to three water regimes (30%p @d 100% ETa) during 2011/12

planting season.

Water *Pod
Regime HI* Pod No. Biomass Yield YWUE
(‘ETa) Landrace (%) Mass(g) (plant?) (tha) (tha?l) (kg.m?)
Brown 15.7a  4.914bc 7ab 5.414c 0.362b 0.114ab
12.26a
Red b 5.361bc 8ab 7.414bc 0.348b 0.144a
30%
14.39a
Light-brown b 6.446bc  10ab  7.856abc0.652ab  0.093b
. Mean 1402 557 846  69Y 045 0120
12.30a
Brown b 6.015bc 8ab 8.550abc0.623ab 0.096b
11.63a
60% Red b 6.084bc 8ab 8.612abc 0.319b 0.118ab
15.34a
Light-brown b 8.76lab  1lab  9.468ab 0.712ab  0.129ab
. Mean 1309 695 907  888° 055  0116"
Brown 7.82b 4.214c 5ab 8.757abc0.419b 0.110ab
100% Red 9.81ab 4.549bc 7ab 8.107ab®.518b 0.097b
Light-brown  15.99a 10.699a 13a  11.054a 1.013a @107
Mean 11.22  6.49 8.49 9.3F 0.65 0.100
Yield correlation (r) 0.541 0.592 0.853 0.697 = - -
LSD(p:o_05)Water
regime 3.938 2.188 3.645 1.715 0.214 0.021
LSDp-o.05jLandrace 3.938 2.188 3.645 1.715 0.214 0.021

LSDp=0.05 Land*Water 6.821 3.790 6.313 2.970 0.370 0.037
*ETa = crop water requirement. *HI = harvest ind®gd number values were rounded off to the neanesgeér
since pod number represents discrete dMAJE = water use efficiencyalues in the same column not
sharing the same letter differ significantly at LE§®=0.05).

Crop yield during 2010/11 showed a clearer trenith vegards to differences between
water regimes (Table 2). With the exception of ffib@mass, all other parameters measured
showed highly significant differences (P < 0.00BEtvieen water regimes; there were no
differences (P > 0.05) between the two landrac&o@n’ and ‘Red’) for all vyield
components. The results showed a trend of deatihl,ipod mass, pod number, biomass and

grain yield in response to water stress. Corratatiof the data showed that HI (r = 0.649), pod
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mass (r = 0.869) and pod number (r = 0.943) coumtiith significantly to yield. Consequently,
reduction in yield under stress was due to decteB$epod mass and number (Table 2).

Yield results from 2011/12 were contrary to thentt@bserved during 2010/11 (Table
3). With the exception of biomass, all other yielmmponents showed no differences (P >
0.05) between landraces and water regimes; theseailsa no clear trend in response to water
stress. Only final biomass was significantly (P.€5) affected by water stress, with biomass
decreasing in response to 60% ETa and 30% ETaecateply (Table 3). Yields achieved
during the 2011/12 planting season were also sagmifly lower than yields achieved in the
previous season. Although correlations showed dasitnend as in the previous season, they
were lower than those reported for 2010/11; sugygsiverall poor crop performance during
2011/12.

Results of yield, for both planting seasons, shoted pod yield (pod number and
mass) was the greatest influence to seed maslol iven though bambara groundnut has
been reported to be drought tolerant, water stnessstill able to affect yield. These results
are similar to other reports in the literature (&gbiker, 1989; Berchie et al., 2010; Berchie et
al., 2012) who all reported reduced seed yieldambara groundnut landraces in response to
limited water availability. In this study, reducseded vyield, through reduced pod mass and
number, may be related to a shorter flowering domatvhich limited pod number, while low
pod mass may be linked to earlier senescence wdifigltted pod filling. This was also
observed in the number of empty pods. However, whabteworthy is bambara groundnut’s
ability to still produce yield even under severdevatress (30 % ETa). According to Berchie
et al. (2012), this confirms bambara groundnutslience under drought stress and further
justifies the need for more research on the crah avview to promoting it as a food security

crop.

Results of water use efficiency (WUE) showed ngr(gicant) differences (P > 0.05)
between water regimes as well as between landfacésth planting seasons (Tables 2 & 3).
During the 2010/11 planting season, WUE was highe€0% and 30% ETa, respectively,
compared with 100% ETa, suggesting that WUE in@@ai® response to limited water
availability. The lack of clear differences betwdaesatments during 2010/11 was due to the

numerator — biomass, which also showed a trend diffierences between treatments (Table
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2). However, during the 2011/12 planting seasoa dibserved trend showed WUE increasing
with decreasing water availability. Water use é#incy was highest in the 30% ETa
treatment, followed by 60% and 100%, respectivelgan separation showed that WUE at
30% ETa was significantly higher than at 100% Etiadimilar to the 60% ETa water regime.
This was in line with the trend observed for fildmass during the 2011/12 season (Table

3), suggesting that WUE was more influenced by laissrthan water use.

High water use efficiency under limited water cdiwhs is linked to reduced canopy
size (plant height, leaf number, LAI), reduced $pimational losses (low stomatal
conductance) as well as a shortened growth durgBtum, 2005, 2009). While reduced
canopy size and stomatal closure directly modenater losses by the crop, reduced crop
duration effectively reduces the amount of watepliad to the crop. As such, in line with
observed reductions in canopy size, stomatal caadoe and crop duration, WUE increased
in response to declining water availability. Ousuks of WUE, although slightly higher, were
similar to those reported in a long running projeat bambara groundnut (BAMFOOD),
where it was found bambara groundnut’'s WUE is alolitg mnmt m?, a value which was
comparable to that of other legumes (Azam-Ali et 2004). However, as argued by Blum
(2005, 2009), increased WUE often occurs at theresg of yield potential.
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Conclusions

This study showed that bambara groundnut landrhaes some resilience to reduced water
availability. Increased water use efficiency in l@ma groundnut landraces in response to
water stress was achieved through canopy size mpdduration adjustments. Limited water
availability resulted in reduction in growth indgcef plant height, leaf number and leaf area
index, thus minimising water losses. In additioamitbara groundnut landraces were shown to
respond to limited water availability through closwf stomata, thus reducing transpirational
losses. Furthermore, imposition of stress resultecearly flowering, reduced flowering
duration, early senescence and ultimately, earlyritg. These responses are characteristic of
drought avoidance and escape mechanisms. Watess stras shown to reduce seed yield
through reduced pod number and mass, although amgbaundnut landraces were shown to
be still productive under limited water conditiond/hile bambara groundnut landraces
showed growth and phenological responses to watesss slow establishment in bambara
groundnut landraces may result in water lossesugirosoil evaporation during the
establishment stage. Lastly, although there washnuaciability between ‘Brown’, ‘Light-
brown’ and ‘Red’ landraces, the trend showed thatdarker colours were more consistent in

their responses to water stress.
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Abstract

Despite its high nutritional value, bambara grourtdiigna subterranephas lost popularity
amongst rural farmers of KwaZulu-Natal, South Adrievhile taro Colocasia esculenjehas
improved in status due to recently improved acdessnarkets. Intercropping taro and
bambara groundnut may offer farmers an opportunityimic historical diversity that existed
in traditional agro-ecosystems. This study aimeevatuating productivity of a taro - bambara
groundnut intercrop under rainfed conditions. Hialere planted over two summer seasons,
2010/11 and 2011/12, in rural areas of KwaZulu-N&dteatments included taro and bambara
groundnut sole crops as well as 1:1 (taro:bamberanginut) and 1:2 intercrops. Growth and
yield parameters were determined for each cropd lequivalent ratio (LER) was calculated
to evaluate intercrop productivity. Plant heighttafo, the main crop, was not affected by
intercropping in both seasons. Taro leaf number negatively affected (P < 0.001) by
intercropping resulting in reduced leaf number cared with sole cropping. Increasing the
proportion of bambara groundnut in the intercrgmsicantly decreased taro leaf number in
the 1:2 intercrop relative to the 1:1 intercrop.wdwer, growth of bambara groundnut
responded positively (P < 0.05) to intercroppinghat plants were taller and had more leaves.
Although vyield generally decreased under interchogpompared with sole cropping, it was
shown that, taro and bambara groundnut yields waoé significantly affected by
intercropping. LER showed that intercropping taraswnore productive than sole cropping.
On average, the 1:1 and 1:2 intercrops had LERS5# and 1.23, respectively. Intercropping
taro and bambara groundnut at a ratio of 1:1 isilid® and productive under rainfed

conditions.

Keywords: Growth land equivalent ratio (LER), productivity, yield
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1 Introduction

A growing niche market for organically produced eddype taroQolocasia esculenté.
Schott) has recently emerged in South Africa (M@0I03). This has resulted in an increase in
taro production, in terms of area of land undetication and numbers of subsistence farmers
cultivating it in pure stands. Most of these farsmare women, who now depend on the
income received from marketing the crop to rethains as a source of livelihood (Eybers,
2008). However, increased taro cultivation, asla smp, has led to a possible loss in species
diversity, thus it could expose farmers to food awdirition insecurity in the event of crop
failure. This has resulted in a shift from tradii@ cropping systems, which have historically
been diverse and shown to be effective in safedjougurural household food security (Azam-
Ali, 2010). One such crop species in danger of dpéamgotten is bambara groundnMigna
subterraneal. Verdc), an underutilized crop whose producti@s declined drastically over

the years.

Although bambara groundnut, a legume with much mg@kfor bolstering food security,
has been reported to be drought tolerant (LinnenaathAzam-Ali, 1993), its cultivation in
pure stands remains relatively uncommon. Similatato, it too is preserved mostly women
by (Mukurumbira, 1985) who intercrop it with cropgch as maize, millet, sorghum, cassava,
yam, peanut and cowpea (Karikari, 2003). Globdibgzus has been shifting to research on
neglected underutilized species, as possible futoéd security crops. This could be because
the cropping systems in which they are cultivated the people who manage, protect and
consume them represent elements of agro-biodiye(dzam-Ali, 2010). Additionally, the
fact that climate change is underway (Hassan, 2088)emphasized the need for identifying
resilient crops and farming systems. Intercroppiaa@ and bambara groundnut may offer

farmers the opportunity to mimic this historicavelisity.

According to a recent review by Lebot (2009), ie #sia-Pacific, intercropping of taro in
rainfed agroforestry systems is a widespread mecfThere are few reports in literature
highlighting successful intercropping of taro wghveral crops; black peppdrier nigrum
(Silbanus and Raynor, 1993), alfalfa, sweet coagnpit, sweet potato and sugar bush (De la
Pefla and Melchor, 1993), and a legur@eotalaria juncea(Silva et al, 2008). In these
instances, results showed that intercropping haefieat on corm yield of taro. Local farmers
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in KwaZulu-Natal, South Africa who also rely on mBad farming no longer practice
intercropping. Furthermore, there is no informatiescribing intercropping of local taro

landraces.

While taro, a starchy crop, is reported to be moy\drought tolerant and a heavy feeder of
nutrients, especially nitrogen due to its largerésa(Lebot, 2009), bambara groundnut, on the
other hand, is said to be drought tolerant (Linnemand Azam-Ali, 1993) and is also a
legume with ability to fix atmospheric nitrogenclasion of legumes in intercrops also boosts
the dietary nutrients produced per unit area ofdldMukhala et al, 1999). As such,
intercropping taro and bambara groundnut may beefimal with regards to crop
diversification, strengthening household food skguand sustainability of agriculture.
Therefore, in this study, it was hypothesized taaners already growing taro could intercrop
it with bambara groundnut without risking yield $es to their taro and that intercropping taro
and bambara groundnut would be more productive grawing either one of them in pure

stands.

2 Materials and methods
2.1 Planting material

A taro landrace was obtained from subsistence f@nmethe Umbumbulu rural district
(29°36’S; 30°25’E) in KwaZulu-Natal, South Africihe landrace was classified as an eddoe
type of taro, characterized by a central corm ammerous side cormels. Seeds of a bambara
groundnut landrace were collected from subsistdacemers in Jozini (27°26°S; 32°4E),
northern KwaZulu-Natal, South Africa. The bambaraugdnut landrace was characterized
according to seed coat colour (Sinefu, 2011) aecetiter the “Red” landrace was used in this

study.
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2.2 Site description

The trials were planted at a homestead in Umbum{R8636’S; 30°25’E), located in the
midlands of KwaZulu-Natal, over two summer seag@@®i0/11 and 2011/12) under dryland
conditions. The soils at the trial site were cladias sandy clay loam (USDA Classification).

The field chosen for the trials had been previotallpw for two seasons.

2.3 Experimental design

The experimental design was a factorial experimamgnged in a completely randomized
block design, replicated three times. The compouossyis were taro and bambara groundnut.
The intercropping style used in the study was mowgrcropping whereby both crops were
planted simultaneously. Treatments included talmambara groundnut sole crops each, and
two intercrop combinations. The intercrop combioasi were 1:1 (taro: bambara groundnut)
and 1:2. Plant spacing for taro was 1 m betweersevd.5 m within rows. Within-row

spacing for bambara groundnut was 0.3 m.

2.4 Agronomic practices

Soil samples were taken for soil fertility and teel analysis prior to planting. Land
preparation was done by hand-hoeing to a deptfDafné. Based on soil fertility results, an
organic fertilizer, Gromor Accelerator® (Mare, 20Q1@Qvas applied at planting. Routine
weeding and ridging of both taro and bambara groutdere done using hand-hoes.

2.5 Data collection and analyses

Data collection, for both seasons, was done ev@ryddys to determine plant growth
parameters of height and leaf number. At harvastnass (B), yield (Y), yield components
and harvest index (HI) for each crop were deternhirferoductivity of the intercrop was
evaluated using the Land Equivalent Ratio (LERJ@scribed by Willey (1979);
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LER = L+ Lg = ?+Z—” Equation 1
A B

WhereLa andLg are the partial LERs of taro and bambara groundespectivelyYa andYg
are the intercrop yields of taro and bambara groutdespectively, an@ andS are their

respective sole crop yields.

Weather parameters for the duration of the triadseamonitored and data collected from
an automatic weather station located at the horaégfEable 1). Soil water content was also
monitored using a PR2/6 profile probe operated wartiHH2 handheld moisture meter (Delta-
T Devices, UK).

Data were analyzed using the analysis of varia®ddQVA) algorithm in GenStét
(Version 14, VSN International Ltd, UK). Duncan’sulMple Range Test (DMRT) was used

for mean separation at the 5% level of significance

3 Results
3.1 Taro growth

There was variability in the amount of rainfall eaed in the two seasons with regards to
rainfall distribution during the season (Table This may, in part, explain the negative trend
of declining leaf number observed during 2010/1assa. Results showed that for all
treatments in 2010/11, leaf number declined from pbint of initial measurement (Fig 1).
Data collection may have coincided with mid-seadoyught in the later part of January and

February (Table 1) resulting in taro continuoudigading leaves.

For both seasons, taro growth (plant height andniember) was negatively affected (P <
0.05) by intercropping (Fig 1). Increasing the podimn/rows of bambara groundnut in the
intercrop resulted in lower plant height and leafer for taro comparing the 1:1 and 1:2

intercrops to the sole crop. However, despite deisrease, plant height in the sole crop was
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statistically similar to the 1:1 intercrop. Resulisleaf number, for both seasons, showed a
similar trend as that observed for plant heightie scropping produced the most leaves
compared with the 1:1 and 1:2 intercrops (Fig 1).

Table 1. Rainfall (monthly and season total) ancame&mperature data for Umbumbulu,
KwaZulu-Natal, South Africa.

Total Oct Nov Dec Jan Feb Mar Aprii May

Rainfall 2010/11 894 97.4 168.2 192.2 1652 818 734 712 39.6

(mm) 2011/12 648.8 28.2 1442 728 858 162456 55.6 24.2

Mean 2010/11 18.7 19.7 19.6 21.2 223 209 19.0 18.6
Temp (°C) 2011/12 173 176 207 233 235 206 183 17.2
(A) 2010/11 Season (B) 2011/12 Season

“lLsD (P=0.05) = 6.38 LSD (P=0.05) =9.60 —&— Taro Sole
1 M —3— Inter 1.2
40 —— Inter 1:1

Plant height (cm)
w
T

5] (C) 2010/11 Season (D) 2010/11 Season
1 LSD (P=0.05) = 0.63 LSD (P=0.05) =0.90

Leaf number

0 ' 1 ' 1 i 1 i 1 i I T T T T T T
50 60 70 80 90 100 50 60 70 80 90 100
Days After Planting (DAP)

Figure 1: Comparisons of plant height and leaf neind$ taro grown under sole cropping, 1:1
and 1:2 intercropping grown during 2010/11 and 202 blanting season.
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3.2 Bambara groundnut growth

It was observed that intercropping had variableaf on growth of bambara groundnut.
During the 2010/11 season, increasing the propomiobambara groundnut increased plant
height and leaf number (Fig 2). Intercropping lgubsitive effect (P < 0.001) on plant height
and leaf number of bambara groundnut; plants irltheand 1:2 intercrops were taller and had

more leaves compared with the sole crop (Fig 2).

In line with the trend for plant height established the first season, no significant
difference (P > 0.05) was found in plant heightwssn the sole crop and two intercrops
during the 2011/12 season (Fig 2). Intercroppingliera groundnut at a ratio of 1:1 resulted
in taller plants compared with sole cropping antkrecropping at a ratio of 1:2 (Fig 2).
Contrary to the previous season’s findings, intgpping resulted in significantly (P < 0.001)

fewer leaves compared with sole cropping.
3.3 Yield

With respect to statistical differences, intercriogphad no significant effect (P > 0.05) on
harvest index (HI) across either season (2010/t12811/12). The trend was that during the
2010/11 season, the sole crop had the highest ldtive to the 1:1 and 1:2 intercrops
respectively, while during the 2011/12 season,l1thentercrop performed better than the sole
crop and 1:2 intercrop, respectively (Table 2). lRkssof HI were consistent with reduced
canopy size (plant height and leaf humber) obsetvatker intercropping. This observation
was clearer in the 1:2 intercrop.
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(A) 2010/11 Season (B) 2011/12 Season —&— Bambara Solg
1 = = —@— Inter 1:1
54| LSP (P=0.05)=2.35 LSD (P=0.05) = 3.90
— 1 —$— Inter 1.2
=
8/ .
= 20
s ]
2 ]
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| LsD (P=0.05) = 16.4 LSD (P=0.05) = 12.50
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Leaf number

N
T

Figure 2: Comparisons of plant height and leaf neindf bambara groundnut grown under
sole cropping, 1:1 and 1:2 intercropping grown ©igir2010/11 and 2011/12 planting

season.

In addition, intercropping was shown not to sigrafitly affect (P > 0.05) corm number
per plant during both planting seasons (Table B Wrend, for both seasons, showed that
intercropping at a ratio of 1:1 resulted in thehagt corm number per plant compared with
sole cropping and intercropping at a ratio of Ir@pectively. This was consistent with

observations of Hl, especially during the secorahphg season (Table 2).

Consistent with the results of corm number per tplanwas also shown that, for both
seasons, intercropping had no significant effect 05) on final yield (t H3) of taro (Table
2). Despite lack of statistical differences thisdst showed that sole cropping consistently
produced higher than intercropping at ratios ofdndl 1:2, respectively. This was despite the
1:1 intercrop having higher corm number per plamint the sole crop suggesting that

intercropping may have resulted in more but smadlimed corms compared with sole

cropping.
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Table 2. Yield and productivity of a taro - bambaeundnut intercrop under dryland
conditions."HI = harvest index\CMN = corm number per planfPDN = pod number per
plant; °LER = land equivalent ratio. *Values were roundéfito the nearest whole number
since CMN and PDN are discrete values. Numbers diiferent letters in the same column

differ statistically at the 5% level of significaac

Taro . Bambara groundnut
—————— ;EMT\,'X—'—'—'—!“'—'—'—'—'—'—'—'—'—
Season  Intercrop _ .
(plant’ Yleld! *PDNY  Yield
HIY D) tha®) l HIY (plant’) (tha') LER?
1

Sole Crop 0.83a 7a 6.29ab 0.46ab l4a 0.34ab  ---------
1
0.76ab 6a 5.03ap 0.52a 22a 0.31ab 1.71a

2010/11 1
0.73ab 6a 4.55ap 0.33abc l6a 0.22b  1.36b
~ Mean 077 64F 529 | 044 1700 029 154
Sole Crop 0.77ab 5a 6.986i 0.20c 27a 097a  ---------
0.80ab 7a 5.66a‘3 0.24bc 26a 0.51ab  1.34b
2011/12

0.69b 4a 3.88l» 0.27abc 20a 0.53ab  1.10b

Mean 076 54F 55F 1 024 2419 067 123

LSDp=0.05)(Intercrop)  0.07 2.05 182, 0.17 10.59 0.44 0.217
LSDp=0.05)(Season) 0.06 1.68 1.4LJ, 0.14 8.65 0.36 0.217
LSDp-=0.05) 0.10 2.91 2.57 ! 0.24 14.98 0.62 0.307

(Int*Season) !

Yield results (t hd) for bambara groundnut showed no significant diffiees (P > 0.05)
between sole cropping and intercropping at ratibsl:4 and 1:2 during both seasons.
However, the trend showed that yield was higheshénsole crop relative to the 1:1 and 1:2
intercrops, respectively (Table 2). Intercroppirtigaaratio of 1:2 consistently produced the
least yield, especially during the 2010/11 seagoromparison of yield between the two
planting seasons showed that higher yields weréewaeth during 2011/12 compared with
2010/11 (Table 2). This was despite 2011/12 rengiless rainfall than 2010/11 (Table 1).
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3.4 Intercrop productivity

Intercrop productivity was evaluated using the LEBuring 2010/11, there were
significant differences (P < 0.001) between the dntl 1:2 intercrops for LER (Table 2).
Intercropping at a ratio of 1:1 was shown to be enproductive with an LER of 1.71
compared with 1.36 for the 1:2 intercrop. During gubsequent season (2011/12), there were
no differences (P > 0.05) between the intercroftspagh LER remained higher for the 1:1
compared with the 1:2 intercrop. Over both seasamigrcropping taro with bambara
groundnut was shown to be more productive than ggwither of the two crops as sole crops
(Table 2).

4 Discussion

From as early as the 1970s, a growing intereshteréropping had been noted (Willey,
1979). Such interest was driven by the potenti@raropping had, with respect to improving
resource utilisation and overall productivity obpping systems. However, to date, more still
needs to be done in terms of intercropping and @wmbinations. Previous efforts have
focused on evaluating cereal-legume intercropsnifRedt and Tesfamichael, 2011) due to the
beneficial effects. Limited research has been comdu on intercropping neglected
underutilized species (NUS) which remain a featfnairal production systems. Intercropping
NUS such as taro and bambara groundnut may impresidence of the current cropping
system in rural areas of KwaZulu-Natal since bambgmoundnut has been reported to be
drought tolerant (Linnemann and Azam-Ali, 1993). this study, we evaluated the

productivity of a taro — bambara groundnut intepcomder dryland conditions.

Results of this study showed that, to a limitedeekt intercropping taro with bambara
groundnut had a negative effect on taro growthcifpally leaf number. While there was no
negative effect on plant height of taro, increadimg proportion of bambara groundnut in the
intercrop resulted in reduced leaf number. Contraryour findings, Silvaet al (2008)
observed taller plants and no changes to leaf aiean intercropping taro with a legume
Crotalaria juncea Karikari (2003) previously reported that intefqgsowith a proportion of
bambara groundnut greater than 50% were less poduor the other component crop.
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Another factor that may have affected taro growtswainfall distribution. Uneven rainfall
distribution during the 2010/11 season, possibbBulteng in intermittent drought, may have
accounted for the trend of declining growth obseériretaro. Furthermore, the results of the
present study may have been due to increasedspésies competition for resources such as
water and nutrients. However, bambara groundnutep®rted to have a deep root system
(Swanevelder, 1998) compared with the shallow fisrooots found in taro (Lebot, 2009).
This would imply that the two crops can co-existcgl they can access water from different
levels of the soil profile. In this study, it wakasvn that intercropping taro and bambara
groundnut at a ratio of 1:1 resulted in growth thais statistically similar to that observed

under sole cropping.

Intercropping taro with bambara groundnut was shaowviave no significant negative
effect on yield components and final yield of tacross both seasons. While sole cropping
generally performed better than the two intercrgpbinations, results showed that, for
certain yield components such as harvest indexcamch number, the 1:1 intercrop often
performed better than the sole crop and 1:2 inderciThe trend of HI was consistent with
observations of plant growth showing reductiongafinumber and plant height. Improved Hl
in the 1:1 intercrop observed in the second seagwas credence to the benefit of
intercropping two crops with different maturity datas reported by Fukai and Trenbath
(1993). These authors suggested that reduced Wegetzrowth would leave plants with
enough assimilate later in the season for partigio the harvestable parts.

There are various benefits of intercropping tarthviegumes (de la Pefia and Melchor,
1993) one of which is yield stability (Willey, 19/ 9Although taro yields were lower than
those reported by de la Pefia and Melchor (1993), results were similar with their
observations that there were no significant difiees between treatments. Siktaal (2008)
also reported that intercropping had no effectasno yield. Here we showed that intercropping
taro with bambara groundnut at a ratio of 1:1 hadligible effect on corm yield of taro

suggesting that farmers would not face a loss ssibte income if they were to intercrop.

Although sole cropping yielded higher than inteppimg at ratios of 1:1 and 1:2,
respectively, the 1:1 intercrop had higher corm bemper plant than the sole crop. This

suggests that intercropping may have resulted irerhat smaller sized corms compared with
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sole cropping. This is in line with the sole cropvimg a larger canopy relative to the
intercrops, thereby implying a greater source sagable of partitioning more assimilate to
the corms (sink). Reduced canopy size in the 1dl1a8 intercrops may have resulted in a
smaller source, while the increased corm numbeplagt meant a larger sink thus resulting in

less assimilate being partitioned to the numerousis.

According to Willey (1979), one criterion for intzopping is to evaluate if intercropping a
main crop with another crop will not affect yieltitbe main crop. Under this objective, it may
be assumed that any yield obtained from the secoop will be acceptable to the farmer
(Willey, 1979). In the present case, we soughtualiate whether intercropping taro with
bambara groundnut would not affect yield of tardyjch the farmers rely on as a cash crop,
hence any yield of bambara groundnut achieved wbaldeemed an acceptable bonus. It is
important to note that, for all cases, our yieldsbambara groundnut achieved in the
intercrops were comparable to results of bambavarginut recorded in experiments where
bambara groundnut was grown in pure stands (Sir#da,l). Previous reports (Karikari,
2003) have been to the contrary suggesting thatoheangroundnut intercropping systems
were less productive than sole crops of their campb crops. In the current study we were
able to show that intercropping taro with bambaagdnut at a ratio of 1:1 would not affect
taro yield, but also offer farmers decent yields b@mbara groundnut for their dietary

requirements.

The Land Equivalent Ratio (LER) was developed taleate yield advantages to
intercropping (Walker, 2009) and is preferable &ad merit in that it can be applied to any
intercropping situation (Willey, 1979). In this diuit was consistently shown that, over both
seasons, intercropping taro with bambara groundmagtmore productive than growing either
of the two crops in pure stands. The findings ¢ gtudy concur with de la Pefia and Melchor
(1993) that intercropping taro with beans and otkgumes was productive. Moreover, we
showed that intercropping taro with bambara groum@n a ratio of 1:1 was most productive
and had no effect on corm yield of taro as the nwaop, while also producing acceptable

yields of bambara groundnut.

Results of this study suggest that taro and bamf@paandnut are complimentary crops.
Such complimentarity may derive from benefits oéfleshading by taro — lowering air
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temperatures to near optimum, lowering of soil @vapon as well as reduced incidence of
weeds, pests and diseases (Midmore, 1993). Sontkeeobenefits were visible during the
trials, in terms of frequency of weeding — inteppdots required less weeding compared with
sole crop plots. This could represent savings lioua for the household, allowing for more
time to be allocated to other tasks. In additiceambara groundnut matured fast (on average
140 days after planting — data not shown) compatiddan average of 210 days after planting
in taro (data not shown) ensuring ease of harvidst. different maturity dates for bambara
groundnut and taro would also ensure availabilitiood while the household waits to harvest
taro — the main crop. Furthermore, this would resulan increase in the dietary nutrients

produced by the farmers per unit area of landsnstainable way.

5 Conclusion

This study shows that intercropping taro with barabgroundnut at a ratio of 1:1 has no
deleterious effect on growth of both taro and bamalgroundnut. Growth of taro was mostly
affected by rainfall distribution during the seasé@uture research will focus on selection of
planting dates as a management tool for managintatadistribution associated water stress.
Inclusion of bambara groundnut (a nitrogen-fixingar) in taro cropping systems is
complimentary in that taro and bambara groundnotisrextract water from different depths of
the soil profile while intermingling of roots impres utilization of soil nutrients.
Intercropping taro with bambara groundnut is hightgductive, in terms of additional output
per unit area of land accrued from the bambararghout crop, with no significant negative
effect on yield of the main crop - taro. The 1:fienerop had an LER of 1.53 compared to 1.23
for the 1.2 intercrop, indicating there was an adage to intercropping. Lastly, intercropping
taro with bambara groundnut is productive, sustdeand beneficial such that it improves
farmers’ nutritional productivity per unit area laind under cultivation compared with sole

cropping taro.
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SUMMARY

Promotion of neglected underutilised species asiplasfuture crops under water—limited
conditions hinges on availability of empirical infeation describing their yield responses to
water. Therefore, AquaCrop was calibrated and a&id for taro and bambara groundnut
landraces from South Africa, using data from peidfand rainshelter experiments conducted
over two seasons (2010/11 and 2011/12) at two itwtat(Pretoria and Pietermaritzburg)
representative of semi-arid climates. Observed hegatind soil physical parameters for
specific sites together with measured crop paramdte taro and bambara groundnut from
optimum experiments conducted during 2010/11, weexl to develop climate, soil and crop
files in AquaCrop and to calibrate the model. Thébeation for taro showed a good fR{(=
0.789; RMSE = 2.380%¢ = 0.920) for canopy cover (CC) as well as for lfibeomass
(RMSE = 1.350 t hd) and yield (RMSE = 1.205 t Ha Calibration for bambara groundnut
showed a very good fit for CaR{ = 0.940; RMSE = 3.367% = 0.989) and biomas$§{ =
0.957; RMSE = 1.290 t Had = 0.998). The model also predicted final biom@&M$E =
1.695 t hd) and yield (RMSE = 0.294 t Hj of bambara groundnut reasonably well.
Validation of bambara groundnut showed good fit@&@ under irrigatedR? = 0.858; RMSE

= 9.717%:;d = 0.956) and rainfed field conditionB’(= 0.951; RMSE = 6.176% = 0.975)
compared with simulation of results from rainshe#gperiments. The model also simulated
final biomass and yield of bambara groundnut veeyl wnder field conditions. Regarding to
taro, the model showed good simulation for CC unwligrated conditionsR = 0.844; RMSE

= 1.852%:;d = 0.998), but it underestimated CC under rainféd=0.018; RMSE = 20.170%;
d = 0.645) conditions. The model predicted biom&&s< 0.898; RMSE = 5.741 t Had =
0.875) and yieldR®® = 0.964; RMSE = 1.425 t Had = 0.987) reasonably well. The model
also predicted taro biomasB?(= 0.996; RMSE = 1.745 t Had = 0.985) and yield R =
0.980; RMSE = 1.266 t Had = 0.991) well for the independent data set. Gitret this was
the first attempt to simulate biomass and yieldtéwo — an aroid — using AquaCrop, the model
simulations were very satisfactory. Improvementshe model should consider the crop’s
distinctive growth pattern. The calibration andidation of AquaCrop for a local bambara

groundnut landrace was successful.
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INTRODUCTION

Climate change forecasts have predicted increasedrr@nce and severity of droughts for
South Africa (Hassan, 2006, de Wit and Stankiew2€06), a situation that will increase the
risk of crop failure. It is also perplexing thatn@of the current major crops are adapted for
cultivation under water stressed conditions (Bayel, 2001); this poses a threat to food
security in South Africa (Sisulu and Scaramellal20 Vulnerable communities have already
been impacted by the slightest shift in weathithee the rains come a little bit early or they
come a bit late, but by that time the community hast their crop (Zabula, 2011). The
unpredictability of future climate change coupleithvihe water scarcity situation has initiated
interest in identifying underutilised indigenousdatraditional crops as possible drought
tolerant crops for the future in South Africa (Malidhi, 2009). However, due to a possible
bias in research in favour of major crops, scafdrimation currently exists describing the

agronomy and water use of such crops.

Taro Colocasia esculentd. Schott) and bambara groundnitigna subterranearL.
Verdc) fall within the category of underutiliseddigenous and traditional crops in South
Africa. Taro is a major root crop of the Araceamily with its centre of origin in the Indo-
Malay regions (Kreikeet al, 2004; Leboet al, 2005). On the other hand, bambara groundnut,
an indigenous African legume, originates between lbs Plateau in Northern Nigeria and
Garu in Cameroon (Pasquett al, 1999). Although both crops have their origingsale of
South Africa, they have become “indigenised” oveanm years (>100 years) of cultivation
and natural and farmer selection within South Afri§chippers, 2002, 2006). Such selection,
often occurring under harsh conditions, may hawk tte these crops “acquiring” drought
tolerance. Moreover, landraces are thought to Isdlieet and possibly drought tolerant
(Zeven, 1998).

Bambara groundnut is a protein rich crop (Ominatal, 1999) cultivated throughout
sub-Saharan Africa. Taro, on the other hand, itaeclsy wetland crop associated with high
levels of water-use. In South Africa, a great defataro production is rainfed and occurs
inland under water limited conditions (Modi, 2004Shange, 2004). Successful
commercialisation of the crop (Modi, 2003) has I increased taro production and

expansion into areas with limited water availapilitack of quantitative information
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describing agronomy and water-use is a major himadrao the promotion of both crops. With
the threat of looming climate change and in theeabs of extensive, and often costly,
agronomic trials, the use of calibrated and vatidairop models may prove useful to generate

such information.

Crop models have proved to be useful tools fonesion of crop yields (Azam-Aket al,
2001; Stedutoet al, 2009; Singelset al, 2010) and for comprehensive synthesis of
guantitative understanding of physiological proesssaas well as for evaluating crop
management options. However, crop models have eem ully explored for underutilised
crops. There have been previous attempts to maatabara groundnut using several other
models like the Predicting Arable Resource CaptareHostile environment (PARCH —
Bradley and Crout, 1993) model (Collinsenal., 1996). This developed through to BAMnut
(Bannayan, 2001; Azam-Akt al, 2001), subsequently to BAMFOOD (Cornelissen,5)00
ultimately leading up to BAMGRO (Karunaratne, 208@&runaratneet al, 2010). Recently,

Karunaratneet al (2011) calibrated and validated AquaCrop for baralgroundnut.

AquaCrop (Raest al, 2009; Stedutet al, 2009; Stedutet al, 2012) is a water-driven
FAO crop model suitable for simulating yield respes to water stress. The model has been
previously used for several underutilised crophsag quinoia (Geerest al, 2009), bambara
groundnut (Karunaratnet al, 2011), orange fleshed sweet potato (Beletsal, 2011) and
pearl millet (Belloet al, 2011). The aim of this study was to calibratd galidate the FAO’s
AquaCrop model for taro and bambara groundnut kEoel from South Africa.

MATERIAL AND METHODS
Study site descriptions

Field and rainshelter experiments (Table 1) weredooted at the Agricultural Research
Council - Roodeplaat, Pretoria (25°60°S; 28°35"H8Lmasl) and Ukulinga, Pietermaritzburg
(29°37’S; 30°16’E; 775 masl), during the 2010/1H &011/12 summer seasons. Soil in field
and rainshelter trials at Roodeplaat was classiisdsandy loam and sandy clay loam,

respectively (USDA taxonomic system) (Table 2). Témeerage, within season rainfall
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(November to April) of Roodeplaat is about 500 nmand is highly variable with maximum
precipitation in December and January. Daily maximand minimum temperature averages
are 34°C and 8°C in summer (November — April). Uhgh represents a semi-arid
environment and is characterised by clay-loam gbiSDA taxonomic system) (Table 2). The
average, within season rainfall (November to Apoii)Ukulinga is 738 mm, with most of it

being received in November, December and January.

Table 1. Summary of experiments used to developemmpdrameters for calibration and

validation of AquaCrop.

Experiment Location Crop Treatment Season
Calibration
No stress,

CERU (KZN- Taro and bambara intermittent stress

Pot trials PMB) groundnut & terminal stress 2010
Pretoria (ARC- Bambara Irrigated &

Field VOPI) groundnut Rainfed 2010-11
Ukulinga, (KZN- Irrigated &

Field PMB) Taro Rainfed 2010-11
Pretoria (ARC- Taro and bambara

Rain shelter VOPI) groundnut 100% Eta 2010-11

Validation
Ukulinga, (KZN- Irrigated &

Field PMB) Taro Rainfed 2011-12
Pretoria (ARC- Taro and bambara 30, 60 & 100%

Rain shelter VOPI) groundnut Eta 2011-12
Umbumbulu,

*Field KZN Taro Rainfed 2007-08

*Experiments were described by Mare and Modi (2009)
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Table 2. Soil descriptions and properties of eaghegmental site and the inputs entered in
AquaCrop to develop the soil file.

Textural YPWP “FC *SAT YTAW ’Ksat
Location class vol % (mm™  (mm day')
Ukulinga Clay 28.3 40.6 48.1 123 25.0
Roodeplaat Sandy loam 10.0 22.0 41.0 120 500.0
Rainshelter Sandy clay
(Taro) loam 16.1 24.1 42.1 80 324.2

Rainshelter

(Bambara
groundnut) Sandy loam 12.6 19.9 42.8 73 663.6

YPWP — permanent wilting pointiFC — field capacitySAT — saturation’TAW — total
available water’Ksat — saturated hydraulic conductivity.

Experiments

Controlled (pot), field and rainshelter experimemisre conducted for taro and bambara
groundnut landraces in order to develop crop spepdrameters and to calibrate and validate
the FAO AgquaCrop model.

Plant materials Three taro landraces — Dumbe Lomfula, KwaNgwareas® Umbumbulu,
were collected from different areas in KwaZulu-Na&outh Africa. Dumbe Lomfula is a wild
type; KwaNgwanase is semi-domesticated while thebumbulu landraces is well-
domesticated and widely cultivated inland. A bambgmoundnut landrace was collected from
Jozini, KwaZulu-Natal and characterised into thsekections (Brown, Light-brown and Red)

based on seed coat colour

Pot trials. The objective of the pot trials was to evaluateeggance, canopy expansion and
stomatal closure and their sensitivity to wateesd(These trials were conducted during 2010
under simulated drought conditions, for both tano ®ambara groundnut, in tunnels at the
University of KwaZulu-Natal, Pietermaritzburg. Tlegperimental layout was a completely

randomised design (CRD) with two factors: landriygee (3) and water stress (no stress,

158



intermittent stress and terminal stress), repldtate times. Details of experimental designs,
procedures and measurements taken are describdabimaudhiet al (2011, 2012).

Rainshelters trialsThe objective of the rainshelter experiments twasvaluate growth, yield
and water-use of taro and bambara groundnut laedrat response to a range of water
regimes. With regards to modelling, the experimemwsre designed to contribute in
developing parameters for maximum canopy coveredigtt of stress on canopy expansion as

well as stomatal conductance.

The experiments were conducted during 2010/11 ad#il/22 growing seasons at
Roodeplaat, Pretoria. The experimental design wédactorial experiment laid out in a
randomised complete block design with two factamsgation level and landrace type (3),
replicated three times. The three irrigation levelsre 30, 60 and 100% of crop water
requirement (ETa), delivered using drip irrigat&ystem. The rainshelters have a total area of
288 nf, withindividual plot size of 6 f Plant spacing was 0.6 m x 0.6 m for taro anch®3
0.3 m for bambara groundnut. The rainshelters d&peya electric power and automatically
cover the experimental crop when it is raining, bilterwise remain open, positioned at least
5 m from the field. Therefore, except when it waming, the crops experienced normal field

conditions.

Field trials. The objective of these trials was to determire tlechanisms involved in taro
and bambara groundnut landraces’ drought toleramcker field conditions. Data collected
from these experiments contributed in developintapeters for time to emergence, initial

cover, times to maximum canopy cover, senescertenaturity as well as harvest index.

Taro was planted during 2010/11 and 2011/12 growsgpsons at Ukulinga,
Pietermaritzburg, in a split-plot design arrangedai randomised complete block design.
Irrigation [full irrigation (FI) versus rainfed (RFwas the main factor with landrace type (3)
as sub-factors, replicated three times. The tdzal of the field trial was 499.8 mMain plots
(FI and RF) measured 207.4 mach, with 15 m spacing between them and spriskiere
designed to have a maximum range of 6 m radiusdweent water sprays from reaching RF
plots. Sub-plot size was 17°rwith an inter-plot spacing of 1 m, and plant spgodf 1 m x

0.5 m, translating to 20 000 plants per hectaregation scheduling for the FI treatment was
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based on EJand a crop factor. During the 2010/11 growing sea812 mm of rainfall were
compared to 622 mm received during 2011/12 growsagson. Supplementary irrigation
amounted to 879 mm and 740 mm during 2010/11 ad/2@ growing seasons, respectively.
Less supplementary irrigation was applied durind1202 growing season because the taro

crop was harvested earlier than in the precediagmse

Bambara groundnut field trials were planted at Ropdght, on an area of 144°.nMain
plots were 52 meach with spacing of 10 m between them, and sots-pheasuring 3 fn
Plant spacing was 0.3 m x 0.2 m. Field trials werggated using sprinkler irrigation
scheduled using a crop factor and,EThe total amount of rainfall received during the
experiments was 678 mm in 2010/11 and 466 mm du2dfyl/12 growing season. The
2010/11 growing season was characterised by less dalierage rainfall and was therefore a
dry season. Supplementary irrigation supplied &fthl irrigation treatment amounted to 526
mm during 2010/11 and 890 mm during 2011/12. Thghdni amount of supplementary
irrigation applied during 2011/12 was becausewds a drier season compared to 2010/11.

Agronomic practices

For all trials, management was similar and keipaimum during 2010/11 and 2011/12. Land
preparation was done according to best agrononaictipes. Fertiliser application was based
on results of soil fertility analysis and appliesing an organic fertiliser Gromor Accelerator
(30 g N kg', 15 g P ki and 15 g K kg). Weekly observations of pests and diseases were
done to ensure effective control. Routine weedindg adging were done to prevent weeds

from competing with crops for water, nutrients aadiation.

Measurements

Experimental designs and data collection were §ipally designed to collect empirical data
that would be used for modelling both taro and bamalgroundnut landraces. Soil physical
characteristics (soil depth, soil texture, bulk silgnand gravimetric field capacity) were
determined for each experimental site (field triglad rainshelters). The Soil Water

160



Characteristics Hydraulic Properties Calculator
(http://hydrolab.arsusda.gov/soilwater/Index.htwgs then used to calculate volumetric soil

water content at field capacity (FC), permanentimgl point (PWP), saturation (SAT) and
saturated hydraulic conductivity (Ksat) (Table Zhese were also used to develop the soil

files for the respective sites in AquaCrop.

Daily weather parameters (maximum and minimum @mgerature, relative humidity,
solar radiation, wind speed, rainfall and JeTor the duration of the experiments were
recorded and collected from automatic weatherastatlocated within 100 m radii from each
of the field and rainshelter experiments. Theseewsesed to create climate files for each
experiment in AquaCrop for the respective sitese Tdlimate file for the rainshelter

experiments excluded rainfall.

Soil water content (SWC) in pot trials was monitbgravimetrically by periodic weighing
of pots and electronically using an ML-2x Theta o In the rainshelters, SWC was
monitored using ML-2x Theta Probes connected ta.2[@ata logger (Delta-T Devices, UK).
In each plot, two probes were carefully insertethimithe root zone at depths of 30 cm and 60
cm, respectively, and then buried with soil. Thegfrency of data collection for SWC using
the Theta probes was every 4 hours. In the fieddisirSWC was measured using gravimetric
sampling and a PR2/6 profile probe connected tblldr2 moisture meter (Delta-T Devices,
UK) at depths of 10, 20, 30, 40, 60 and 100 cm.

Pot trials. Daily emergence was counted; up to 35 and 49 dtgs planting (DAP) for taro

and bambara groundnut landraces, respectively. Weaka were collected to determine leaf
number, plant height, leaf area (Modi, 2007) amuhsital conductance. Measurements of
seedling leaf area for taro’s Umbumbulu landrace thie ‘Red’ bambara groundnut landrace

selection were also used to develop the paramatesetdling leaf area in AquaCrop.

Field and rainshelter experiment§ime to emergence (DAP) was defined as the takert to
achieve 90% emergence as stated in AquaCrop @ats2009) and was counted weekly for
taro and bambara groundnut, respectively. Destreisiampling was done at full emergence to
determine seedling leaf area @nroot length and biomass. Measured seedlingdesd for

taro’s Umbumbulu landrace and the ‘Red’ bambaramgglout landrace selection were used to
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complement pot trial data and used to describelisgdéaf area in AquaCrop. Measurements
of seedling root length taken at full emergenceemesed to determine the parameter for
minimum rooting depth (4f,). Stomatal conductance was measured using a sttaigyleaf
porometer (Model SC-1, Decagon Devices, USA) aneddut describe crop sensitivity

(stomata) to water stress in AquacCrop.

Leaf area index (LAI) index was measured usingLtAe2200 Canopy Analyser (Li-Cor,
USA & Canada). However, measurements of LAl were used to calculate canopy cover
(CC) for AquaCrop. Instead, diffuse non-intercep&afDIFN), which is an output of the LAI
2200 canopy analyser, was used to determine CCessence, DIFN is calculated by
integrating the gap fraction (GAPS) to obtain aueaindicative of the fraction of the sky that
is NOT obscured by the plant’s canopy. The valu®BiN ranges from 0 (no sky visible to
the sensor) to 1 (no canopy obscuring the sun) @200 Manual, 2010). Thus, it may be
argued that DIFN is more indicative of actual canopver than LAI; thence there is no need
to convert LAI to CC (Abraham Singels, pers. com#011). Therefore CC was obtained

from DIFN as follows;

1—-DIFN =CC Equation 1

Canopy cover values observed in field and rainshditials for taro’s Umbumbulu
landrace and the ‘Red’ bambara landrace selectiere wsed to develop parameters for
maximum canopy cover (G and time taken to achieve ¢CQvhich were entered in
AquaCrop. Observations of canopy cover under iteigeand rainfed conditions as well as
using the 60% and 30% ETa treatments from rainshekperiments were used to describe

crop sensitivity to water stress in AquaCrop.

Measurements of biomass were routinely collected dwaluation of crop water
productivity, development and dry matter partitiani Final biomass, yield and harvest index
(HI) were determined at harvest. The occurrencenajor phenological stages, timing and
duration of flowering, times to senescence and nigtwas recorded in days after planting
(DAP). A phenological stage was deemed to haveseiblccurred or been completed if and
when it was observed in at least 50% of experimigritants. Data were later converted to
thermal time according to the Method 2 as descriyeMcMaster and Wilhelm (1997);
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GDD =

Tmax+Tmin
[( )] — Thase Equation 2

where GDD = growing degree days
TmaxandTmin = maximum and minimum temperature, respectiveliy, a
Thase= base temperature for the crop

Where imeax< Tbase thenTmaX = Tbaseand imein < Tbase thenTmm = Tbase

Thereafter, simulations for taro’s Umbumbulu lamdraand the ‘Red’ bambara groundnut
landrace selection were performed in AquaCrop axrdeed by Stedutet al (2009) and
Raeset al (2009). Table 1 gives a detailed list of the ekpents used to calibrate and
validate AquaCrop for taro’s Umbumbulu landrace #rel‘Red’ bambara groundnut landrace
selection. For taro, independent results from erpants conducted by Mare and Modi (2009)
were also used to test the model’s accuracy ungéardl conditions. Validation for Mare and
Modi (2009) was for theDumbe dumbdandrace which is the vernacular name for the
Umbumbulu landrace used to calibrate taro in thidys

Model evaluation

Goodness of fit of AquaCrop outputs against obgkrield measurements was evaluated
using the coefficient of determinatiofR’j, root mean square error and its components
(RMSE, RMSEs and RMSEu) and Willmott's coefficieat agreement d-indeX. The
coefficient of determinationRf) is used for comparison of observed (O) and ptedi¢P)
values. It shows goodness of fit between observedl @redicted values. It is however,
dependent on the numbae) Of data sets used.

Willmott (1981) proposed the use of RMSE and itsteyatic (RMSES) (biased or non-
random) and unsystematic (RMSEu) (unbiased or majdoomponents as alternative
measures of model performance. For interpretatioresults, RMSEs should approach zero,

while the RMSEu should approach RMSE in order faradel’s performance to be deemed as
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“good”. The systematic (RMSEs) and unsystematic §8J) components are computed as
follows;

N 2 0.5
RMSES:|: " (P9 }
= Equation 3
n 2 0.5
RMSE { > ( P-H }
=1 Equation 4
RMSE = (RMSEg+ RMSE;)%> Equation 5

where,n = the number of observations, aﬁi‘dis derived froml% =a + b.Q wherebya andb

are the intercept and slope, respectively, of astlaagression between the predicted

(dependent variable) and observed (independerdhblajivalues.

In addition to computing RMSE and its systematicM@ES) and unsystematic
components (RMSEu), Wilmott (1981) further suggesae index of agreementl)(which
reflects the degree to which the observed valuesiecurately estimated by the model. This is

computed as follows;

I
Equation 6
where, P' =P, —0 andOi = Oi — O wherebyO is the observed means.

Willmott's index of agreementdf is a measure of the degree to which a model's

predictions (P) are error free or the degree taciwbbserved deviations about observed means
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(O) correspond, both in size and sign, to predictedalions abou®. Concurrently, thel-
index is a standardised measure developed with the tioterthat (i) it may be easily
interpreted, and (ii) cross-comparisons of its nitagies for a variety of models, regardless of
units, could be readily made. Th#index varies between 0.0 — indicating complete
disagreement, and 1.0 — indicating complete agretrhetween observed and predicted
values. According to Wilmott (1981), tlieindexoften complements information contained in
RMSE, RMSEs and RMSEu. Therefore, in addition ® tlseR?, evaluation of crop models
should also include RMSE, RMSEs, RMSEu andddiiedex

AQUACROP MODEL DESCRIPTION

AquaCrop is a water—driven, canopy level, engimggetype model (Stedutet al, 2009; Raes
et al, 2009; Stedutet al, 2012). It pays particular emphasis to simulaijredd response to
water under both irrigated and rainfed conditioftse model was born out of previous efforts
by Doorenbos and Kassam (1979) in FAQO’s Irrigateomd Drainage Paper No. 33. The
calculation steps and procedures of AquaCrop haen lescribed by Stedued al (2009)
and Raegt al (2009). At the core of the model is the followieguation:

B=WPXxXTr Equation 7

where, B = biomass,
WP = water productivity (biomass per unit of cuative transpiration), and
Tr = crop transpiration

Underlying Eg. 7 is AquaCrop’s development whiclowk it to (1) separate ET into Tr
and soil evaporation (E), (2) use the latter asii;ipn a simple canopy growth model, (3)
describe final yield (Y) as a function of B and Vvest index (HI), and (4) segregate effects of
water stress into four primary components; canopgwth, canopy senescence, crop
transpiration and HI. Each of these stress resptatders, excluding HI, has its own stress
coefficientKs, which acts as an indicator of the stress’ intgns$in practiseKs is a modifier

or correction factor for its target model parametes value varies from 0 - 1, with zero
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representing maximum possible effect of the staeskone indication no stress (Stedet@l,
2009).

At the heart of Eq. 7 is WP which has been desdriine Hanks (1983) and Tanner and
Sinclair (1983) as a parameter that remains conhsdaross different soils and climatic
conditions. When WP is normalised for differeni@itic conditions using CQthis further
makes it a conservative parameter (Steduto et28D7). This implies the applicability,
robustness as well as transferability of modebcations among users all over the world.

Figure 1 illustrates the functional relationshipstvieen the different components of
AquaCrop. As with other models, AquaCrop includaes $oil (soil water balance), the plant
and the atmosphere as structural components ofiribeéel (Stedutoet al, 2009). The
atmosphere and soil components bear similaritie®tteer models. It is the relationship
between the plant and soil components that disshgg AquaCrop from other known models
— that is discussed here.

: CLIMATE (<]
[RAINFALL] -7, rx| [ETo] [£]

CANOPY COVER
PHENOLOGY Senescence <- | BIOMASS YIELD
Runoff |

VAL U e aed ////// /////////'//////// /77

{ : : i | Soil
EROOT :DEPTH fertility
(m[ED[ETR H

Infiltration

SOIL WATER & SALT BALANCE
[Redistribution] [ Uptake |

1 !

Capillary Deep
rise percolation

Soil

Figure 1. Flowchart of AquaCrop indicating the stwral relationships in the SPAC (adapted
from Raeset al, 2009).
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AquaCrop models the crop based on five major coraptsnand their associated responses
to water stress. These are, phenology/developnoamtypy cover, rooting depth, biomass
production and harvestable yield (Ra&tsal, 2009). The crop responds to water stress by (1)
limiting canopy expansion, (2) early canopy senesecand (3) closure of stomata (Raés
al., 2009). Under continued water stress, the (4) &g (5) HI parameters may also be
affected. It is important to note that three ofstheéesponses occur at the canopy level, hence
the importance of the canopy in AguaCrop. Colledtiy these five responses form the

background framework of the crop component of AquadStedutcet al, 2009).

In AquaCrop, the canopy, through green canopy camdrcanopy duration, represents the
source of Tr. It is Tr that gets translated to bass (B) through WP (Eq. 7). Following this,
yield (Y), which is a constituent of B is then deténed as a function of Hi;

Y = B*HI Equation 8
The canopy, through its expansion, ageing, condagetand senescence, is very important
in AquaCrop. The canopy is directly linked to Thieh is directly related to B through Eq. 7,
and indirectly to Y through Eq. 8. Under non-limgi conditions, canopy growth is
exponential during the period from emergence to imam canopy cover (C Canopy
cover duration is also a function of time and ipetedent on the determinacy of the crop,
aspects all of which can be varied by the user gquaCrop. Beyond this point, the canopy

follows an exponential decay (Rastsal, 2009).

Unlike all other models, AquaCrop uses canopy c@§@&) not leaf area index (LAI) — a
distinctive feature of AquaCrop. The use of CC,opposed to LAI, is meant to introduce
simplicity by reducing overall above—ground groviito just a single growth function. The
crop’s rooting system is also considered in AquaCtoough crop parameters for effective
rooting depth Z) and the crop’s water extraction pattern. The atiffe rooting depth is
defined as the depth at which the crop will conduetst of its water uptake (Raes al.,
2009).

Temperature x varietal differences are also catéoedt AquaCrop. The model provides
the user with two simulation modes — thermal tiG®D) and calendar time. The model itself
uses thermal time (Raext al, 2009) based on Method 2 as described by McMastdr
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Wilhelm (1997). There is an important modification AquaCrop in that there is no
adjustment for Twhen and if it falls below base temperaturg)(This allows for better and
more realistic considerations of temperature flattins below ¥ and allows for effective

simulation of winter crops (Steduét al, 2009; for algorithms see Ragtsal, 2009).

CALIBRATION

Crop parameters used to calibrate AquaCrop forgdombumbulu landrace and the ‘Red’
bambara groundnut landrace selection were derivaah fcontrolled, field and rainshelter
experiments representing a wide range of watemregiand environmental conditions and
soils (Tables 1 and 2). Selection of landraces Wased on results from pot, field and
rainshelter experiments which showed ‘Umbumbulud #me ‘Red’ landrace selection as the
most stable, in terms of within landrace variapjliand adapted (to water-limited conditions)

landraces of taro and bambara groundnut, respéctive

Initial calibration involved matching observed GLsimulated CC. Subsequent to this; the
model was calibrated by comparing observed and lateu biomass (B) and yield (Y).
Calibration included adjusting selected parametathin a known range of fluctuation to
represent within landrace variation. Data usedcédibration were not used for validation. The
reduced input requirements of the model, comparedhers, enhanced the ease of calibration.
Crop parameters used to calibrate taro and bandgratandnut landraces are summarised in
Tables 3 and 5.
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Table 3. Preliminary input parameters for the ‘Riea'nbara groundnut landrace selection in

AquaCrop

Parameter Description Model Input
Thoase Base temperature (°C) o*

T upper Cut-off temperature (°C) 30*
Emergence Time to 90% emergence 299
CC Maximum canopy cover (%) 85

Time to CG (GDD) 1155

Z¥ max Maximum rooting depth (m) 1.0

Zr min Minimum rooting depth (m) 0.10
Canopy senescence Time to canopy senescence 1814
Start of yield formation 1047
Duration of flowering 629

Length of HI build up 1024
Maturity 2227

Soil water depletion factor canopy expansion (f}l&@per Limit 0.50*

Soil water depletion factor canopy expansion (f}leawer Limit 0.80*
Shape factor for water stress coefficient leaf esjmn 1.00*

Soil water depletion for stomatal control (p-stoatat 0.80*
Shape factor for water stress coefficient stomadatrol 2.00*

Soil water depletion for canopy senescence (p-senes) 0.90*
Shape factor for water stress canopy senescence 0* 3.0
Root expansion rate (cm/day) 1.2

Shape factor for root expansion 2.00*
Canopy cover per seedling (&m 2.00
Canopy growth coefficient p(CGC): increase in CE€gree day 0.942
Canopy declining coefficient (CDC) per degree day .600

Keb 1.15
Normalised water productivity (WP) g’m 11
Harvest index (percentage) 20
Positive effect of HI as result of limited growthvegetative period Moderate
Positive effect of HI as result of water streseetifhg leaf expansion Moderate
Water stress during flowering (p-upper) 0.90*
Negative effect on HI as a result of water stragsiting stomatal closure Strong
Aeration stress Sensitive

*Parameters described by Karunaratee al. (2011); WP differed for the rainshelter
experiments and was set at 18| for the rainshelter experiments was 15%.
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Calibrating bambara groundnut

Since AquaCrop was previously calibrated for bambgroundnut by Karunaratnet al
(2011), calibration started with fine—tuning therop file to South African local conditions.
Time to emergence was observed in pot, field angshalters as days after planting (DAP) as
35 DAP and converted to GDD in AquaCrop (Table 3).

In order to determine Gfdestructive sampling was done when the crop thiceed
90% emergence in all trials (field, rainsheltert @nd seedling establishment trials). Measured
values of seedling leaf area observed were entgredquaCrop as 2.0 cm(Table 3)
compared to 5.0 cfrdescribed by Karunaratret al (2011). This was acceptable since our
experimental conditions and landraces were diftetenthose used by Karunarateé al
(2011). Thereafter, the model used initial seedleaj area to compute GOObserved values
for maximum canopy cover (G times taken to achieve G@nd leaf senescence were input
in AquaCrop (Table 3). Thereafter, using these nleskevalues, the model computed canopy
growth and decline coefficients (CGC and CDC) (&ad).

Minimum rooting depth (Z#n) was entered in AquaCrop as 0.10 m. (Table 3)trDetsve
sampling in field and rainshelter trials showed mmaMn root length of about 0.30 m;
however, for better simulation a value of 1.0 modé®d by Karunaratnet al (2011) was
entered in AquaCrop as £ (Table 3). The time taken to achieve maximum raptilepth
was also entered in AquaCrop. Based on these dis@arameters, the model then derived
root expansion rate as described in Reted. (2009).

Karunaratneet al (2011) reported that AquaCrop’s default settifigsdescribing a grain
crop were reasonably good for simulating bambaoarptnut under both irrigated and rainfed
conditions — our own calibration concurred withithessertion. A WP value of 11 was used
and harvest index was calculated as 20% and entarédjuaCrop. This provided good

simulation for final biomass and yield.
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Figure 2. Calibration results of bambara groundeanopy cover (CC %) under irrigated

conditions (field trials) during 2010/11 growingasen at Roodeplaat, Pretoria. Vertical bars
indicate +/- standard error of means.
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Figure 3. Calibration results of bambara groundbismass accumulation (t Ha under

irrigated conditions (field trials) during 2010/ldrowing season at Roodeplaat, Pretoria.
Vertical bars indicate +/- standard error of means.

171



Results for calibration showed a reasonably goastigess of fit for both canopy cover
and biomass (Fig 2 and 3). The coefficient of deteation &) for CC was 0.94 and for
biomassR? was 0.957. Therefore, the model was able to préiiz and biomass reasonably
well. The RMSE for CC was 3.37% which was very geothpared to a RMSE of 14.79%
reported by Karunaratnet al (2011) for their calibration of four bambara gndaut
landraces. They concluded that RMSE of 14.79% veag acceptable given the huge amount
of variation that exists between and within bamlg@indnut landraces. They further stated
that high RMSE observed for biomass was due torg-caer effect from the error from CC.

Results of final biomass and yield showed good @mmpn between predicted and
observed biomass and yield (Table 4). The modet-esemated final biomass by 14% and
yield by about 8.79% compared to observed biomask yéeld; this may be regarded as
acceptable. The margin of error for predicted bissnand yield is still within acceptable

margins and may be due to the carry-over error sonulation of CC and cumulative B.

Table 4. Calibration results of final biomass ameld/ (simulated vs. observed) for irrigated
(FI) field trials of taro’s Umbumbulu landrace ari@ed’ bambara groundnut landrace

selection conducted during 2010/11.

Bambara groundnut Taro
~ Biomass (tha)  Vield (thal) Biomass (tha)  Yield (thal)
Observed 11.80 3.341 20.7 17.1
Simulated 13.495 3.635 22.05 18.305
RMSE 1.695 0.294 1.350 1.205
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Calibrating taro

Taro was calibrated in AquaCrop using measuremeors the optimum irrigated (FI) field
trials conducted at Ukulinga during 2010/11. Theéirmpm treatment (100% ETa) from the
rainshelter trials conducted at Roodeplaat duri@dt02l1 was also used to develop as well as
to confirm some parameters (Table 5). Rainfed drialere also used to fine—tune the

calibrations.

Time to emergence for taro’s Umbumbulu landrace wlaserved as 49 DAP; this was
converted to GDD and entered in AquaCrop (Tabled®)served seedling leaf area (25°%cm
(Mabhaudhiet al, 2012) was used to define seedling cover in AgapCTogether with plant
density, AquaCrop then computed initial canopy ca¥®&C,) (Table 5). Observed GGand
time taken to achieve GGvere input in AquaCrop (Table 5). Using these, ninedel then
derived the CGC (Table 5).

Observed times to senescence and maturity weret impquaCrop; canopy decline
coefficient (CDC) was then derived from these. Hesve contrary to observations of taro
growth, the model derived value for CDC simulatadapy cover to reach zero about a month
before harvest. Under actual conditions, unlesst fomcurs and kills off the foliage, taro’s
canopy can continue through winter as a perenmap.cTherefore, CDC was adjusted
accordingly in order to obtain a better simulatodrcanopy decline (Table 5).

AquaCrop describes effects of water stress basedpygagrowth and senescence, crop
transpiration and HI. Each of these stress resptatders, excluding HI, has its own stress
coefficientKs, which acts as an indicator of the stress’ intgn&anopy growth, senescence
and stomatal closure for taro’s Umbumbulu landraeee entered in AquaCrop as sensitive to
water stress. This was because results from fiettl rainshelter trials had shown that this
landrace avoided drought by stomatal regulations{ale) and having a small canopy size.
Thereafter, AquaCrop calculated p-values (Tableds)esponding to these descriptions (Raes
et al, 2009). Since taro is naturally a wetland cropht, 2009), the crop was described in

AquaCrop as tolerant to water logging (Table 5).
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Table 5. Preliminary input parameters for taro’stmbulu landrace in AquaCrop

Parameter Description Model input
Thase Base temperature (°C) 10

Tupper Cut-off temperature (°C) 35
Emergence Time to 90% emergence 460
CC Maximum canopy cover (%) 85

Time to CG(GDD) 1557

Zr max Maximum rooting depth (m) 0.8

Zr min Minimum rooting depth (m) 0.1
Canopy senescence Time to canopy senescence 2115
Start of yield formation 1512
Length of build-up of HI 861
Maturity 2406

Soil water depletion factor canopy expansion (f}lE@per Limit 0.10

Soil water depletion factor canopy expansion (ff}leawer Limit 0.45
Shape factor for water stress coefficient leaf esjmn 3.0

Soil water depletion for stomatal control (p-stoatat 0.45
Shape factor for water stress coefficient stomadatrol 3.0

Soil water depletion for canopy senescence (p-senes) 0.45
Shape factor for water stress canopy senescence 3.0
Root expansion rate (cm/day) 0.6

Shape factor for root expansion 15
Canopy cover per seedling (&m 25

Canopy growth coefficient p(CGC): increase in CEgree day 0.698
Canopy declining coefficient (CDC) per degree day 570

Keo 1.10
Normalised water productivity (WP) g‘m 15
Harvest index (percentage) 80’
Positive effect of HI as result of limited growthvegetative period Moderate
Positive effect of HI as result of water streseetihg leaf expansion Small
Negative effect on HI as a result of water stragsicing stomatal closure Very strong

Aeration stress

Not stressed

*WP differed for the rainshelter experiments and wes at 22;’HI for the rainshelter

experiments was 70%.
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Our observations showed £k to range between 0.30 — 0.45 m. However, Aqua@rap
unable to simulate for rainfed conditions using thalue. This may be a result of our sampling
procedure used to determine root depth as welltlasr soil factors. As such, following a
series of simulations, a value of 0.8 m was usetignaCrop for Zsax (Table 5) since it gave
good results under both irrigated and rainfed doomas. This value corresponded to the
model’s description of a shallow-medium rooted ¢rbys concurs with the description of taro
rooting depth suggested by Lebot (2009).

The model was able to simulate canopy cover (C@) 4 reasonably wellR? = 0.789).
Willmott's coefficient of agreementd{indey showed very good agreemert £ 0.9196)
between predicted and observed CC for taro undegafed (FI) conditions. Simulated final
biomass (B) and yield (Y) also showed a very gabdith the observed data (RMSE = 1.350
and 1.205 t hd) (Table 4). Simulated B and Y were respectivelyarl 7% greater than
observed B and Y. This can be considered to be geyd given that the model was

simulating a landrace.
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Figure 4. Calibration results of taro canopy co{@€ %) under irrigated conditions (field
trials) during 2010/11 growing season at Ukulingeetermaritzburg. Vertical bars indicate +/-

standard error of means.
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VALIDATION

Subsequent to AquaCrop’s calibration using datanfroptimum experiments conducted
during 2010/11 season with no fertility or temparatstress, the model was validated for both
bambara groundnut and taro using observed measuotertem experiments [field (RF and
FI) and rainshelter (100, 60 and 30% ETa)] condluctering 2011/12. In the case of taro,
AquaCrop was also tested against independent datagrevious experiments conducted by
Mare and Modi, 2009 (Table 1).

Validating bambara groundnut

Results of validation for the field trials showeda@od fit between simulated and observed CC
under irrigated R = 0.858) (Fig 5A) and rainfed condition®(= 0.951) (Fig 5B). Results
also showed good agreemedtifidey between observed and simulated CC for irrigated (
0.9558) (Fig 5A) and rainfedd(= 0.9746) conditions (Fig 5B). The RMSE obtaineoinf
statistical analysis of simulated and observedaalior rainfed and irrigated conditions was
relatively low and similar to that obtained duricgjibration; this indicated model consistency
and robustness. In addition, RMSEs was relativaly &nd close to zero, while RMSEuU was
shown to approach RMSE, thus indicating good maueiformance (Fig 5A and B).
Therefore, the model showed very good simulatiorrdinfed production. This concurs with
statements by Raes al (2009) and Stedutet al (2009) that the model was especially useful

for predicting yield under water-limited conditions

Validation of the model using measurements frommsiaglter experiments showed
relatively good fit between observed and simulat@@ under varying water regimes.
Simulation of CC under optimum conditions (100% [E3laowed the best fiRf = 0.951) (Fig
6A) relative to 60% ¢ = 0.901) (Fig 6B) and 30% ET&{ = 0.813) (Fig 6C). The model
managed to simulate well actual experimental olzgems that showed little difference in CC
between the 100% and 60% ETa treatments (Fig 6ABanth all three cases, the model was
shown to under-estimate CC in the early and laaetspf the season. This was also evidenced
by the relatively lower agreement at 6086<0.951) (Fig 6 B) and 30%l & 0.950) (Fig 6C)
compared with the 100% ETa treatmedt= 0.972) (Fig 6A). This may account for the
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relatively high RMSE obtained from statistical exation of model outputs (Fig 6A, B and C).
The RMSE for CC simulated for the 100% ETa treatinveas 14.055% (Fig 6A), which was
similar to that reported by Karunaratee al. (2011) for their calibration and validation of

bambara groundnut. The RMSE, as well as its comgsi{®&MSEs and RMSEu), were shown
to increase for the 60% and 30% ETa treatmentsgBignd C).
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Figure 5. Validation of canopy cover (CC %) for leara groundnut grown under A. Irrigated

and B. Rainfed field conditions during 2011/12 gmogv season at Roodeplaat, Pretoria.
Vertical bars indicate +/- standard error of means.
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The model predicted final biomass and yield veryl i@ bambara groundnut grown
under irrigated (FI) and rainfed (RF) field condits (Table 6). The margin for error (RMSE)
under field conditions (RF and FI) was relativebw| showing good model performance.
However, the model did not show good prediction fiomass and vyield for the three
rainshelter irrigation treatments (100, 60 and 38%a) (Table 6). While Karunaratret al
(2011) reported under-estimation of some landraicethis study; the model was shown to
over-estimate both biomass and vyield in the raibsh@rigation treatments (Table 6). The
over-estimation of biomass and yield in the raittgihenay be due to carry-over error from
simulation of CC. It is possible that model perfarme in the rainshelter may have been
affected by periodic closing and opening of thdteheluring rainfall events — this could have
altered the microclimate in the rainshelter — angimeenon which the model could not account

for.

Over-all, despite the model's performance with rdgato the rainshelter irrigation
treatments, the model was shown to predict welinaiss under yield under field conditions
(RF and FI). This further strengthens the modalisability for simulating yield response to
water availability.

Table 6. Validation results of the ‘Red’ bambaraugrdnut landrace for final biomass (B) and
yield (Y) [simulated (S) vs. Observed (O)] for fiekrials (FI and RF) and rainshelter
experiments (30, 60, 100% ETa) conducted durind 2@1

Yield (t ha)
IRR RF 30% “ETa 60% Eta 100% ETa
B Yo B Yo B Y B Y B Y

O 12.14 2.84 8.75 1.84 7.41 0.35 8.61 0.32 8.11 0.52

S 11.84 2.37 8.81 1.80 4.56 0.52 7.84 0.91 9.51 1.14

*RMSE  0.30 0.47 0.06 0.04 2.85 0.17 0.77 0.59 1.40 0.62

WETa — crop water requiremeSBRMSE — root mean square error.
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Validating taro

Rainfed and irrigated treatments affected taro glipwiomass and vyield significantly. The
model was able to simulate CC under irrigated diows very well & = 0.844) (Fig 7A),
although the model was not as accur&e= 0.018) under rainfed conditions (Fig 7B). The
model showed low RMSE, RMSEs and RMSEu for the ifuijation treatment under field
conditions (Fig 7A), indicating good model performua. Consistent with the loRf observed
for rainfed conditions, model evaluation showed pamatively large RMSE, RMSEs and
RMSEu under rainfed conditions, indicating poor mlogerformance (Fig 7B). This may be
due to the fact that the model was unable to sitaulee sharp decline in CC that occurred in
taro in response to stress. It must also be ndtadunlike bambara groundnut, AquaCrop’s
default file for root and tuber crops may not betipalarly suited to the unique growth pattern
and behaviour of taro, an aroid. Parameters sucueleers/stolons and leaf appearance rate
catered for in the simulating of underground bulketorage organs (SUBSTOR) aroid model
(Singhet al, 1998) as well as the crop’s distinctive growtdges (Lebot, 2009) may need to

be factored in the model for improved simulatioriaob’s canopy.

However, despite this setback, the model showedl gwediction for biomass and yield
under varying conditions. Figure 8 shows resultsliderved vs. simulated biomass and yield
from field (RF and FI) and rainshelter (100, 60 &0 ETa) experiments. The model was
shown to simulate both biomas&?(= 0.898) and yieldR® = 0.964) relatively well with
acceptably low values of RMSE, RMSEs and RMSEu. ddreement between simulated and
observed biomasdd (= 0.875) and yieldd = 0.987) was very good, which showed good
agreement between predicted and observed valugisrofiss and yield (Fig 8). According to
Jaleelet al (2009), yield attainment is the most importarititadite in crop production. As
such, with regard to simulating yield response #iew availability, the model's performance

was good.
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Validation of the model using results from indepemidexperiments gave a very good fit
for both biomassR = 0.996) and yield R = 0.980) (Fig 9). For interpretation of these
results,R? is dependent on the number of data points, wevedtgta were used &n > 3), R
has to be very highRf = 0.99) to show significance. Therefoi® of 0.99 and 0.98 for
biomass and vyield, respectively, for the 3 plantiages implies a significant regression. The
agreement d-indeX between simulated and observed values of bionaass yield was
respectively, 0.9855 and 0.9905 (Fig 9), showing g®od agreement between predicted and
observed values. In addition, RMSE was shown twdyg low. The RMSEs was shown to
approach zero for simulations of biomass and y{€ig 9). This shows very good model
performance and prediction given that this washalependent data set under dryland (rainfed)
conditions. This further strengthens the model’pligpbility to simulating rainfed or water-

limited production.

CONCLUSIONS

While bambara groundnut has recently been calibrate AquaCrop, the calibration and
validation of taro was a first. The calibration amdlidation of AquaCrop for bambara
groundnut gave good results, especially under fosldditions. Final simulation of biomass
and yield under field conditions (RF and FIl) wagis$actory. However, due to great
variability within landraces, more research neeml$é¢ done to further test the model for
bambara groundnut landraces from other locatiortss Thay also aid in selection and
screening for drought tolerance in bambara groundwith regards to taro, the model
simulations for biomass and yield were very satisfiey. Despite the model's obvious
challenges in simulating canopy cover under rainfedditions, the model was able to
simulate final biomass and yield reasonably wellve@ the unique nature of taro growth,
more research needs to be done, together withlppessiprovements to the model, to better
simulate taro growth. To fine-tune the model forotaimprovements should consider the
crop’s distinctive growth stages, pattern of yigddmation as well sensitivities to frost which
typically kills off the crop which would otherwisbe a perennial. The model's minimal
requirements for site specific information and cmoput parameters for AquaCrop added to

the ease of calibration and validation of the modéhis is particularly beneficial within the
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greater and broader context of encouraging thetamopf models as decision making support
tools in places were access to extensive datansmgtde limited. Over-all, the model showed
that the taro Umbumbulu landrace and ‘Red’ bamlgn@undnut landrace selection are
possible drought tolerant crops. This was evidertmedhe model’s ability to simulate both

crops under water-limited conditions (30% ETa) #mel crops’ ability to achieve reasonable
yields under such conditions. The continuing effaat model bambara groundnut and this first
attempt to model taro should be used as a stepgtimge for modelling other neglected

underutilised crops.
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GENERAL DISCUSSION

The water-energy-food security nexus dominates téskebout world economic development
in response to modern challenges. This debatechtzké place in the context of the need to
conserve biodiversity. The combination of waterreity, predicted climate change and
increasing population that our world is facing Im@snted a gloomy picture of future food
security for countries like South Africa that aldgehave scarce water resources (RSA, 1998).
The impending threat has led to previously negtketied underutilised species/crops (NUS)
being touted as possible future crops. Howeveradiex of ‘neglect’ by researchers and
farmers in favour of major crops have meant thatdghcurrently exists limited information
describing agronomy and water-use of NUS. This ysthigpothesised that local taro
(Colocasia esculentd.. Schott) and bambara groundnufigna subterraneal. Verdc)
landraces may have acquired drought tolerance ywars of natural and farmer selection
under often harsh conditions. It was further hypsibed that such drought tolerance, in
bambara groundnut, may be associated with seed amdatir. To test these hypotheses,
conventional field experimentation and modellingp@aches were adopted. These included
experiments evaluating the effect of water stresslaral taro and bambara groundnut
landraces, alternative cropping systems and modeljield responses of local taro and

bambara groundnut landraces to water availability.

Drought tolerance

The importance of good crop establishment in cnmlyction can never be over-emphasised.
It allows for good root and early canopy developtm@assioura, 2006; Blum, 2012) as well
as maximum crop stand. This study showed thataatbbambara groundnut landraces were
slow to emerge, on average they took 49 and 35 dfigs planting, respectively, to emerge
(Chapters 3-6; Mabhaudkt al, 2011, 2012). This was slower than reported eerarg in
similar root/tuber and grain legume crops. Poormpcestablishment can have deleterious
effects to which no amount of effort or expenseranh the season can resolve (Mabhaudhi
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and Modi, 2011). Slow establishment also impliest th lot of water is lost to evaporation
during early season as opposed to transpirationhwikiproductive as it goes via the plant.

For bambara groundnut, there was an added hypstbkthe effect of seed colour on crop
establishment. This emanated from previous stufliégbhaudhi and Modi, 2010, 2011,
Mbatha and Modi, 2010; Zulu and Modi, 2010) thatehauggested an association between
dark coloured seeds and seed quality. Resultsttady failed to reject this null hypothesis.
The ‘Red’ bambara groundnut landrace selection skobetter emergence than its lighter
coloured selections (Chapters 5, 6; Mabhawthal, 2011). The association between seed
coat colour and drought tolerance may be linked ghenols which confer dark colour.
Phenolic compounds are also known to have antioxig@operties which may be useful
during stress acclimation. Although this does a#etaway the broader implications of slow
establishment, it suggests that seed coat colow lbeaa useful selection criterion for

improved vigour in bambara groundnut.

Stomatal closure is widely accepted as the printiariting factor to photosynthesis and
consequently yield under water limited conditio@hgveset al, 2002, 2003). Results from
this study showed a trend of lower stomatal corehm# under water limited relative to
optimum conditions for both taro and bambara groundandraces (Chapters 3-6; Mabhaudhi
et al, 2012). The extent of such reductions was lamdrsecific. For taro, one upland
landrace —Umbumbulu (Chapter 2) — showed greatmatal regulation compared to two
other landraces — the wild Dumbe Lomfula and seomelsticated KwaNgwanase — which are
both normally cultivated in shallow rivers and swanrespectively (Chapter 2). These two
landraces may be adapted to higher levels of weterthan the Umbumbulu landrace which is
cultivated upland. The adaptability of upland tararieties has also been observed and
reported on by Uyedat al (2011). The ‘Red’ bambara groundnut landracectele also
showed greater stomatal regulation relative to ‘@®ewn’ and ‘Light-brown’ landrace
selections, further strengthening the associatewéen seed colour, seed quality and possible
drought tolerance. The degree of stomatal regulatbserved in the Umbumbulu taro
landrace and ‘Red’ bambara groundnut landrace ts@hernplies an ability to reduce water-
use through reduced transpiration losses, an ddaptassociated with drought avoidance

mechanisms (Levitt, 1972). There are, however, agshof thought that argue against this
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mechanism as not being beneficial to yield attamn{&lum, 2005, 2009). They argue that
any drought adaptation strategy that lowers stontataductance, which is directly linked to
biomass and yield, is to the detriment of yielgiatinent. They suggest that, instead, drought
adaptation should be linked with crops that mamthieir high levels of transpiration while

enhancing soil water capture.

Limitations to photosynthesis under stress haveo dlsen attributed to metabolic
impairment (Lawsoret al, 2003). This includes protein denaturation, aadgaton of free
radicals and loss of pigments (chlorophylls andoiaaroids) (Farooeet al, 2009). It was
within this context that chlorophyll content wasakiated as an index for evaluating drought
tolerance of taro and bambara groundnut landralies. expectation was that under water
limited conditions chlorophyll content would decseaas a strategy to down-regulate the rate
of photosynthesis in response to lower intracell@@, availability owing to stomatal closure.
Results for taro and bambara groundnut landracewesh lower chlorophyll content index
under water limited conditions (Chapters 3-5). Ttheo Umbumbulu landrace and ‘Red’
bambara groundnut landrace selection showed thistatent better than the other landraces
used in the study. This suggests that the two &edr are capable of down-regulating their
photosynthesis under water limited conditions, djustment that may also help to control
accumulation of free radicals caused by an excessaited electrons (Faroagt al, 2009).
These results showed that chlorophyll content indey be a useful index for assessing
drought tolerance. However, more studies are neddedhis trait since observations of
chlorophyll content index were only conducted dgrihe 2011/12 growing season. Reduction
in chlorophyll content, the chief light—harvestipigment, also implies energy dissipation as a

stress tolerance mechanism.

For the taro Umbumbulu landrace, other responses @si leaf rolling and heliotropism as
well as partial senescence of the leaf under wetéted conditions were also observed. Leaf
rolling and partial senescence of the leaf maydi@ted to minimising transpirational losses
by directly reducing surface area available fonsmaration. Alternatively, leaf rolling could
be related to lower energy absorption, hence ratitre@spiration. Leaf heliotropism is related
to energy dissipation — typically, the adaxial aad, which contains less chlorophyll and is

therefore lightly coloured relative to the abadatface, would be turned upwards towards the
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sun while the abaxial surface would face downwavdyafrom the sun. Leaf heliotropism is
also a complimentary strategy to loss of chloroptyypothetically, such a mechanism would
allow for reflection of radiation, cooling of thedf surface as well as contributing towards

reduced transpiration, traits synonymous with dhd@yoidance.

The literature review (Chapter 1) showed that thare three drought tolerance
mechanisms — avoidance, escape and (desiccatitemarioe (Levitt, 1972). Two of these
(avoidance and escape) are intricately linked op @anopy size and characteristics. As such,
the study placed emphasis on measurements retatd canopy (plant height, leaf number
and leaf area index). This was also linked to aiséary objective of the study related to
modelling taro and bambara groundnut. Briefly, seratanopy size is a function of drought
avoidance (Levitt, 1972). Although drought escagpefien related to crop phenology, it is also
associated with crop canopy characteristics in #maaller canopy size and reduced crop
duration will often translate to a shorter growtttle. The specifics of these mechanisms and

how they interact in bambara groundnut and tardriaces are discussed below.

This study showed that crop canopy size was seeaditi water limited conditions. Both
taro and bambara groundnut landraces showed redceeopy size under water limited
conditions (Chapters 3 — 6; Mabhauéhal, 2011, 2012). However, since crop canopy size is
directly related to biomass accumulation and yiatthinment, there should be a balance
between minimising water losses through transpinaand biomass production which is a
function of transpiration (Chapter 1; Raetsal, 2009; Stedutet al, 2009). Thus, in this
regard, the taro Umbumbulu landrace and ‘Red’ baegeoundnut landrace selection which
showed moderate reduction in growth may be regastedeing adapted to water limited

conditions.

A vegetative growth index (VGI) was also computed faro landraces and used to
evaluate crop responses to limited water availghiinder rainfed conditions (Chapter 3). The
VGI is particularly useful in that it encompassdkthe components of taro’s vegetative
growth i.e. leaf number and area, plant height el$ & stolons and/or suckers (Lebot, 2009).
The VGI showed that while vegetative growth oftatio landraces was negatively affected by
limited water availability, the Umbumbulu landraeeas least severely affected than the

Dumbe Lomfula and KwaNgwanase landraces undera@inbnditions. This was consistent
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with the Umbumbulu landrace’s moderate canopy sizd further suggested it as being
adapted to water limited conditions. Therefore,Wiad is a useful index for drought tolerance

studies in taro.

Bambara groundnut landrace selections displayecegred of phenological plasticity
associated with drought escape under water limiaditions by flowering and maturing
earlier as well as shortening the duration of tbevéring period (Chapters 5 and 6). Drought
escape in bambara groundnut was related to lowadr famber and shorter crop canopy
duration resulting from enhanced canopy senescemder water limited relative to optimum
conditions. The downside to drought escape, howevéhat there is less time for build-up of
harvest index (yield formation) translating to loweelds. This was evident with yield losses
of up to 50% observed in bambara groundnut landsatections under water limited relative
to optimum conditions. Nonetheless, the positivee sio drought escape is that it ensures
attainment of “some” yield as opposed to no yididalain the event that water stress was
terminal. This is of particular importance to famnen marginal areas of crop production
where crops would fail many years. The ‘Red’ lacdraselection showed delayed leaf
senescence under water limited conditions, a phenomalso observed in cowpea (Odindo,
2007). This may explain the ‘Red’ landrace selectticability to produce reasonable yields

under water limited conditions.

Taro landraces also showed phenological plastiaitthat landraces generally matured
earlier under water limited relative to optimum daions. Early maturity was closely related
to low leaf number associated with enhanced leaés®ence under water limited conditions.
This was quite evident in the Umbumbulu landrackajiier 3). Drought escape may be a
desirable trait in taro. This is because if thepcdad not mature early (i.e. escape drought) it
would result in the possible re-translocation dfimsdates from the underground storage organ
(corm and cormels) to above—ground parts resultimgyield losses. Therefore, the
Umbumbulu landrace which exemplified phenologicdhspicity under water limited

conditions may be regarded as being adapted ta Vimited conditions.

Finally, the purpose of crop production is to proglyield (Jaleekt al, 2009). Yield of
taro and bambara groundnut landraces was gendoadigr under water limited conditions

compared with optimum conditions. Such yield adjostnt could be linked to taro and
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bambara groundnut’s drought tolerance mechanismssiggested during assessments of yield
components. Correlation and path analysis of yiterminants for both crops showed that
biomass was highly correlated to yield and haddgieatest contribution to yield. Ironically,
drought avoidance and escape mechanisms observiedthincrops were at the expense of
biomass accumulation owing to reduced transpiradod photosynthesis rates as well as
smaller canopy size and duration. This concurs Bithm’s (2005, 2009) reports that drought
avoidance and escape as well as increased watafigency were often at the expense of
yield attainment. However, Blum (2011) also stateat effective drought tolerance in crops
was mostly achieved through drought avoidance. &fbeg, through drought avoidance and
escape, taro and bambara groundnut landraces Wwkrdcaachieve reasonable yields under
water limited conditions. Moreover, the taro Umbuwhb landrace and ‘Red’ bambara
groundnut landrace yielded above normal mean yiedgsrted for each crop under dryland
conditions (Swanevelder, 1998; FAOSTAT, 2012).

Another interesting observation was that of imprbweater productivity in taro landraces
grown in rainshelters compared to field conditiq@@hapters 3 and 4). The use of drip
irrigation in rainshelters resulted in a smallerttee surface which translated to reduced soill
evaporation losses. Additionally, frequent schedyubf irrigation, and therefore constant re-
wetting of the root zone, may be beneficial to tatuich is typically a shallow rooted crop.
Thus, even at low water regimes [30% of crop wegquirement (ETa)] the crop was still able
to access water within its root zone and achieeddysimilar to that achieved under rainfed
production. This showed that the use of drip iiamay not only reduce overall crop water-

use, but also improve vyields.

Intercropping

Another objective of this study was to evaluate d@lgeonomic performance of intercropping
taro and bambara groundnut landraces under dryanditions (Chapter 7). Typically, both

crops are cultivated as sole crops under drylamdliions with taro being more dominant in
terms of land allocation in KwaZulu-Natal. Resudtsowed that there is much potential for
intercropping taro and bambara groundnut. An evalnaof intercrop productivity using the

land equivalent ratio (LER) showed that intercroygpiaro and bambara groundnut at ratios of
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1:1 (taro:bambara groundnut) and 1:2 was more mtoduthan cultivating either taro or
bambara groundnut as sole crops. On average, lowéwb growing seasons, the 1:1 intercrop
had a LER of 1.53 compared with 1.23 for the 1i2ricrop. Under future climate conditions,
choice of cropping system will also play a majderim ensuring food security. Therefore, re-
introducing and promoting cropping systems sucim@scropping may offer farmers in semi-
arid rural areas greater resilience under conditimnpredicted climate as well as a safer and

possibly more lucrative alternative to sole crogpiReithmaret al, 2007).

Modelling yield response of taro and bambara ground to water availability

Data collected from pot, field and rainshelter ekpents was used to develop crop inputs to
calibrate and validate the FAO’s AquaCrop modeltéso and bambara groundnut landraces.
The taro Umbumbulu landrace and the ‘Red’ bambacarginut landrace selection were

selected for modelling. Their selection was basadobservations from experiments that

showed them to be stable and adaptable to watéetinsonditions. Model performance was

evaluated using the coefficient of determinati®f),(root mean square error (RMSE) and its

components (RMSEs and RMSEu) as well as Willmgtt)Jandex of agreement.

Taro calibration showed that AquaCrop predictedopgrcover (CC) reasonably welR{
= 0.789;d-index= 0.9196). Simulation of final biomass and yieldsasatisfactory and showed
very good fit for predicted and observed data. d&ibn using data from rainfed and irrigated
field trials showed good model performance for G@er irrigated conditionsR = 0.844;d-
index= 0.9975). However, the model was not as accRéte 0.018:d-index= 0.6452) under
rainfed conditions. Nonetheless, the model showaat gprediction for taro biomas§{ =
0.898;d-index= 0.875) and corm vyieldRf = 0.964;d-index= 0.987) under all conditions
(field and rainshelters). Validation performed gsindependent taro data showed very good
fit for both predicted and observed biomaRs £ 0.996:d-index= 0.9855) and yieldR¢ =
0.980; d-index= 0.9905). This was considered to be very goocrmithat this was a first
attempt to simulate a taro landrace using AquaCrop.

Calibration results for the bambara groundnut lanershowed good fit between predicted
and observed values for C&(= 0.94:;d-index= 0.989) and biomas&{ = 0.957;d-index=
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0.998) as well as low RMSE, implying good modelfpenance. Simulation of final biomass
and yield showed good comparison between predaredobserved biomass and yield. Model
validation using data from field experiments showedd fit between predicted and observed
CC under irrigated®? = 0.858;d-index= 0.9558) and rainfed condition®(= 0.951:d-index

= 0.9746). The RMSE for CC was relatively low (9%7dnd 6.176%) indicating ‘good’ model
performance and robustness. Model validation udgdaga from rainshelter experiments
showed good fit between predicted and observed i@Zénthe varying water regimes — 100%
ETa (f = 0.972;d-index= 0.972), 60% ETaR¢ = 0.951;d-index= 0.951) and 30% ET4&{ =
0.950;d-index= 0.950). The model predicted final biomass amddyvery well for field trials
with a low margin of error, which is indicative gbod model performance. However, the
model under—estimated CC for the early and latesspd the season and over-estimated final
biomass and yield in the rainshelter. Model perfamoe in the rainshelter was possibly
negatively affected by periodic closing and operohdghe shelter during rainfall events. This
could have increased radiation and possible redwaed speed in the rainshelter — a
phenomenon that would also explain the low harwed¢x observed in bambara groundnut

grown in rainshelters (Chapter 6).

Over-all, for taro and bambara groundnut landraitesmodel predicted biomass and yield
well under field conditions; this was especiallyerfor bambara groundnut under rainfed
conditions. This concurred with reports by Raeal (2009) and Stedutet al (2009) that the
model was particularly useful for predicting yieldder water-limited conditions.
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CONCLUSIONS

The study successfully indexed drought tolerancatesjies in taro landraces as involving a
combination of drought avoidance and escape mestmaniDrought avoidance was achieved
through stomatal regulation, energy dissipatiorsglof chlorophyll and heliotropism) and
smaller canopy size resulting in lower crop watesses to transpiration. Drought escape was
demonstrated through phenological plasticity — unweser limited conditions as taro matured
earlier. Yield was lower in response to limited &raavailability while WUE remained
relatively unchanged across water treatments. Tinéwnbulu landrace showed adaptability
to production under water limited conditions. Rekatto the Dumbe Lomfula and
KwaNgwanase landraces, the Umbumbulu showed aegrdagree of stomatal regulation,
moderation in canopy size and duration, energyighition as well as minimal yield losses
under water limited conditions. The Umbumbulu lawdr had high WUE and may be suited
to cultivation in areas with limited water availbtyi The significance of the Umbumbulu
landrace’s adaptability to water limited conditiacngygests that breeding for drought tolerance

in taro is a possibility.

Effective drought tolerance in bambara groundnutdtace selections was achieved
through drought avoidance and escape mechanisnmsbda groundnut landrace selections
avoided drought by regulating water loss throughmsttal closure and reducing canopy size
thereby using less water and increasing WUE undeditions of limited water availability.
Drought adaptation strategies at the canopy leeeewomplemented by loss of chlorophyll —
a heat dissipation strategy associated with droagbtdance. Bambara groundnut landrace
selections showed phenological plasticity underntéch water availability — flowering was
hastened, flowering duration was shorter, leaf seg@ce was enhanced resulting in shorter
crop duration and consequently early maturity. Tesulted in lower seed yield through less
biomass and lower harvest index, lower pod numhdrraass. However, bambara groundnut
landraces produced reasonable yields under limitgdr conditions — suggesting that they are

suitable for cultivation in semi-arid and margiaatas of agricultural production.

Seed colour in bambara groundnut had an effectrop establishment. The ‘Red’ and

‘Brown’ landrace selections emerged better than‘thght-brown’ landrace selection. This
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implies that seed colour can be a possible selecterion for improved growth vigour in

bambara groundnuts. In addition, the ‘Red’ bambgn@undnut selection showed greater
stomatal regulation relative to the ‘Brown’ anddhbi-brown’ landrace selections. This further
suggests an association between seed colour angtdriolerance in bambara groundnuts.
Therefore, seed coat colour may be a useful irsegction criterion for improved vigour and

possible drought tolerance in bambara groundnut.

Simultaneous intercropping of taro and bambaramgiout is more productive compared
to sole crops of either crop. The 1:1 (taro:bamlmarandnut) intercrop had a LER of 1.53
compared to 1.23 for the 1:2 intercrop, indicatingre was an advantage to intercropping. In
addition, intercropping taro and bambara groundut ratio of 1:1 had no negative effect on
growth of either taro and bambara groundnut larefadntercropping taro with bambara
groundnut was shown to be highly productive, imi®rof additional output per unit area of
land accrued from bambara groundnut. Intercroppgarg with bambara groundnut also
showed no significant negative effect on yieldatas the main crop. Inclusion of bambara
groundnut (a legume) in taro cropping systems maydmplimentary in that improves the
overall water-use of the farming system throughatge capture of water in the horizon.
Furthermore, the fact that taro and bambara grauindrots extract water from different
depths of the soil profile would imply reduced diage lossesTherefore, intercropping taro
with bambara groundnut is productive, sustainalble laeneficial in that it has potential to
improve farmers’ nutritional productivity per urgirea, bolster food security and enhance

resilience of farmer’s cropping systems.

Calibration and validation of the FAO’s AquaCropgrmodel for taro and bambara
groundnut landraces was successful and gave satisfaresults, particularly under field
conditions. The model was able to simulate canopyerc for both crops under varying
conditions reasonably well. However, there werellehges in simulating canopy cover for
taro, especially under rainfed conditions. This veaseptable given the unique vegetative
growth pattern of taro — an aroid — which is nopressly catered for in the model. However,
for both crops, the model predicted final biomassl gield with acceptable accuracy.
Evaluation of model performance showed good perfmee most of the time. The model’s

demonstrated ability to simulate yield responsewtter would make it a useful tool in
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selecting and screening for drought tolerancenm &amd bambara groundnut landraces as well
as for several other NUS. This would aid in the sju® generate information databases
describing the agronomic performance and watemtifgese crops. Furthermore, AquaCrop’s
minimal input requirements and ease of calibratind validation would make it a particularly
useful tool in this regard. This study’s effortrtandel bambara groundnut and the first attempt
to model taro in AquaCrop should serve to encouragmlelling of other neglected
underutilised crops.
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RECOMMENDATIONS

The following recommendations may be made, basasbearvations made during the study;

* Given the importance of vigorous and uniform empoge strategies to improve
emergence of both taro and bambara groundnut stheutdkey objective of any future
studies. For bambara groundnut, such research ows fon priming methods that
have previously been used to improve crop estahksit in other crops. With regards
to taro, the use of head-setts or ‘huli’ as plaptmaterial may be an alternative to
using corms.

* In addition, there is a need to evaluate the effd#ctvater stress on nutritional
composition and quality of taro corms and bambaoagdnut grain. Such a study may
also include effect of water stress on postharsfestf-life of taro.

« The review of literature showed that in addition toeorphological and eco-
physiological adaptations, plants also respondréss at a molecular level. Therefore,
future research should investigate physiologicaposses of taro and bambara
groundnut to water stress, focussing on compasblates, proteins and antioxidant
activity.

* Any future study on drought tolerance of taro sdowmiclude more landraces and, if
possible, an introduced foreign genotype.

» Intercropping of taro and bambara groundnut wasveho be productive and to have
minimal effect on taro yields. Therefore, it shoddd encouraged as an alternative
cropping system in rural areas where taro is theidant crop cultivated in sole
cropping systems. Future research should also foouthe interaction between taro
and bambara groundnut as a legume, with a viewstabkshing whether taro may
benefit from nitrogen fixed by bambara groundnut.

* Further research is required to fine-tune the tesaf preliminary calibration and
validation of taro using AquaCrop. Such an effoowd result in a refined model that
could then be made accessible to policy makersensidn workers and other
researchers. The ease of using the model makepateatial tool for extension and

teaching.
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