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Abstract

East Africa Highland banana yields on smallholdents in the Great Lakes region are
small (11-26 Mg hd cycle'in Uganda, 21-43 Mg hacycle*in Burundi and 25-53
Mg ha* cycle' in Rwanda). The major causes of poor yields addirdeg soil fertility
and soil moisture stress. In order to improve potidu, knowledge on highland banana
physiology, growth patterns and response to fedtilon is important, to establish the
potential yield of the crop, to quantify the yieddps between potential and actual yield,
and to explore options for closing the yield gaps.

Measurements of plant morphological characteristiadiation interception and
biomass (by destructive harvesting) were taken xpeemental fields in central and
southwest Uganda. Results showed that total lesf aan be estimated by using height
and girth (used to estimate middle leaf area) amdber of functional leaves. The light
extinction coefficient,k determined from photosynthetically active radiatiPAR)
measurements over the entire day was 0.7. Banamsppartitioned more dry matter
(DM) to the leaves during first phase of vegetagvewth, with the pseudostem becoming
the dominant sink later with 58% of total DM atulering, and the bunch at harvest with
53% of the total DM. Changes in dry matter pamiing influenced the allometric
relationships between above-ground biomass (AGB«gnDM) and girth (cm), the
relationship following a power function during tiwegetative phase (AGB = 0.0001
(girth)>%, and exponential functions at flowering (AGB 325 &% @™ and at harvest
(AGB = 0.069 &%8 @™ This thesis shows that allometric relationships be derived
and used to estimate biomass and bunch weights.

In fertilizer trials, yield increases above the woh(13.0 Mg ha' yr') ranged
from 2.2-11.2 Mg ha yr * at Kawanda, to more than double at Ntungamo, RG-Rlg
ha' yr* (control 7.9 Mg hd yr™). The limiting nutrients at both sites were in treer
K>P>N. Differences in soil moisture availabilitygitexture resulted in higher yields and
total nutrient uptakes (K>N>P) at Ntungamo, comgavath Kawanda. Per unit dry
matter yield, highland bananas take up a similaswarof N (49.2 kg finger DM Kg N),
half the amount of P (587 kg finger DM KgP), and five times the amount of K (10.8 kg
finger DM kg™* K), when compared with cereal grain. Calibrati@sults of the static
nutrient response model QUEFTS using data from §#toro were fairf = 0.57, RMSE
= 648 kg ha'). The calibrated QUEFTS model predicted yields|weing data from
Mbarara southwest Ugand@’(= 0.68, RMSE = 562 kg R.



A new dynamic radiation and temperature-driven dhownodel, LINTUL
BANANA 1 was developed to the compute potentialldseof East Africa highland
banana. The model considers (i) the physiologyefttighland banana crop; (ii) the plant
dynamics (i.e. three plant generations, Plant Bn@ 3 at different stages of growth
constituting a mat); and (iii) three canopy levielsned by the leaves of the three plants.
Average computed potential bunch dry and freshenatere slightly higher at Ntungamo
(20 Mg ha'DW; 111 Mg ha' FW), compared with Kawanda (18.25 Mg haw; 100
Mg ha' FW), and values compared well with banana yielisen optimal situations at
comparable leaf area index values (20.3 M@ HaW; 113 Mg ha' FW). Sensitivity
analysis was done to assess the effects of chamgasameters (light use efficiendWJE;
the light extinction coefficienk; specific leaf areeSLA the relative death rate of leaves,
rq; relative growth rate of leaf areRGRL and the initial dry matter values) on bunch dry
matter, leaf dry matter and leaf area indé&y} &t flowering. Sensitivity results for
Kawanda and Ntungamo showed that changes in LU&ltegl in more than proportional
increase in bunch DM (1.30 and 1.36), a higher & (0.60 and 0.67) andl at
flowering (0.60 and 0.67). Changes gl values reduced bunch dry matter, leaf dry
matter andL at flowering. Changes in SLA1 reduced only leaf Divhereas both leaf
DM andL at flowering were reduced by changeskinat both sites. Initial dry matter
values had a small effect (sensitivity < 0.0263)donch DM, leaf DM andl. at flowering.
Based on the model results, it is clear that theerg@l yield of East Africa highland
bananas is more than 18 Mg hBW. Management options that increase LUE and reduc
the relative death rate of leaves, and improvemeémtparameters related to light
interception (SLA and) are important to increase yield.

Key words: leaf area; radiation interception; QUEFTS modeltilizer recovery
fractions; nutrient mass fractions; crop growthjibzation; validation; radiation use
efficiency; sensitivity analysis
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CHAPTER 1

General introduction



Chapter 1

1.1. Background

Bananas and Plantains (famiMusaceag are rhizomatous, monocotyledonous herbs
grown in the tropics and sub-tropics, where theg adapted to a wide range of
temperature and water supply regimes (Stover amim®nds, 1987). Their fruits are
important staple and cash crops for about 100 anilpeople in the Great Lakes region
(i.e. Uganda, Tanzania, Rwanda, Burundi, partsastezn Democratic Republic of Congo,
and Bukoba and Kilimanjaro areas of Tanzania). &lgbbananas are the fourth most
important food commodity after rice, wheat and reain terms of gross value of
production. In Uganda, the East Africa highland kang bananasMusa spp., AAA-
EAHB) locally known as ‘Matooke’ is the most abuntlg cultivated crop and rank
highest among the food crops (NARO, 2000). The Gaartl Soga people to the north of
Lake Victoria, the Konjo and Bamba in the Rwenzegion and the Gishu people around
Mount Elgon have traditionally exclusively relied bananas (Allan, 1965). Amongst the
Ganda, it is often stated that a meal without bagsasino meal.

Per capita banana consumption is estimated at db@ukg per person per day.
Cooking banana fingers are peeled to obtain the, putich is steamed in banana leaves,
and then smashed to form a mash that is consunthdawsauce (e.g. vegetable, fish or
beef). The nutritional value of cooking highlandhbaa is 4.04 g crude protein, 0.64 g
crude fat and 367.62 kcal per 100 g of dry weigtianga et al., 2007). It is estimated
that Uganda produces over 10% of the world’s bamama plantains, with only 0.02%
exported. Cultivation is mainly on plots less th@rb ha around the homestead,
characterized by high cultivar diversity (4-22 fenm), but medium scale plantations (> 1
ha) are common in western Uganda (Gold et al., 1G9&] et al., 1999; Bagamba, 2007).

Bananas are believed to have originated in Indechimd South East Asia, where
the earliest domestication is considered to hawroed, and the greatest diversity of
wild Musa speciesMusa acuminata- AA and Musa balbisiana- BB) is found today
(Simmonds, 1962). Hybridizations between the varisub-species of the polymorphic
species ofMusa acuminatagave rise to a variety of AA diploid cultivars. rbugh
chromosome restitution during meosis, diploid AA/gaise to triploid AAA types. First
introductions of bananas to sub-Saharan Africathoeight to have occurred after the
birth of Jesus Christ, through North and EasternicAfby Arab traders (Stover and
Simmonds, 1987; Vansina, 199%¥ice, 1995). East Africa highland bananas arerdeje
unique to this region and are thought to have arise a result of somatic mutations
(Simmonds, 1966).Using plant morphological characteristics, KaramuiE998)
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characterized and classified over 130 highland harmaltivars into five major clone sets;
Musakala, Nakabululu, Nakitembe, Nfuuka and Mbiddeewing type). The Musakala
clone set includes cultivars like Kisansa, Musaki®ladwale and Mpologoma which are
popular due to their large bunches with looselykpdcclusters. World wide, the vast
majority of bananas grown today are triploids — AAAvith the AABs and ABB being

starchy and tetraploids (e.g. AAAA) for dessertgmses.

1.2. Morphology and growth requirements

A banana plant consists of the corm (true steminfrwhich fibrous roots (primary,
secondary and tertiary), the pseudostem and thedegrow. Plant height varies with the
cultivar, ranging from 2 m for dwarf cultivars to i@ for tall cultivars. The corm is
differentiated into the central cylinder (vascutandles) from which roots develop and an
outer cortex (parenchyma cells). The terminal gngwpoint of the corm is a flattened
dome, with leaves formed around it in spiral susmes (Purseglove, 1988). The
enveloping leaf sheaths form the pseudostem thaicsts the leaves. The midribs and
petioles support the lamina, which intercepts péynthetically active radiation (PAR).
The centre of the meristem (flattened dome) isstiamed into the inflorescence (bunch)
after production of 25-40 leaves. During leaf prcithn, a vegetative bud is produced
180 opposite each leaf, on the outer surface of tlieexpa few of which later develop
into suckers. Sword suckers have a strong attachtaghe mother plant and develop a
thick rhizome of their own, which can be used foogagation. In the early stage of
development, their leaves are small, thin and birketstructures, later developing into
broad sword leaves and eventually large functitemles (Robinson, 1996). The mother
plant and the suckers form'raat’. The mat thus consists of plants at different estaof
growth developing at their own rate. At bunch migyurthe shoot is cut away and the
selected lateral buds or suckers form the next cycfe.

Bananas require a deep, well drained retentive Isaitnwith high humus content
and good water holding capacity for satisfactorgwgh (Purseglove, 1988). However,
bananas also grow well on lighter sandy soils vgtdod soil organic matter content
(Delvaux, 1995; Stover and Simmonds, 1987). In Ugamananas are grown on diverse
soil types from the relatively heavy Ferralsolstiddils and Acrisols mainly in the Lake
Victoria basin (Zake et al., 2000) to Fluvisols aRtinthosols in mainly Tororo and
Pallisa (Bekunda et al., 2002). Generally, banaeqsire an abundant supply of nutrients,
compared with other crops (Turner, 1985; Robinsd®96; Purseglove, 1988),
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particularly potassium and nitrogen. Simmonds (}96ported that most banana species
grow best in open sun provided moisture is notratiing factor. As a rule of thumb, soil
water should not be allowed to fall below 20-30%ld# total available water (TAW) if
optimum growth is to be maintained (Robinson andv&o 1987). Uniformly warm
(optimum air temperature of about 25-27 °C) condgiare important for optimal growth
(Turner and Lahav, 1983).

1.3. Production problems in banana based farming sgems of Uganda

Reduced productivity and loss of sustainabilitg.(low yields and reduced mat lifeqve
been widely reported among highland banana farrespecially in the central part of
Uganda (Bekunda and Woomer, 1996; Bekunda, 199%)ekample, banana yields are
reported to have declined from 8.4 Mg ha ™ in 1970 to 5.6 Mg hayr* in the late
1980s (Gold et al., 1999). Irrespective of the aacy of the yield estimations and the
extent of yield decline, it is clear that the wylakported actual banana yields on
smallholder farms (5-30 Mg Fiayr %) are far below the estimated potential yields ¢> 7
Mg ha*yr™). Low yields are attributed to poor soil fertilitymoisture stress, pest pressure
(banana weevil - Cosmopolites sordidys nematodes - Radopholus similis
Helicocotylenchus multicinctuand Pratylechus goode)i diseases (black sigatoka -
Mycosphaerella fijiensidanana wilt, banana streak virus, banana baktgtiaand poor
crop husbandry (Gold et al., 1999; NARO, 2000).

Soils under bananas are generally old and highlgthezed (Zake et al., 2000).
Nutrient availability largely depends on mineratiaa of soil organic matter (Sanchez et
al., 1989). Although the application of residuese.(idead leaves, leaf sheaths,
pseudostems and banana peels), grasses (swamp,asigeaapier) and crop residues
(maize stover, soybean residue, bean residuejrégldional practice in the banana based
farming systems of Uganda (Wortmann and Kaizzi,8)9%e quantities applied are
usually not adequate to sustain soil fertility (Nym et al., 2006). Nutrient resource
utilization often results into large gradients o performance from backyard gardens to
distant plots (Wortmann and Kaizzi, 1998). Bananaka Rubaihayo (1994) reported
66% yield increase when moving from distant to hsi@&d plots. The use of inorganic
fertilizers in banana plantations is not a commaoacpce in Uganda due to lack of
awareness and high prices. Bekunda and Woomer Y E@bSseguya et al. (1999) noted
that 1-5% of the banana farmers in the Lake Viatdvasin use mineral fertilizers.
Despite the limited inputs of nutrients, increasurganization continues to put pressure
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on the traditional banana based farming systemsiala bunches and leaves are
increasingly exported from rural areas to urbartresn The banana bunches, especially
the peels, are particularly rich in potassium awrdoetation of this element, which is
crucial in banana production, is a major conceraij(lkya and Steenhuijsen-Piters, 1998).

Bananas are known to have a high moisture demamdhws attributed to both the
large plant fresh biomass and the broad leavesiRaid, 1996), although Turner et al.,
(2008) argue that this belief has no strong phggichl basis. In addition, they possess a
shallow rooting system (90% of the root biomadsusd in the top 30 cm of the soil) and
banana roots have low efficiency to extract watemfdrying soils (Kashaija et al., 2004;
Landon, 1991). Thus, they are sensitive to droughistimates of annual
evapotranspiration (ET) of banana plantations rdnga 1200-2690 mm yt (Robinson
and Alberts, 1989). Most of the banana growingargiin Uganda recieve between 1000
and 1300 mm of rainfall per annum, with dry spé&itsn June to July and from December
to February. Okech et al. (2004) reported that Bomual rainfall (678 mm) reduced
yields by about 50% in southwest Uganda. Nonetkelewisture stress has received
relatively little attention in banana research igadda.

1.4. Banana growth modelling

Banana systems can be studied in two ways; expetaiye and theoretically. The
theoretical way involves the development of bangmawth models based on the
underlying process. The model and its components bea evaluated using especially
designed experiments. Turner (1981) highlightedithgortance of dynamic simulation
models in integrating the complex systems of theaba plant, development, environment
and soil. Kooman and Jones (1995) modified a redbtisimple general crop growth
model developed by Spitters and Schapendonk (18808)used it to simulate banana
growth for a single crop cycle in Honduras. Thendad crop growth simulator model
(STICS) which simulates crop growth as well a$ waiter and nitrogen balances driven
by daily climate data, was adapted and used tolatmmbanana growth in the French West
Indies (Brisson et al., 1998). STICS can not balusesstimate potential production and
does not capture banana plantation dynamics. TMB&IPOP model based on the
cohort population concept was built and used taliptephenological patterns of the
population and harvest dynamics for Cavendish Giaid in the West Indies (Tixier et
al., 2004). The CENTURY model (plant-soil enviromtad) developed by Parton et al.
(1987) to simulate plant growth and organic mattgmamics in temperate regions was
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adapted and used to simulate East Africa highlaarthba growth and carbon dynamics,
giving not very good results (Woomer et al., 1998)is necessary to develop a new
physiological banana model that captures plantatgnamics (i.e. 2 or 3 plants at
different stages of growth), which can be usedsiinete potential production. Such a
model should allow modifications to be made in orlesimulate water, potassium and
nitrogen-limited production.

1.5. Approach to modelling East Africa highland bamana growth

As a first step to improve banana growth and yiellde potential yield as determined by
radiation, temperature, crop physiology and canepwracteristics, with water and
nutrients not limiting, and in absence of diseapests and weeds have to be determined
(c.f. Lovenstein et al., 1995) — (Figure 1).

° C02
* Radiation

_ * Temperature
Potential production @,Mh Crop physiology,

and canopy architecture

Attainaple < Limifing factors » Water
production | » Nutrients
Yield increasin é
measures
Actual < ' Reduci f; 7 * Pests
. educing factors « Diseases
roduction :
P ! * Weeds

Yield increasing measures >

Production level (kg hd)

Figure 1. Production situations with correspondiigdds. Source: Lovenstein et al., 1995.
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This will enable quantification of the loss in bamayield that can be attributed to yield
limiting factors (nitrogen, potassium phosphorusl avater) and yield reducing factors
(pests, diseases and weeds). The difference betpaential and actual yields can be
used to quantify the yield for a particular locatio

1.6. Goal and Objectives of the study

This study employs a systems approach to undeisgbanana production in Uganda. It
aims to identify opportunities to increase actu@lds on smallholder farms through
improved crop management and to assist banana dseeedth optimum phenotype
recommendations.

The specific objectives were:

1. to develop methodologies for total plant leaf amstimation using simple
morphological attributes like girth and height aridr PAR interception
measurement; generate allometric relationships biench yield and biomass
estimation; estimate the light extinction coe#iat, k for highland banana and to
study dry matter partitioning in highland bananasrdy growth.

2. to study the effects of K, N and P fertilization growth, biomass production and
economic yield of highland bananas, calibrate aed the model QUEFTS for
highland banana.

3. to develop a simulation model to better understand estimate how potential
banana yield is attained in highland banana.

4. to suggest improvements on the model to allow imellgtion of water, potassium
and nitrogen-limited situations.

1.7. Outline of the thesis

Chapter 2 details methodology for estimating afea single leaf and total plant leaf area
using simple morphological attributes like girthdaheight. A simple method for PAR
interception measurement in highland bananas weslajged and evaluated. Allometric
relationships for biomass estimation and betweepgations partitioned to different parts
and simple attributes e.g. girth are generated.

Highland banana response (biomass production ad)yio mineral fertilizers is
described in Chapter 3. The major nutrients lingitiroduction are identified and the
possibilities of using mineral fertilizers to impeyields on smallholder farms explored.
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The results from the trial at Ntungamo are sumredri; the model QUEFTS. A new
dynamic simulation model, LINTUL BANANA 1 with basiprocesses such as radiation
interception, conversion of radiation into dry reattdistribution of dry matter within the
plant and dry matter transfers between the plamis adeveloped for potential production
situations and is presented in Chapter 4.

In Chapter 5, the steps that need to be taken pyowe the capabilities of the
growth model LINTUL BANANA 1 and its utility as aol are given. The main focus is
improving the tool to simulate water and nutridntded production. This should lead to
increased understanding of banana growth, and d¢bkzation of crop’s potential. A
synthesis of the results presented in the prewtbagters is made in Chapter 6. Emphasis
is placed on increasing banana yields, which wboelg close the gaps between potential,
and water and nutrient-limited yields. The respdiestertilizers and the need to increase
fertilizer recovery fractions in order to reduce gimount of fertilizer required for a target
yield (Chapter 3) are discussed. The knowledgeeghafrom the crop growth modelling
exercise (i.e. LINTUL BANANA 1) and the contributioof the model to breeding and
crop management are discussed. Finalgpmmendations for future research are made.
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Chapter 2

Abstract

Highland bananas are an important staple food st Bé&ica, but there is little information on
their physiology and growth patterns. This makedifficult to identify opportunities for yield
improvement. We studied allometric relationshigshaluating different phenological stages of
highland banana growth for use in growth assessroaderstanding banana crop physiology and
yield prediction. Pared corms of uniform size (K¥sansa) were planted in a pest free field in
Kawanda (central Uganda), supplied with fertilizarsl irrigated during dry periods. In addition,
tissue-cultured plants (cv. Kisansa) were plantean adjacent field and in Ntungamo (southwest
Uganda), with various nutrient addition treatmefusN, P, K, Mg, S, Zn, B, and Mo). Plant
height, girth at base, number of functional leavasd phenological stages were monitored
monthly. Destructive sampling allowed derivatioratibmetric relationships to describe leaf area
and biomass distribution in plants throughout thhewgh cycle. Individual leaf area was
estimated as LA (A = length (m)x maximum lamina width (my 0.68. Total plant leaf area
(TLA) was estimated as the product of the measuonefdlle leaf area (MLA) and the number of
functional leaves. Middle leaf area was estima®daA (m?) = -0.404 + 0.381 height (m) +
0.411 girth (m). A light extinction coefficient (k 0.7) was estimated from photosynthetically
active radiation (PAR) measurements in a 1.0 m gudr the entire day. The dominant dry
matter (DM) sinks changed from leaves at 11Q€8& (47% of total DM) and 151% d (46% of
total DM), to the stem at 212% d (43% of total DM) and 338% d (58% of total DM), and
finally to the bunch at harvest (4326 d) with 53% of total DM. The allometric relatidnp
between above-ground biomass (AGB in kg DM) andhgfcm) during the vegetative phase
followed a power function, AGB = 0.0001 (girthy> (R = 0.99), but followed exponential
functions at flowering, AGB = 0.325"&° @""(R? = 0.79) and at harvest, AGB = 0.069'% @™
(R? = 0.96). Girth at flowering was a good parameter gredicting yields withR? = 0.7 (cv.
Mbwazirume) and?® = 0.57 (cv. Kisansa) obtained between actual aadigted bunch weights.
This papers shows that allometric relationship t&nderived and used to assess biomass
production and for developing banana growth modelsch can help breeders and agronomists
to further exploit the crop’s potential.

Key words: girth, height, leaf area, biomass, radiation iteption
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2.1. Introduction

East Africa Highland bananaMysaspp, AAA-EAHB) are an important staple starch
food and cash crop in the great lakes region (ganda, Tanzania, Rwanda, Burundi,
parts of eastern Democratic Republic of Congo).a@Bas have been cultivated in this
region for the last 1000—-1500 years, but therétle information on their physiology and
growth patterns. Knowledge on banana crop physyologl growth patterns is important
to establish the potential of the crop, exploregbssibility of extending the crop to other
areas and improve yields by resolving major yie@dstraints.

Crop growth simulation models are a powerful taolunderstanding processes
involved in plant growth and for yield predictioNgn Ittersum et al., 2003). The data
required to develop and test such models includenate of leaf area index (LAl),
radiation interception and extinction, and dry matproduction and allocation to the
different plant parts throughout the growth cytéhen studying growth and development
of large crops such as banana, such measuremeniabarious and time consuming. An
alternative to these measurements is to generateisa empirical relationships, relating
changes in biomass to thermal or physiological time to simple measurable
morphological traits (Reddy et al., 1998; Nikla803).

Knowledge of allometric relationships in cropsngportant in growth assessment
and resource use optimisation. For example, si@jenetric models for estimating LAI
from morphological traits like plant girth and hleigcan enable rapid growth assessment
in the field. LAl determines to a large extent @mount of photosynthetically active
radiation (PAR) intercepted by plants. Radiatioteliception has a direct influence on
important plant processes such as photosynthasisspiration and translocation of
assimilates (Jones, 1985). However, few directatamh measurements have been made in
the field due to the difficulty in obtaining accteaneasurements, and the time and effort
required.

Allometric relationships for partitioning of dry mar among the leaves, stems,
storage or reproductive organs and roots througbgemy are needed facilitate the study
of highland bananas. For example, biomass allotdbetween leaves, stems and fine
roots has a direct influence on plant growth (Reaitlal., 1998). Changes in partitioning
during growth reflect differences in inherent reapon rates between organs, changes in
photosynthetic distribution to favour organs nésa $ource or dominance of a plant part
at a certain phenological stage (Turner, 1994)titlening to fruits is important in
determining the harvest index.
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Allometric relationships have been derived for &rdp.g., Reddy et al., 1998 for
soybeans, Kandiannan et al., 2002 for black pepet)used to estimate yields accurately
(e.g. in maize, Sinclair et al., 1990; Tittonell&t, 2005). Allometric relationships are
often treated as genetically-fixed characteristicthat plant species (Weller, 1987) or as
features of a group of species (Niklas, 1995). With diverse species like bananas,
allometric differences may be expected betweenveust or clone sets of the same plant
(Niklas, 1995). Highland bananas have been classiinto five clone sets based on
morphological traits (Karamura, 1998). Comparisohsallometric relationships across
clone sets can enable use of general or specifnatric relationships. Allometric
relationships may be altered through plant germatdifications that aim to increase the
harvest index and environmental (soil) factors (Wéeiand Thomas, 1992).

The goal of this study was to derive allometricvgito relationships for highland
bananas and to assess their potential use in grasghssment (biomass estimation),
understanding banana physiology (biomass distobyitand generating data needed for
parameterising and validating a highland bananavifranodel. The specific objectives
were to: (i) generate allometric relationships fmsove ground biomass and yield
estimation and biomass partitioning during ontoged(iiy estimate area of a single leaf
and total plant leaf area using simple morpholdgtaibutes such as girth and height; (iii)
develop and assess a simple method for measuriRjift&rception by a banana canopy
and estimate the radiation extinction coefficidént,

2.2. Materials and methods
2.2.1. Trial sites and management

Measurements of plant morphological characteristizdiation interception and biomass
(by destructive harvesting) were taken in experitaefields in central and southwest
Uganda (Table 1). At Senge farm, Kawanda AgricaltiResearch Institute (00°25'N,
32°31'E) in central Uganda, destructive samplingt®l (total area 560 Th were
established on October "1@005 for biomass harvests. Uniform size, parethsafusa
spp., AAA-EAHB cv. Kisansa) were planted in hol@s(x 0.6 x 0.45 m deep) at spacing
of 3x3 m, giving a plant density of 1,111 plants*h#esticide (Carboruran) (15 g) was
applied in the planting holes to control both nesdats and weevils. Fertilizer was applied
in six split applications (March, April, May and 4ust, September, October)
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corresponding to 250 kg N, 50 kg P, and 400 kg K ka*. Plants were irrigated three
times a week during the dry periods. Two nutrianission trials (NOT) were established
with various applications of N, P, K, Mg, S, Zn, &)d Mo at Kawanda and on a farmer’s
field in Ntungamo, southwest Uganda (00°54.53'S?13B6’E). Soil samples were
collected at 0-8 cm, 8-16 cm and 16-32 cm. Soitutexwas determined using the
hydrometer method (Bouyoucos, 1936), and classifsdg the soil texture triangle. Soil
organic matter was analysed by the Walkley-Blackhmoe. Total nitrogen was analysed
by Kjeldahl oxidation and semi-micro Kjeldahl distiion (Bremner, 1960). Available P,
and exchangeable Ca, Mg and K were extracted ubmdviehlich-3 method (Mehlich,
1984). Phosphorus in the extract was determinadyube molybdenum blue colorimetric
method, potassium using a flame photometer andtiher bases by atomic absorption
spectrometry (Okalebo et al., 2002).

Table 1. Biophysical characteristics of the experital sites, Kawanda, central and Ntungamo sous we
Uganda.

Variables Location
Kawanda Ntungamo
Altitude (m.a.s.l) 1156 1405
Rainfall distribution Bi-modal (March to JuneBi-modal (March to June;
August to December) August to December)
Total annual rainfall (mm)
2004 1132 902
2005 1014 1206
2006 1334 1380
Topography Gently undulating (slope - 5%) Modksa undulating (slopes
- 15%)
Soil textural classification Sandy clay (52%ndaand Sandy clay loam (70% sand
40% clay) and 25% clay)

Soil chemical properties (mean
and range for 0-32 cm)

Soil pH (1:2.5) 5.5 (4.9-6.2) 4.8 (4.6-5.6)
Organic matter (%) 2.6 (1.0-4.6) 0.7 (0.1#51
Total soil nitrogen (%) 0.1 (0.05-0.2) 0(0704-0.14)
Extractable P (mg kY 1.8 (0.7-8.6) 3.52 (0.61-38.0)
Exchangeable K (cmdtg™) 0.4 (0.04-1.0) 0.12 (0.02-0.36)
Exchangeable Ca (craély™®) 4.5 (2.2-8.6) 1.67 (0.47-7.4)
Exchangeable Mg (cmddg™)  1.48 (0.9-2.9) 0.45 (0.001-1.6)
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Pest free (cv. Kisansa) tissue-cultured plants ywéarted at similar spacing as in
the destructive sampling plots in both trials. Ampdetely randomised block design
(CRBD) with four replicates was used. Nitrogen (mea; 46% N) and potassium (as
muriate of potash; 52% K) were applied in 8 sigitsimes per rain season). Phosphorus (as
triple super phosphate - TSP; 20% P) and ‘micraoents’ (Mg, S, Zn, B, and Mo) were
applied in two splits at start of each rain seg$en times a year). Fertilizers were applied
in solution (except TSP) at 40-50 cm from the badethe plant. The fertilizer
concentrations in the destructive sampling ploteevge75 10° kg N and 6 1T kg K dmi®
and maximum concentrations in the NOT were 43 kg N, 6.75 107 kg K and 2.7 kg
Mg dm?®. Routine husbandry practices like pruning deadvdsa weeding, sucker
selection and de-suckering were carried out. Innjamo, MbwazirumeMusa spp.,
AAA-EAHB) plants of variable sizes close to flowegi were selected from a farmers’
field for growth data collection at flowering ancelg data at harvest. Kisansa (Musakala
clone set) and Mbwazirume (Nakitembe clone set)cammmon cultivars on Ugandan
smallholder farms, due to their potentially largmbh sizes and fingers.

2.2.2. Allometric relationships and dry matter distition

Plants were randomly selected during the vegetatihase from the destructive sampling

plots on March 16, May 10" and August 10 2006. Sampling at flowering stage was

done after the flower had fully emerged and theeup@ands were exposed. Bunches were
harvested after the fingers had completely filleight, girth at base and number of

functional leaves were recorded. Cumulative degliae were computed for each plant

from emergence to the sampling date and phenoliogfi@ges as follows:

Cumulative degree days Zn:(averagetemperatuedayi —basetemperatue) (1)

i=1
The base temperature for banana growth is 14°CifRob, 1996). Weather data were
obtained from Kawanda meteorological station. Agerghermal time (TSUM, °C d) for
each sampling or phenological stage was calculated.

Plants were carefully dug out from the soil, bue tltoot systems were not
excavated. The pseudostem, leaf blades includitigle® corm, suckers, peduncle and
fingers (if any) were separated. Newly-emergedwmrd suckers were split into the corm
and pseudostem. Non-differentiated suckers weresidered part of the corm. Fresh
weights (FW) were measured using a field balan€e0@5 kg). Three sub-samples were
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collected from the upper, middle and lower partshef pseudostem, the third fully open
leaf, corm and the peduncle. Banana finger sub-Esmmpere obtained from the upper,
middle and lower hands. The skin and pulp weresepairated. Sub-samples of each part
were bulked, weighed, chopped and dried in a ovet®2C for 48 h. Dry weights (DW)
were taken using a balance (£0.001 kg). Total ptemnt dry weight was calculated from:
dry matter content total fresh weight. For each sampling, averagewvegights of plant
parts were computed. Biomass data (corm, pseudp&tanes, bunch, above ground and
total) were regressed with girth and height asangory variables to develop power (1)
and exponential (2) equations. The equations whih lbest explanatory power were
selected to represent the relationship.

y=c(x)* (2)
y=ce™ (3)

wherey is dry biomass in kg (corm, pseudostem, leavesciuabove ground or total;

is the constang is the equation parametauis plant girth (cm) at the base or height (cm).
Above ground biomass (AGB) included the pseudostielaves and bunch, and total
biomass included AGB and the corm.

To compare allometric relationships between gitthase at flowering and bunch
fresh weights at harvest, sixty plantslusa spp., AAA-EAHB cv. Mbwazirume) of
variable girth at and near flowering were randosdiected in farmers’ field (banana mats
at least 5 years old) at the Ntungamo site and @dank March 2006. In addition, two
crop cycle 2 plantsMusaspp., AAA-EAHB cv. Kisansa) were randomly selectezin
each plot of the NOT at the Ntungamo site, givingptal of 56 plants of variable sizes
(girth) for model calibration. Another set of 5@pts (crop cycle 2) were also randomly
selected from the NOT at the Kawanda site for medétlation. Height and girth at base
at flowering and bunch weight data at maturity wialeen using a balance (+0.5 kg). Data
for Mbwazirume were split randomly into two partsje for model calibration and the
other for validation. The derived relationships (febcalibration) were used to estimate
bunch fresh weights. Actual and predicted bunclygitsiwere compared.

2.2.3. Leaf area measurement

Whole leaves (29 in total) of variable length (625 m) were collected from
destructively sampled and border plants of the NdDKawanda. For each leaf, the length
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and maximum width of the lamina were measured, @lkag the length and width at 0-15

cm intervals along the midrib from the base to tihe Measurements were sketched on
squared paper and the actual leaf area computesinfisg a rectangle, with a length

equal to that of the leaf and width equal to maximlamina width, the leaf area factor

(laf) was obtained as the slope of the graph of acaaldrea against rectangular area.
Thus, the area of leaf A, n?) was computed from:

LA = laf xI xw 4)

wherelaf is the leaf area factol,is the leaf length (m) an@ is the maximum lamina
width (m).

The number of functional leaves varies throughaubgeny and is affected by
environmental factors such as moisture and nutsgass. Middle leaf argdLA), which
is dependent on plant size (height and girth) va&ert to estimate total leaf area of the
plant. Model calibration data f&LA were collected from 107 banana plants (girth 0.34—
0.83 m) randomly selected from different treatmeatt&awanda. Height, girth at base,
number of functional leaves (>50% of leaf area gyeend the length and maximum
lamina width of the middle leaf were recorded. ptants with even leaf nhumbers, the
average length and width of the two middle leavesewtaken and used to estimiteA.
Regression analysis was used to explore relatipadtetweerMLA and plant height and
girth. Data for model validation (height, girth, ai@um length and lamina width of all
functional leaves) were collected from 74 banarsantsl from different treatments (girth
0.34-0.74 m) at Ntungamo. Individual leaf area veasnputed using equation (4).
Measured total leaf ared@l(A, nf) was computed from:

TLA measured= laf x Z (Ii X W, ) (5)

i=1

wherelaf is the leaf area factdk,is the leaf length (m) anal is the maximum lamina
width (m).

Two models for prediction oFLA were tested:

TLA predicted — ((Iaf x| x W) X n) (6)
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where (af x | x w) is the area of the middle led¥ILA easured @andn is the number of
functional leaves, and

TLA predicted: (MLApredictedxn) (7)
whereMLA yediciealS Obtained using girth and height, and the number of leaves.
2.2.4. PAR/LAI ceptometer calibration and radiatimeasurement

The ACCUPAR Model LP-80 (Decagon devices, Pullmafashington, USA) was used
to measure photosynthetic active radiation. Théb@ns 0.865 m long with 80 photo-
sensors that can measure and integrate PAR inge rain0 to > 2,500 umol ths* or
0-9.4 MJ m?d *(Decagon devices, 2004). The resolution is 1 pndkmwith a spatial
resolution of 0.01 m. The external sensor was cctedeto the RS-232 port, both the
probe and external sensor were levelled on a iald® open space under a clear sky at
mid-day (> 600 umol ifs ) for 10 minutes and calibration was done. Recalfibn was
done after one year. Parallel and perpendiculadegant transects (1.0 m from the plant)
were permanently marked in the experimental pléigufe 1). The geographical locations
of Kawanda (0°N, 32°E) and Ntungamo (1°S, 30°E)eni@put into the ACCUPAR for
each of the sites before measurements for autoroalitclation of the zenith angle (z).
The difference in zenith angles at both sites waSénescenced leaves were pruned prior
to the measurements to avoid their effect on taetitvn of PAR interceptediPARInt(c.f.
Muchow et al., 1994; Sinclair and Muchow, 1999).RPAvas measured on clear days
during the rainy season to minimise the effect ofsture stress on the angle between the
leaf lamina and thus on the light extinction casént.

To capture the variability in PAR interception oibe day (c.f. Monteith, 1994),
measurements at ground level were done for three intervals; 08:00-10:30 hrs,
11:30-14:00 hrs (near solar noon) and 14:30-17r680The probe was levelled for each
measurement by using a water level. For each ofideeplants in the inner rectangle
(Figure 1), 18 measurements per interval (9 pernpefad and 9 parallel to the row
direction) were done, giving a total of 90 measwrtsa per interval and 270
measurements over the entire day. Above canopyngsadvere continuously collected in
a non-shaded area. For each measurement, the ahdveelow canopy readings, (=
PAR belowPAR above) time, fraction of beam radiation (fb) and the iterangle (z)
were recorded.
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The fraction of PAR interceptdéfPARInt)was estimated from:
FPARInt= 1-T, (8)
whereTyis the average of all (PAR below/PAR abovepnlues over several sun elevation

angles during the day. To compute the leaf areaxintiventy one plants inside the outer
rectangle were taken (Figure 1).

e+ ++
H4++++++++++++++

H o+ 4+ 4+

Figure 1. Scheme used to measure PAR in experimglotal of 35 plants (315 That Kawanda
central Uganda and Ntungamo southwest Uganda. Fimesptathe inner rectangle wensed fo
PAR measurements, whereas leaf area data were tedllom the21 plants in the out
rectangle.
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Length and maximum width of the middle leaf (averdgngth and width of two middle
leaves if leaf number was even) and number of fanat leaves were recorded. Total
plant leaf area measured was estimated fkloA times the number of functional leaves
(n). Taking an individual mat area of (8 x 3 m spacing), leaf area indéixAl) was
computed from:

A3 xw xn) ©)

area

LAl =

wherelaf is the leaf area factok, is the leaf length (m) ang; is the maximum lamina
width (m), area is the total ground area and the number of leaves.

To compute the number of measurements requiredvio g reliable estimate of
FPARInt theT (PAR below/PAR abovegadings over the day were split into classes of
20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 22@ and 260. The coefficient of
variation(CV) for each set of measurements was computed from:

CV= ST, (10)

whereS = standard deviation and, = average of the measurements.

2.3. Results
2.3.1. Allometric relationships

Allometric equations and relationships developednfithe plant harvests are presented in
Table 2 and Figure 2, respectively. The allometdaations during the vegetative phase
had the formy = c(x) *and were highly correlated to girth at baBe<(0.001) withR? =
0.98-0.99. At flowering, the equations for leaf azmtm biomass followeg = c(x) 2,
while equations for the pseudostem, bunch, abovengl and total biomass followed=

ce ¥ Although still significant except for pseudostdmomass, the coefficients of
determination were lowerR{ = 0.79-0.89). The exponential equations at flomgri
showed the importance of girth in determining thendh dry weight. At harvest,
equations for leaf, corm and bunch biomass followedc(x) %, whereas equations for the
pseudostem, above ground and total biomass folloyedce *. Leaf, bunch, above
ground and total biomass were strongly relateditth git base R < 0.001) withR? =
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0.94-0.97. Girth was a better explanatory varidfden height during the vegetative phase,
at flowering and at harvest.

Table 2. Allometric equations for banana plant congmts: leaves, pseudostem, corm, bunch, above
ground biomass (AGB) and total biomass during thgetative phase, at flowering and at harvest for
banana plants (cv. Kisansa) sampled at Kawand&atélganda.

Plant component X C a S.E. @ SE. € Ad. R? S.E.E. Significance
(P)
Vegetative phase
Leaves Gase 310° 2.22 0.054 0.00 0.98 0.183 <0.001
Pseudostem Gse 2.8110 25 0.036 0.00 0.99 0.120 <0.001
Corm Goase 3.1810° 2.16 0.056 0.00 0.98 0.189 <0.001
Above ground Gase 1 10° 2.35 0.037 0.00 0.99 0.125 <0.001

Total biomass ~ Guse 1 10 233 0.034 0.00 0.99 0.116 <0.001

At Flowering
Leaves Gase 7.7110 2.28 0.386 0.00 0.89 0.087 <0.01
Pseudostem* Guse 0.174 0.038 0.013 0.152 0.67 0.185 Not sign.
Corm Goase 4.4410° 2.08 0.438 0.00 0.84 0.099 <0.05
Bunch* Gpase 0.065 0.021 0.005 0.022 0.82 0.072 <0.05

Above ground* Gase 0.325 0.036 0.009 0.203 0.79 0.131 <0.05

Total biomass* (ase 0.356 0.036 0.008 0.195 0.83 0.116 <0.05

At Harvest
Leaves Gase 1.04 1 4.305 0.462 0.00 0.94 0.133 <0.001
Pseudostem* Guse 0.028 0.064 0.011 0.018 0.88 0.166 <0.01
Corm Goase 1 10* 1.863 0.651 0.00 0.59 0.187 <0.05
Bunch Goase 5.96 10° 3.715 0.279 0.00 0.97 0.08 <0.001

Above ground* Gase 0.069 0.068 0.006 0.025 0.96 0.093 <0.001

Total biomass*  (ase 0.085 0.066 0.006 0.030 0.96 0.092 <0.001

Equations arg = c(x) *andy = ce®, where y is the biomass (kg DW)js the constant with a standard
error (S.E.€)); ais the parameter with a standard error (®)E.& is the variable girth at base. S.E.E. is
the standard error of estimation. Biomass equatiersoted with * follow equatiory = ce | the
remainder of the biomass follows= ¢c(x)® n = 37 for the vegetative phage= 5 at flowering anch =

6 at harvest. Above ground biomass includes thadustem, leaves and bunch. Total biomass includes
above ground biomass and corm biomass.

The relationship between girth and height was lindaring the vegetative phase (Girth =
0.32x height;R? = 0.99), at flowering and harvest (Girth = 02Beight;R* = 0.84). We
noted a reduction in girth from flowering to harivesverage girth for the sampled plants
at flowering was 68 cm with a reduction of 12% irtlgfrom flowering to harvest.

24



Allometric relationships

b
(@ 18 ® g
1.6 1 Vegetative phase . § 7
14 = Flowering A - - A
2 A Harvest - @ 6
— 1.2
7 € 5
) )
& 10 5,
S 0.8 - e
o S 34
+ 0.6 2
o =24
— 0.4 A [}
3 1-
0.2 _g
0.0 0
0.40 8
0.35 - 7 A
< 030 - 2 6
@ 0.25 1 A 5
é @
2 0.15 - < 34
3 )
o 0.10 5 2
O —
0.05 - 1
0.00 0
0 20 40 60 80
Girth (cm)
4.0 ) 8
S 35 " 7 .
2 . A Above ground A
@ 3.01 J/ S 67 Total biomass .
g 2.5 1 A, 3 A
9 2 0 | ."/H % OA
a 4 e g ;
L 2
5 15- [ S
A,
3 1.0 - '
S
o 0.5 A
Q
0.0
0 20 40 60 80 0 100 200 300 400
Girth (cm) Height (cm)

Figure 2. Relationships during the vegetative phas#iowering and at harvest between leaf, coroh an
pseudostem biomass with girth — left top to bot{ajn above ground biomass, total biomass and girth
(b) and biomass (total and above ground) and héajht right top to bottom, for banana plants (cv.
Kisansa) sampled at Kawanda, central Uganda. Agomend biomass (AGB) includes pseudostem,
leaves and bunch, and total biomass includes A@Btfze corm
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From Table 2 and Figure 2, there are indicatiohs meed for growth stage-specific
allometry, resulting from changes in biomass partihg.

Pooled (over the various sampling dates) leafugestem and corm biomass
equations are presented in Table 3. The equatienighly correlated with girthR( <
0.001) withR? = 0.96-0.98. However, the standard errors ¢6.E.@)) and the standard
errors of the estimates (S.E.E.) are higher. Whgbate this to increased variance in data
(Figure 2) resulting from changes in partitioningridg the growth cycle of the banana
plant. This implies that using a general equatmpredict plant component biomass may
result in a large error, and it is appropriate &e wgrowth stage-specific allometric
equations. Plant height was better correlaked 0.001) with both above ground and total
biomass as compared with girth at base (Figure 2c).

Table 3. Biomass equations for pooled banana mantponents: leaves, pseudostem, corm, above
ground biomass (AGB) and total biomass (cv. Kispeaapled at Kawanda, central Uganda.

Plant component X c a SE.@6) Adi.R® S.EE. SignificanceR)
Leaves Gase 94810 2.172  0.060 0.96 0.256 <0.001
Stem Gase 1.2710° 2775 0.062  0.98 0.260  <0.001
Corm Goase 2.8710 2201 0.045 0.98 0.189 <0.001
Above ground H 9291 2.301 0.043 0.98 0.216 <0.001
biomass
Total biomass H 13570 2251 0.04 0.98 0.202 <0.001

The equation iy = c(x) % where y is the biomass (kg DW)js the constant is the parameter with a

standard error (S.E)); x is the variable girth at base or height. S.E.Ethe standard error of

estimation.n = 48. Above ground biomass (kg DW) includes the gestem, leaves and bunch. Total
biomass (kg DW) includes above ground and corm hgsn

The relationship betweeAGB andgirth during the vegetative phase followed a power
function (Figure 3a). A logarithmic transformatiaras done to convert power function
into a simple linear model with logarithmic transfed variables:

In(AGB) =40+ B11In(Girth) + ¢ (11)

wheref0 = interceptpl = slope; and = observational error
The residuals were normally distributed. The lineadel was retransformed in&iGB.
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AGB = (1+ a) y(Girth)** 12

whereaq is the difference given by analysis of the logysfarmed variable (observational
error) andy = e’°. If a is small, ther{l+a) = e .

From the regressiop0 = -9.2,41 = 2.35 and = 0.037. The regression between
actual and modelled AGB was highly significaRt< 0.001) - (Figure 3b). Allometric
relationships during the growth cycle of the banplet emphasized the importance of
girth (Tables 2, 3 and Figure 2), therefore we esgd the possibility of using it to
estimate bunch weights. The durations for planedus bunch weight estimation from
sucker emergence to flowering, flowering to hanesd the overall crop duration were
shorter at Kawanda (465, 115 and 580 days), coedpaith Ntungamo (499, 132 and
631 days). This is attributed to the lower averagmperature at Ntungamo. The
regressions between bunch weight and girth at fimgewere highly significantR <
0.001) and followed a power functions (Figure 3c,L®garithmic transformations were
done to convert the power functions into simpleedn models with logarithmic
transformed variables:

In(Bunchweight) = S0+ S11n(Girth) + £ (13)

The residuals were normally distributed. The lineerdel was retransformed into bunch
weight;

Bunchweight=(1+ a) y(Girth)** (14)

wherea is the difference given by analysis of the logw&farmed variable (observational
error) andy = e”. If a is not large, thefl+a) ~ e * . From the regressiongp = -5.2,81

= 1.925 and = 0.24 for cv. Mbwazirume and for cv. Kisang,= -13, 1 = 3.73 and

= 0.257. The regressions between actual and peedmt. Mbwazirume and cv. Kisansa
fresh bunch weights were significai® € 0.001). The model estimated small and large
Mbwazirume bunch weights better (Figure 3d) thamlioma bunch weights, which were
over or under estimated. We attributed this tolénge variance in bunch weights at the
same girth for medium size plants. The model esathamall cv. Kisansa bunch weights
better, but large bunch weights were over estimgteglire 3f).
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Figure 3. (a) The allometric relationships for abgvound biomass estimation during the vegetative
phas for banana plants (cv. Kisansa) sampled at Kawaretdral Uganda. (b) the relationship between
measured and predicted above ground biomass the relationship in (a). (c) the allometric equation
for bunch fresh weight estimation for banana pléeés Mbwazirume) sampled at Ntungamo, southwest
Uganda. (d) the relationship between measuregeeticted bunch fresh weights using the relatiqs

in (c) for plants sampled at Ntungamo. (e) the aflsio equation for bunch fresh weight estimation fo
banana plants (cv. Kisansa) sampled at Ntungaouhwest Uganda. (f) the relationship betw
measured and predicted bunch fresh weights (sanse using the relationship in (e) for banana ple
sampled at Kawanda, central Uganda. Validation igtaas collected from suckers of the
destructively sampled plants and 15 tissue-cultptadts planted at Kawanda.

28



Allometric relationships

2.3.2. Biomass partitioning during growth

Dry biomass weights for the plant components ared rtiorphological growth traits at
vegetative, flowering and harvest stage are predeint Table 4. Mean leaf, pseudostem
and corm biomass increased during the vegetatigsehp to flowering.

Table 4. Means and ranges (vegetative phase) 8DjH{(at flowering and harvest) for plant component
biomass (kg DW) and morphological attributes heightl girth (m) for banana plants (cv. Kisansa)
sampled at Kawanda, central Uganda: 37 for the vegetative phase,= 5 at flowering andh = 6 at
harvest.

Plant component / attribute Growth stage
Vegetative phase Flowering Harvest

Leaves 0.24 (0.014-1) 1.25 (£ 0.29) 05(#0.2
Pseudostem 0.25 (0.012-1.17) 2.57 (£ 0.81) 4 &4.6)
Corm 0.076 (0.0056-0.26) 0.31(x0.07) 0.28@7)
Bunch 0.29 (x 0.05) 2.5(£0.85)
Height 0.97 (0.28-2.15) 2.82 (£ 0.31) 2.70D(27)
Girth 0.31 (0.11-0.68) 0.70 (£ 0.074) 0.600(87)

The pseudostem had the largest dry weight and sigit@endard deviation indicating wide
variations in pseudostem dry weights among indizidalants. Bunch biomass increased
from 0.29 kg DW at flowering to 2.5 kg DW at harzekeaf, pseudostem and corm
biomass decreased by 60%, 44% and 10%, respectivieliys, at harvest, 47% of the
total plant biomass is left in the field. Biomassgortions partitioned in the plant
components and their dry weight development dugirogvth are presented in Figure 4 (a,
b). Banana plants had leaves as the strongestasifiUM 1118 °C d and 1518 °C d.
Leaf dominance was a result of leaf size increasmpture more radiation. Between 1118
and 1518 °C d, sucker initiation and emergence roedu This sucker will give the next
crop harvest. Partitioning to leaves reduced anteased partitioning to the pseudostem
made it the strongest sink at 2125 °C d (Figurédjtitioning to the sucker reduced as its
photosynthetic capacity increased. Partitionintheopseudostem increased making it the
dominant sink at flowering (3383 °C d or 421 dafteraemergence), thus enabling it to
support the bunch. This dominance was reflectedardata of Table 4.
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Figure 4. Plant component dry weights (a) and prtopas (b) for corm-derivedbanan
plants (cv. Kisansa) sampled at Kawanda, centralindg as a function of physiologic
age, expressed as temperature sum (TSUM). Theategephase occurs 0-303@ c
and floral phase 3034-4326 d. At 3383°C d (a), bunch and corm weights overlap.

Bunch emergence resulted in changes in assimilatgtipning, that made the
bunch the strongest sink at harvest (4326 °C d2% &ays after emergence). Corm
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proportion was constant between flowering and avdsl. The leaf and pseudostem
proportions decreased from 0.28 and 0.58 at flowetio 0.10 and 0.3 at harvest,
respectively. Leaf production in bananas ceaséswéring, implying that at harvest, the
plant will have fewer leaves. Resources are renzalilfrom the pseudostem to fill the
bunch.
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Figure 5. Relationship between measured leaf ardaectangular area (ditted and observ:
relationships with 95% confidence limits for retatships between measured gmddicted tot:
leaf area (measured MLA (middle leaf area)umber of functional leaves) (b), measuesu
predicted middle leaf ar (MLA (m? = —0.404 + 0.381 height (m) + 0.411 girth (nf}) anc
predicted(predicted MLAx number of functional leaves) and measurethl leaf area (d) fi
plants sampled from Kawan(girth 0.34-0.83 m) and Ntungamo (girth 0.34-0.74 m
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2.3.3. Leaf area estimation

The ratio of the actual area to assumed rectangtéar was 0.68, witR?= 0.99 - (Figure
5a). A good model was obtained for the predictibifloA (Figure 5b), implying thaTLA
can simply be obtained using equation (5). We expldhe possibility of using simple
morphological traits to estimate total plant leefaa The multiple regression using data
from Kawanda with measured MLA as the dependenabbr and plant height and girth
as the explanatory variables was significaRt<( 0.001) withR? = 0.67. The model
equation was MLA (rf) = —0.404 + 0.381 height (m) + 0.411 girth (m). AveradeA,
height and girth were 0.81%n2.5 m and 0.63 m respectively. The model predittéA
reasonably well in the lower, middle and upper esngf the measured values when tested
using data from Ntungamo (Figure 5c). The model goediction of TLA from (MLA
predicted X N) gave fairly accurate predictions ®LA for all the range of measuréid A
values (Figure 5d).

2.3.4. Photosynthetically active radiation (PARemteption measurement

Photosynthetically active radiation (PAR) reachepeak of about 2500 pmol fs*
between 12-13.00 hrs on clear day&PARintwas lowest at noon and highest in the
mornings (Figure 6a), suggesting that the zenitfleamas a large effect on radiation
interception.
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Figure 6. Relationships between the fraction ofatémh intercepted and time interval of measurenta)
and between thcoefficient of variation and the number of radiatmeasurements for LAl = 2.67 (b)
measurements at Kawanda, central and Ntungamdygestt Uganda.
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The travelling path of radiation through the canaplponger in the morning and afternoon
as compared with noon. The coefficient of variat{@V) reached a minimum at about
200 measurements. However, the additional 100 mesnts had a little effect. This
implies that 100 measurements can be used as thimmam to get a reliable estimate of
FPARIint(Figure 6b).

The slope of the relationship between —In (I — P#dfow the canopy i+ PAR
above the canopy) versus LAl is the light extinctmpefficientk = 0.7 (Figure 7a). The
relationship between the measured LAI values amdfthction of PAR intercepted is
close to the law of Beer-Lambert usikg= 0.7 (Figure 7b).
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Figure 7. Relationships between the leaf area imahek—In (I/h) from whichk was found by fittig a:
0.7 (a) and the fraction of PAR intercepteBRARIntusing thek from (a) - (b)from measurements
Kawanda, central and Ntungamo, southwest UgandaBaedLambert curve. | is PAR below t
canopy andyis PAR above the canop

2.4. Discussion

2.4.1. Allometric relationships

The allometric relationships that were derivedhis tstudy for the various banana plant
components i.e. corm, pseudostem, leaves, buncveajround and total biomass were

development-stage specific (Figures 2a and 2bthGir base was a better explanatory
variable, than height (Table 2). When the biomasspopnent data were pooled for all the
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stages, girth at base was again a better explgnatmiable, than height (Table 3).
However, height was in that case a better explayatariable than girth when above
ground and total biomass were considered. With dabled over the development stages,
the standard errors in Table 3 are much higher thase observed with non-pooled data
(Table 2). This is attributed to the increased araze in biomass at later stages of the
banana plant growth cycle (Figure 2c). Contraryoi@stry studies that have developed
allometric equations relating tree diameter at &iréeight (1.3 m) to attributes such as
standing carbon stock and leaf area (e.g. Nikla85;1Bartelink, 1997; Ketterings et al.,
2001), girth at base for highland bananas gavebedtationships compared with girth at
1 m. This may be attributed to the more cylindrisladpe of the pseudostem as compared
with tree stems. Growth stage specific equatiorbld 2) to estimate banana biomass can
best rely on girth at base as the explanatory blEiaVe observed exponential allometric
relationships at flowering (between girth at basel dunch biomass) and at harvest
(between girth at base and above ground and tatahdss). Partitioning to the
pseudostem (girth) is an important determinant le# size of the inflorescence at
flowering and bunch at harvest (Table 2). Thus rélationship between girth at base and
bunch biomass at flowering show the importanceiri gn influencing bunch biomass.

Many authors have successfully used allometric topus based on tree diameter
at breast height to estimate stem volume or mass$ress (e.g. Harrington, 1979;
Nwoboshi, 1983). Yamaguchi and Araki (2004) usednstolume to estimate fresh and
dry weights of highland banana biomass componemsithwest Tanzania. In this paper,
the established allometric equation for above gdounomass (AGB) during the
vegetative phase with girth as the explanatory aldei (Figure 3a) gave accurate
predictions (Figure 3b). In the field, the relasbips can allow quick banana growth
assessments especially during the vegetative phdmseh if coupled banana phenology
can guide management decisions such as fertilizglications. It is possible to provide
banana farmers with tables indicating target cattkey stages during crop growth. Plant
performance below threshold values could be ateidbuo nutrient deficiencies, under
conditions where other factors like pest and disgasssure, plant density and available
water are not influencing plant size. Improved ngament practices have been reported
to increase the bunch fresh weights (e.g. K ancefillization, Smithson et al., 2001;
mulching and moisture conservation, Ssali et @03} through their effects on plant
morphological characteristics such as girth.

The possibility of using girth to estimate buncést weights on farm at Ntungamo
and using data from the trials was explored. Thedehayave fairly accurate cv.
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Mbwazirume bunch fresh weight predictions (Figud§. Btover and Simmonds (1987)
reported reliable predictions of bunch weights gsigirth at flowering. The high
variability in bunch size observed even for banatents (cv. Mbwazirume) with the
same girth, especially the medium size bunchegctdtl theR sq. The model can be
reliably used to estimate bunch weights on farmpéng farmers to classify bunches into
small, medium and large. The allometric relatiopshhetween girth at base at flowering
and bunch fresh weight for cv. Mbwazirume (Figuecg &1d cv. Kisansa (Figure 3e) were
different. The allometric parametg®l() is much larger for cv. Kisansa (3.73) as comgare
with cv. Mbwazirume (1.92). This implies a largeciease in bunch weight with girth for
cv. Kisansa. This reveals allometric differenceswleen the two banana cultivars
belonging to two clone sets (cf. Niklas, 1995), ¢eespecific relationships may be used
for each cultivar. Bosch et al. (1996) noted dgferes in allometric relationships among
banana cultivars in Kagera region, Tanzania. Theahoalibrated using data collected
from banana plants (cv. Kisansa) from Ntungamo ipted small bunch fresh weights
better at Kawanda, but large bunch fresh weighteweer-estimated (Figure 3f). This
may be attributed to a smaller allometric paramétd) at the Kawanda site, implying
that the increment in bunch fresh weight with githmuch smaller at Kawanda as
compared with Ntungamo. This may be attributed ngirenmental (soil) factors (cf.
Weiner and Thomas, 1992). The plants at Kawandarkddced source (number of
functional leaves) due to drought resulting in enfangers not filling properly.

2.4.2. Dry matter partitioning

As a plant grows, its dimensions change in ordenamtain a functional balance between
assimilation of carbon by the leaves, acquisitibmutrients by roots and mechanical
support (Corner, 1949; Dewar et al., 1994). At 14h8 1518'C d after emergence, the
leaves are the dominant sink. Leaf dominance inetimty stages of banana growth was
also reported by Eckstein et al. (1995a) fusa AAA; Cavendish sub-group. Leaves
intercept radiation to produce assimilates neededapid growth during the first phase of
vegetative growth. Changes in partitioning making $stem the dominant sink (Figure 4),
enable it to serve a support function to the lanaind the bunch. However in general, the
proportions partitioned to the stem in bananasgven development stage are a function
of the nutrition of the plant (c.f. Robinson, 199&hd the cultivar (c.f. Stover and
Simmonds, 1987). Differences in proportions arestbupected in the different highland
banana clone sets. After flowering, there is a gkan assimilate partitioning to favour
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the new sink (bunch). Banana fingers, which are dbenomically valuable part, fill
rapidly until harvest, with average duration frolmwering to harvest 102 days (Figure 4).
At harvest, the bunch had the highest proportiohiefass. The partitioning figure gives
a good insight into assimilate distribution duriggpwth. In some growth models, the
rates of increase in dry weights of plant parts (¥4 ha' d™) are computed as the
product of the total growth rate of crop dry matiegDM ha*d ™) and the proportion of
dry matter partitioned to the plant part. The piaring fractions during growth can be
calculated and used to calibrate a simple hightardina growth model.

2.4.3. Total leaf area measurement

The leaf area factor for highland bananas was (F&fure 5a), implying that the banana
leaf area is 68% of the rectangular area. Janndg85) reported a ratio of 0.83 fblusa
acuminatacv. Grand Nain, which is genotype AAA. Potdar d@awar (1991) derived
two regressions for estimating individual leaf amedanana cultivars ‘Ardhapuri’ LA =
-0.0334 + (Lx W x 0.84) and ‘Basrai’ LA = 0.0266 + (Ix W x 0.76) in India, with leaf
area factors 0.84 and 0.76 respectively. The asithowever, do not give the length and
width values above which the equations are valide Teaf area factor for highland
bananas was lower than reported values. Highlandhrizes are endemic to the East
African highlands, where they have been cultivdtedhe last 1000-1500 years (Lejju et
al., 2006). Differences in leaf morphology withiiusa species could be attributed to
evolution of highland bananas (somatic mutatiomgjaspecific hybridizations iMusa
acuminata and interspecific hybridizations betweelMusa acuminataand Musa
balbisianathat have increased morphological diversity.

A good model forTLA prediction was obtainedLA easureaX N) - (Figure 5b).
The strength of this model is explained by leaé sthanges during plant ontogeny. Two
phases of leaf size development are noted in banaha exponential phase where
individual leaf area is increased by a factor ahd tinear phase (c.f. Stover and
Simmonds, 1987). The increase factor during theoe&ptial phase is a function of
nutritional status, development stage, geneticadtaristics and other plant factors. The
linear phase precedes flowering, is much shortdrcaracterized by a constant area of
the individual leaves. However, just before floingr the areas of the last 2-3 leaves are
reduced with the flag leaf that precedes the ieBoence being much smaller. For
example, during the exponential phase, leaves b#lewniddle leaf have decreasing area
whereas those above the middle leaf have increasing, up to the most recently
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produced leaf. Thus, by taking the middle leaf.ame apparently taking the average of the
upper larger and the lower smaller leav€EA estimation using this model, however,
would require one to continuously climb banana {saihe possibility of using simple
morphological traits (height and girth) to estimtdal plant leaf area was explored. The
first step was to estimate MLA from height and lgirbasing on the premise that these
morphological traits are related to MLA. A fairlyogd model for prediction of MLA
accounting for 76% of the variance was obtainedyfé 5c). The model for prediction of
TLA from (MLA predicteax N) Was good (Figure 5d). Thus by just taking heigfith and
the number of functional leaves, total plant leafaacan be estimated. This allows very
quick plant growth assessments in the field. Mo@&lISA measuresx N) and MLA predicted X

n) can be used to estimate leaf area and quicklgsasthe growth of LAI in the field.
However, the models faVILA andTLA prediction MLA predicteax N) Were calibrated using
plants with girth 0.34-0.83 m and tested on plavith girth 0.34—0.74 m. Extension of
the model to plants with girth < 0.34 m gave pasults due to the very large variance in
total leaf area arising from differences in plamgfour. Thus, the models are applicable to
plants with girth > 0.34 m. The basis on morphalabtraits (height and girth) suggests
that models (5 and 6) may not be used across gitildnd banana cultivars given the
differences in morphological traits (height andgiin the five clone sets (c.f. Karamura,
1998). Validation of these models for other cultsrar the derivation cultivar specific
may be necessary.

2.4.4. Radiation measurement

Perpendicular and parallel transects with PAR megssents over several solar elevation
(zenith) angles gave reliable estimates of thetibacof PAR interceptedFPARInt) by
the banana canopy (Figure 7b). A minimum of 100 sueaments over the entire day
were required to obtain a reliald#®ARintvalue at LAl = 2.67 (Figure 6b). However, the
number of measurements largely depends on theRgklexample at LAl = 5, 97% of the
incoming radiation will be intercepted by the cayopence less radiation measurements
are required. Radiation interception is higherhe morning and afternoons due to the
large zenith angles (Figure 6a). Therefore, measemés done at one time interval are
likely to result in an over or under estimation &eseFPARIntis a function of the time of
the day (c.f. Monteith, 1994). Measurements atrsoton result in underestimation of
FPARInt The magnitude of the error for measurementslat soon is also influenced by
leaf folding due to temperature and moisture str@siser methods used to obtain canopy
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coverage and light interception like photographg.(@urcell, 2000) have to take this into
account. We noted low LAI in our trials. In banar@oon crops in other parts of the
world, LAI varies from 2 to 6 depending on the edyi (Stover and Simmonds, 1987),
season (Turner, 1972), plantation density (RobireswhNel, 1986) and vigour. Murekezi
(2005) reported a low FPARInt value of 0.30 fortimalr Mbwazirume KMusa AAA-
EAHB) at Kawanda at solar noon under optimal fediion rates at density (1,111 plants
ha'). Despite the possibility dFPARintunder estimation due to measurements at solar
noon, theFPARIntvalues are low. Low LAI (< 3) may be attributediow plant density
and low leaf numbers < 10 (as compared with comialeptantations with density >
2,000 plants h& and plants having 10-15 leaves), or restrictedl deaelopment as a
result of a complex interaction of growth limitifgctors such as low soil organic matter
or poor soil physical properties.

Intercepted PAR data by the banana canopy was tasddtermine an important
parameter related to canopy structure, which isligie extinction coefficientk. Thek
value obtained for highland bananas was 0.7. St(l/@84) reportek values ranging
from 0.45 to 0.75 for cultivars Valery and Grandm&izito (2001) reported & value of
0.785 for bananaMusaacuminataAAA cv. Williams) in South Africa. The value for
highland bananas is thus close to reported valusmg the leaf area index and the k
value, the fraction of radiation intercept¢dPARInt) by the banana canopy can be
obtained using the law of Beer-Lambert, assumisgteerical leaf angle distribution. This
is important to calibrate a growth model. Photokgtitally active radiation intercepted
by the canopy (MJ M d™) on a daily basis can thus be computed in the masi¢he
product ofFPARintand the total daily PAR (MJ thd %). The total daily PAR intercepted
can be used to calculate the light use efficiegcW{ ™) for conversion into biomass.

The light extinction coefficient may be increased lreeding banana plants for
more (> 10) and horizontal leaves. The effectseaf Iself shading during ontogeny in
plants are usually counteracted with changes iolpeangle and length of subsequent
leaves (c.f. Pearcy and Yang, 1998) and petiolangement around the stem. With a
more horizontal orientatiork(z 1), the upper leaves may be exposed to excessae h
around solar noon. However, folding of banana lsaweresponse to heat stress, allows
deeper penetration of radiation into the canopyrf@uet al., 2008). The overall effect of
increase irk and leaf area factor would be increased lightaggtion. If resources are not
limiting (e.g. nutrients and water) during growthore dry matter will be produced.
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2.5. Conclusions

Allometric growth relationships have been estalgitsbetween girth at base or height and
banana biomass components, above ground or taialdsis, with girth at base as the
better explanatory variable. The equations are Idpueent-stage specific. Girth at base
proved accurate to estimate above ground biomassgdilne vegetative phase and at the
moment of yield. Morphological traits (height anidtly) can reliably be used to estimate
total plant leaf area. Measurements are easy forpeiand non-destructive. Girth was an
important morphological trait determining the siak the inflorescence at flowering,
hence management practices, e.g. fertilisation,t rargiet girth increases during the
vegetative phase. Biomass partitioning during oemygis a function of the development
stage and the dominant sink at that stage. Pemudadiand parallel transects can
accurately be used to estimate radiation interoaptby the banana canopy with
measurements over the entire day. In this paperetfects of varying nutrient levels on
dry matter partitioning have not been exploredoAlktric relationships between girth at
flowering and bunch fresh weight (cv. Kisansa amd Mbwazirume) at harvest were
different, suggesting allometric differences ameuotiivars. Environmental (soil) factors
may influence the allometric paramet@l (or slope), hence leading to over or under
estimation of bunch fresh weights. The results@néd are important in developing a
highland banana growth model, which would alloweassnent of the potential of this
crop. In addition, the paper shows that allometlationships can be derived and used in
banana farming systems research to estimate leaf biomass production and yields.
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Abstract

Poor yields of East African highland bananbtuga spp, AAA-EAHB) on smallholder farms
have often been attributed to problems of poor fesillity. The effects of mineral fertilizers on
crop performance were measured at two sites owerdwhree crop cycles; Kawanda in central
Uganda and Ntungamo in southwest Uganda. Ferslia@re applied at rates of ON-50P-600K,
150N-50P-600K, 400N-0P-600K, 400N-50P-0K, 400N—-58®DK and 400N-50P-600K kg
ha® yr*. In addition 60Mg-6Zn-0.5Mo-1B kg Fayr *was applied to all treatments, with the
exception of the control plots which received ndiliger. Fresh bunch mass and yield increased
with successive cycles. Yield increases above theral ranged from 3.1-6.2 kg bunch
(average bunch weight for all treatments 11.5 kgchtf) and 2.2-11.2 Mg Rayr* (average
yield for all treatments 15.8 Mg Rayr’) at Kawanda, compared with 12.4-16.0 kg bahch
(average bunch weight for all treatments 14.7 kgcbtl) and 7.0-29.5 Mg ha yr* (average
yield for all treatments 17.9 Mg Hayr %) at Ntungamo. The limiting nutrients at both sitesre

in the order K>P>N. Foliar nutrient mass fractiovere below previously established Diagnosis
and Recommendation Integrated System (DRIS) nommitk, the smallest K mass fractions
observed in the best yielding plots at NtungamdalTioutrient uptakes (K>N>P) were higher at
Ntungamo as compared with Kawanda, probably dueetter soil moisture availability and root
exploration of the soil. Average N, P and K coni@rsfficiencies for two crop cycles at both
sites amounted to 49.2 kg finger DMkd\, 587 kg finger DM kg P and 10.8 kg finger DM
kg™ K. Calibration results of the model QUEFTS usigedfrom Ntungamo were reasonabi® (

= 0.57, RMSE = 648 kg R. Using the measured soil chemical propertiesaeld data from
an experiment at Mbarara in southwest Uganda, alibrated QUEFTS model predicted yields
well (R? = 0.68, RMSE = 562 kg R8. We conclude that banana yields can be increbgetse

of mineral fertilizers, but fertilizer recovery &fiencies need to improve substantially before
promoting wide-scale adoption.

Key words: QUEFTS model, recovery fractions, nutrient maastfons, fertilizer
recommendations
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3.1. Introduction

East African highland cooking bananMusa spp., AAA-EAHB) locally known as
‘matooke’ is a primary staple crop grown for fooddasale by smallholder farmers in
Uganda, Rwanda, Burundi, East DR Congo, and péifsizania and Kenya. Uganda is
the largest producer of highland bananas in thmmedput its yields are reported to have
declined (NARO, 2000), from 8.4 Mg Hayr ' in 1970 to 5.6 Mg ha yr * fresh weight
(FW) in the late 1980’s (Ministry of Agriculture,mmal Industries and Fisheries, 1992;
Gold et al., 1999). A recent study by Wairegi et(2008) reported average farm yields in
Uganda of 15.6 Mg Rayr* (range 9.7-25.5 Mg Rayr ' FW), but these yields remain
small compared with yields of 60-70 Mg har ™ FW achieved at a research station
(Tushemereirwe et al., 2001), and in good farmeldé in the far south-west of Uganda
(Rubale) when fertilizer (100N-25P-100K kg har™") was applied (Smithson et al.,
2001).

Smallholder farmers in Uganda attribute low bangiedds to poor soil fertility,
increasing pest pressure (especially the bananailwee&Cosmopolites sordidyisand
moisture stress (NARO, 2000). Most farmers culevaananas continuously on Ferralsols
or Acrisols that are highly weathered, with limitempacity to supply nutrients (Zake et al.,
1994). Bekunda and Woomer (1996) and Sseguya €t9%9) noted that very few (<5%)
banana farmers in Uganda use chemical fertilizers th perceived high cost, poor
availability, and lack of knowledge related to these. The use of organic nutrient
resources in banana-based farming systems is aoredr by their availability, with
farmers applying the available resources prefeatytion plots near the homestead
(Bekunda and Woomer, 1996; Wortmann and Kaizzi,8)98lowever, nutrient flows
from outfields and grazing areas to the homesteadia fields, as observed in traditional
banana-based systems, have largely collapsed dunertased land pressure and a shift
from free to zero-grazing livestock (Baijukya et &005). Banana crop residues are the
major mulching materials used, but these neithevgmt nutrient losses, nor provide a full
mulch cover to conserve soil moisture (Stover amdn®nds, 1987). Lack of nutrients
thus often limits banana yields (Zake et al., 1999)

Although concerted research efforts have highlightee extent of soil fertility
decline, they have contributed little to reduce pineblem. In the 1960s, soils from 62
sites distributed over the whole of Uganda were gadhto determine soil nutrient
concentrations (Foster, 1981), and were re-samibleithg the Land Management Study
(1999-2002). Results showed that soil pH, extrdetphosphorus (P), calcium (Ca), and
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potassium (K) were often below critical concentrasi for most crops, although the
amount of soil organic matter (SOM) had not chargjgdificantly (Ssali, 2002). In some
cases, concentrations of available P, Ca and Kentap soil had declined by 20-70%
compared with the 1960s. In general, soil fertisBBems poor to sustain good yields, so
nutrients need to be added to improve yields. bm®d agricultural productivity is
envisaged as key to alleviating poverty and engufood security in rural parts of
Uganda (GOU, 2000). The African Green Revolutioforé$ supported by large donors
are also calling for agricultural intensificatidirough the use of fertilizer inputs.

In Uganda, the official mineral fertilizer recomnaation for highland bananas is a
single blanket rate of 100N—30P—100K—25Mg kg'lga* (Ssali et al., 2003), irrespective
of the inherent soll fertility status. The blankettilizer recommendation fails to address
variability in soil quality (chemical and physigaloperties) on banana farms. Van Asten
et al. (2008) reported a range of nutrient deficies after application of 71N-8P-32K kg
ha'yr? in banana demonstration plots in districts in Bemest, south Uganda and
around Mount Elgon. There is a need to developsgezific fertilizer recommendations
that take into account the variability in soil chieah properties. The QUEFTS
(QUantitative Evaluation of the Fertility of TropicSoils) model (Janssen et al., 1990)
can be used to derive such site-specific fertilimrommendations tailored to the target
yield (Minggiang et al., 2006; Tittonell et al., @®). In order to understand banana
systems and apply the QUEFTS model, nutrient oomsgials (NOTs) were established
at two locations to: (i) identify limiting nutriemtand nutrient interactions for banana
growth; (ii) quantify banana yield responses to et fertilizers; and (iii) increase our
knowledge of nutrient use in banana plantationsugjh the calculation of conversion
efficiencies of N, P and K.

3.2. Materials and Methods

3.2.1. Trial design and management

Nutrient omission trials were located at Kawandantal Uganda (00°25'N, 32°31'E,
1156 m.a.s.l), and at Ntungamo in southwest Ugatwmeards the Albertine rift
(00°54.53'S, 30°14.86'E, 1405 m.a.s.l). Soils atw&ada are Haplic Ferralsols

(FAO/ISRIC/ISSS, 1998) on a gentle slope (5%), wisbils at Ntungamo are Lixic
Ferralsols with a slope 15%. Soil pH was 5.5 at &agla and 4.8 at Ntungamo, indicating
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some acidity (Table 1). Average SOM and total Nugalwere higher at Kawanda (2.6%
and 0.1%), compared with Ntungamo (0.7% and 0.0Pe¢rage Mehlich-3 extractable
P was higher at Ntungamo, but exchangeable K andvbtg lower (Table 1). The ratio
of exchangeable K to Mg at Kawanda and Ntungam®7(@) was close to the optimal
relationship of 0.3:1 (Delvaux, 1995). Rainfall lzath sites showed a strong bimodal
pattern with dry periods from June to July and Deloer or January to March (Figure 1la
and 1b). Reference evapotranspiration at Kawanddht® period 1997-1999 averaged
3410 mm yr* as compared with the rainfall total of 2930 mmingrthis period (Ssali et
al., 2003). Average minimum and maximum temperataiging the experimental period
at Kawanda were 17.0 and 27@ and at Ntungamo 13.0 and 27, respectively.
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Figure 1. Monthly rainfall amounts at Kawanda (ayl &tungamo (pduring the trial period and annual t
rainfall for each of the years at each site.
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3.2.2. Trial establishment and design

The trials were established during the period Catdb December 2004 on fields with no
recent history of banana cultivation. The fieldatvanda was previously used for annual
crop experiments (beans, maize), and the fieldtah@amo had been fallow for at least
10 years. Fields were cleared and ploughed. Tlastwere laid out in a completely
randomised block design and the four replicateHdogere perpendicular to the slope as
much as possible. Treatments consisted of thewfsitpnutrient applications (kg Fayr™):
(1) ON-OP-0K; (2) ON-50P—600K; (3) 150N-50P—-600K); 400N—-0P-600K; (5) 400N—
50P-0K; (6) 400N-50P-250K, and (7) 400N-50P-600Krotyen was applied as urea
(46% N), K as muriate of potash (52% K), and Prigdet super phosphate (20% P). With
the exception of the control treatment (ON—-OP—@H)plots received 60 Mg, 6 Zn, 0.5 Mo,
1B (kg ha' yr'%) using magnesium sulphate, zinc sulphate, sodiwtybdate and borax.
Nitrogen and K were applied manually in 8 splitehegear (4 times during each rain
season), while P, Mg, Zn, Mo, and B were appliedwno splits at the start of each rain
season (twice per year). Triple super phosphate appied in granular form and other
fertilizers were dissolved in water to facilitatecarate rates of application and to minimise
urea volatilization losses (Chan, 1986). All fezrs were applied in a circle at 0.4-0.5 m
from the base of the plant. Each plot was 3F5with 35 mats at a spacing ofx®3 m,
resulting in a density of 1,111 plants haPlanting holes were 0:60.6 x 0.45 m deep.
Pest-free highland banana tissue-cultured plaviiss@ spp., AAA-EAHB cv. Kisansa)
were used. Kisansa is a popular cultivar due tdaitge bunch size and large fingers.
Some irrigation was done after planting for 3—4 therduring the dry season to facilitate
plant establishment. Gap filling was done for pdathtat did not establish properly (<10%).
Two trenches were constructed across the uppeldoavel sides of each plot to
control soil erosion. Blocks and plots were searatith grass strips to reduce fertilizer
run-on or run-off effects. Pesticide (Dursban -vacingredient chlorpyrifos) was applied
to control banana weevils. De-suckering was caroatl to maintain mat densities,
whereby each mat consists of a maximum of threaected plants; i.e., cycle 1 (mother
plant), cycle 2 (first ratoon) and cycle 3 (secoatbon). Weeding was done by hand and
by application of herbicide (glyphosate). Dead &sawere pruned at monthly intervals
and spread out as mulch. At harvest, bunches wetreficat the point where the peduncle
intersected with the two upper leaf sheaths. Busietere removed from the field, but the
remaining above-ground biomass (i.e. leaves, carchgseudostem) were chopped and
spread as surface muich.
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3.2.3. Soil sampling and analysis

Composite soil samples (of 5 sub-samples per plete taken at 0-8 cm, 8-16 cm and
16-32 cm soil depth at planting. Samples were ar@d at 40-50°C for two
consecutive days and ground to pass a 2 mm sidneesdils were analysed at Kawanda
soil and plant analytical laboratory in Uganda.l 91 was determined using deionised
water with a soil to water ratio of 1:2.5 and seikture using the hydrometer method
(Bouyoucos, 1936). Soil organic matter was deteeshiby the Walkley-Black method.
Total N was determined by Kjeldahl oxidation andnsenicro Kjeldahl distillation
(Bremner, 1960). Available P, and exchangeableMipand K were extracted using the
Mehlich-3 method (Mehlich, 1984). Phosphorus in éxéract was determined using the
molybdenum blue colorimetric method, K using a flaphotometer and the other bases
by atomic absorption spectrometry (Okalebo e2802).

3.2.4. Plant measurements

Fifteen mats in each net plot (i.e. excluding 2€deo plants) were marked and monitored
individually. In this study, data from cycle 1, ¢&g@ and cycle 3 plants at Kawanda, and
from cycle 1 and 2 plants at Ntungamo was usedglgigirth at base, number of
functional (> 50% of leaf surface area green) amdddleaves were recorded at monthly
intervals. Phenological stages i.e. sucker emerdimwering and harvest were recorded.
Foliar samples were collected at flowering from tiherd fully expanded leaf for
determination of foliar nutrient mass fractions (€ 1955). Plant shoots were
completely removed at harvest, and the fresh weighthe bunch (fingers plus peduncle),
fingers, corm, pseudostem and leaves were recondethe field. Roots were not
excavated. Samples for each plant part were tatedryy matter (DM) determinations.
The samples consisted of composites from sub-sanalen across the plant organ at
equal distances along the organ (corm, pseudostemger, peduncle, and leaves).
Samples were oven-dried, ground to < 1 mm and tédessing modified Kjeldahl
oxidation. Mass fractions of N, P, K, Ca and Mgtire extract were determined as
described above.
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3.2.5. Data analysis and calculations

Total uptakes of N, P and K were calculated at éstrgtage of plant 1, thus crop cycle 1
(at harvest), and cycle 2 and 3 plants were sampléaimetric relationships were used to
estimate total plant dry matter, and partitioningctions were used to calculate biomass
in plant parts of the cycles 2 and 3 plants (Nyoethbal., 2009). Total plant biomass for
crop cycle 1 plants was defined as the sum of deygts of the fingers, peduncle,
pseudostem, leaves and corm (roots excluded). Toiaient uptake for cycle 1 plants
was calculated from measurements of N, P and K finassons in the fingers, peduncle,
leaves, pseudostem and corm biomass and the dghtsef the plant parts at harvest.
Cycle 2 and 3, plants were categorized into: (iprslasucker (corm and shoot), (ii)
small sucker (produced up to 10 broad leaves) gihdba(ge suckers (> 10 broad leaves).
In order to determine nutrient uptake in the suslerthe time of harvest of cycle 1 plant,
N, P and K mass fractions from a study on AAA basaby Twyford and Walmsley
(1973) were used, assuming (i) the same nutriessrractions across all treatments for
each sucker category, with plant weight determirting total uptake, and (ii) nutrient
mass fractions in Robusta banana suckédsis@ AAA; Cavendish subgroup) are
comparable with highland banana. N, P and K maastitms in the corm of sword
suckers calculated by Twyford and Walmsley (1978jev7 g kg', 1.4 g kg and 30 g
kg™ and in the shoot 13 g kg 2.4 g kg*and 50 g kg For small suckers, N, P and K
mass fractions in the leaves were 20 g'k8 g kg*and 38 g kg, in the corm 6 g kg, 1
g kg*and 28 g kg and in the pseudostem 6 g kgl g kg*and 45 g kg, respectively.
For the large suckers, N, P and K mass fractiotiséreaves were 20 g Kg3 g kg*and
33 g kg, in the corm 7 g kg, 1 g kg*and 28 g kg' and in the pseudostem 7 gkdl g
kg and 40 g kg, respectively. Uptakes by cycle 1, 2 and 3 plamse summed to
obtain the total mat nutrient uptake. The nutrmariversion efficiencyQE, kg finger DM
kg™ nutrient in plant) for the individual banana pkat harvest was calculated for cycle
1 and 2 plants as:

Total banana finger yield
Total plant uptake of nutrient >

CE for nutrient X=

)

where total banana finger yield is the dry weighbanana fingers (kg i (i.e. peel and
pulp). Fresh banana yields are normally expressdaluach yields, and these include the
fingers and the peduncle. The proportion of theupeté (in % FW at harvest) for Kisansa
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cultivar is around 8%. Bunch vyields (Mg Thayr* FW) for crop cycle 1 plants were
calculated based on the duration from planting dovést, but yields of the successive
crop cycles were based on the duration betweerecatige harvests (i.e. between cycle 1
and 2, and between cycle 2 and 3). Bunch yield isl§yr* FW), individual bunch mass
(kg bunch® FW), plant height (m), girth at base (m), numbéfumctional leaves and
foliar nutrient mass fractions at flowering, numlmérfingers, total nutrient uptake and
conversion efficiencies were subjected to analgsigariance (ANOVA) using Genstat —
10" edition and the standard error of differense () was calculated (Payne et al., 2007).

3.2.6. Application of the QUEFTS (QUantitative Eatlon of the Fertility of Tropical
Soils) model

The QUEFTS model (Janssen et al., 1990) was ofigidaveloped to calculate maize
yield as a function of N, P and K supply from saild fertilizer, while accounting for
interactions among the nutrients (N, P and K). ifoelel has been applied to other crops
such as rice (e.g. Witt et al.,, 1999; Haefele et 2003) and wheat (Minggiang et al.,
2006). The application of the QUEFTS model to hagiad bananas was done in four steps.
The first step involved the estimation of the irehgus soil supply of N (INS), P (IPS)
and K (IKS). Regressions were calculated to obtalationships for estimating INS
(between total N uptake and total soil N in g'kgsing treatment ON-50P-600K), IPS
(between total P uptake and extractable P-Mehlicin-3mg kg' using treatment
400N-0P-600K) and IKS (between total K uptake ardhangeable K in cmglkg™
using treatment 400N-50P-0K). The soil data (tosall N, extractable P and
exchangeable K) used for these regressions wese fham the 0-16 cm soil samples.

Actual nutrient uptakes (i.e. UN, UP and UK) wer@calated in step 2 as a
function of the potential nutrient supply (i.e. SSP and SK), which is the sum of
indigenous soil supply and effective supply of therient from fertilizer considering the
apparent fertilizer recovery fractions. N, P ande€overy fractions for cycle 1 plants and
the whole mat at harvest stage of cycle 1 plant®wemputed on plot basis at harvest
using the concept of apparent fertilizer recovdgn&sen and Guiking, 1990) as:

N uptake so-sop-soac) = N UPtake gy _sop-so0k)
AppliedN  q5oy-50p-s00k)

ARFN = (2)

Pu ptake(400N -50P-600K) Pu ptake(400N ~0P-600K)
AppliedP ;o0y-s0p-600k)

ARFP= (3)
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K uptake(4OON—50P—250K) -K uptake(400N—50F’—0K)

: (4)
App“ed K (400N-50P-250K )

ARFK =

where ARFN ARFP and ARFK are the apparent N, P and K recovery fractions,
respectively. Intermediate N and K rates (150N 25@K) and the maximum P rate (50P)
were taken to represent points with maximum slapaxfimum recovery) on the yield
response curve. Fertilizer recovery fractions toe tycle 1 plants were used for the
calibration of QUEFTS, although some nutrients [@a#itioned to the ratoons. However,
the next crop (cycle 2) will also partition nutrisrio the next crop (cycle 3) and so on.

In step 3, data (banana finger yield vs. total My K uptake) were combined and
used to obtain the boundaries showing maximum idiutminimum uptake) and
maximum accumulation (maximum uptake) of N, P anth khe banana plant in relation
to banana finger yield. Due to the poor crop respdo N and P fertilizer at Kawanda, N
and P apparent recovery fractions were not corsideuitable, so only data from
Ntungamo (two crop cycles) were used for QUEFTS.0Tyield estimates for each
nutrient at maximum dilution and at maximum accuatioh i.e. YND, YNA, YPD, YPA,
YKD and YKA were obtained (Janssen et al., 1990 mMmaximum yield reported for this
region was 11.1 Mg hafinger DM (67 Mg ha' yr* FW, assuming that the peduncle is
8% of the bunch fresh mass and dry matter contefingers was 18%, which compares
well with 20% reported for AAA dessert bananas &gener, 2003). Below this yield,
banana production is limited by either water oPNgnd K supply.

Because these were nutrient omission trials, mimnid uptake (maximum N
dilution) was obtained from treatment ON-50P-6001d anaximum N uptake (maximum
N accumulation) from treatment 400N-50P-0K, becdUse&s the most limiting nutrient.
Minimum P uptake (maximum P dilution) was obtairiezim treatment 400N-0P-600K
and maximum P uptake (maximum P accumulation) froeatment 400N-50P-0K.
Minimum K uptake (maximum K dilution) was obtainfdm treatment 400N-50P-0K
and maximum K uptake (maximum K accumulation) froneatment 400N-O0P-600K,
because P was the second most limiting nutriemumber of methods can be used for
boundary line analysis (e.g. Schnug et al., 1996t &/ al., 1999). Here a simple method
was used, where boundary points for the aboveneats (maximum N, P and K
accumulation and dilution) were used to generatgeession line from which parameters
a (slope of line showing maximum accumulatiod)(slope of line showing maximum
dilution) andq (uptake at zero finger yield) were determined KgrP and K. In this
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method, outliers are eliminated as in percentilalyais. Yield estimates for possible
nutrient pairs considering the interactions (i.&PY YNK, YPN, YPK, YKN and YKP)
were combined into one mean yield estimate in gtepetails of the model and the
underlying assumptions are given by Janssen €390).

The QUEFTS model that was calibrated using daten fidtungamo, was then
validated using data (soil analyses - 0—15 cm amtecl yields) from a fertilizer trial in
Mbarara, southwest Uganda (00°33’S, 30°36’E, 138f.311). The trial consisted of four
treatments replicated four times: T1 (100N-50P-10@kh weevils, T2 (ON-0P-0K)
with weevils, T3 (L00ON-50P-100K) with no weevilsdai4 (ON-OP-0K) with no
weevils. East Africa highland banana cultivar Ewnyevas planted. Details of the
experiment are given by Okech et al. (2004). Averdj P and K recovery fractions
obtained at Ntungamo were used. Banana finger siékdy ha' DM) computed by
QUEFTS were compared with measured values frontridis usingR* and the root mean
square error (RMSE). The latter was calculatechkyfollowing equation:

RMSE= /z@ (5)

wheren is the number of observations, is the measured value apdis the computed
value. The sensitivity of computed banana fingeldyto changes in model parameters,
total soil N (g kg%), extractable P (mg k8 and exchangeable K (craddg™) was tested
after calibration as:

_ 0 /al
rps=20 /9L (6)

whereRPSis the relative partial sensitivitgO/O is the relative change in model output,
and dl/l is the relative change in the input value. Ttweginal values of the model
parametersa (slope of line showing maximum accumulatiod)(slope of line showing
maximum dilution),q (uptake at zero finger yield) and total soil N,trextable P-
Mehlich-3 and exchangeable K were altered by -18, 5 and 10 % to assess the
sensitivity of the model.

The QUEFTS approach was also used to estimate alptertilizer requirements
for highland banana. The nutrient requirements wateulated based on a target yield. If
the indigenous soil nutrient supply can meet tlog'sr nutrient requirements for a target
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yield, then no fertilizer is applied (Smaling arahdsen, 1993). Target yield with nutrient
requirements above indigenous soil nutrient supplly require additional fertilizer.
However, not all the fertilizer applied is utilizéy the crop, therefore apparent fertilizer
recovery efficiencies were taken into account wealiculating the quantity of fertilizer to
be applied. The relationships between the quawfitjertilizer to be applied Happiied.
nutrient uptake NUqge) at the target yield Yage), indigenous soil nutrient supply
(Ningigenoug, conversion efficiencyGE) and the apparent recovery fraction of nutrients
(ARF are given by the following equations:

NUtarget = (;réet (7)

whereNUgei@re the plant nutrients in plant biomass at harf@sthe target yield (kg
hat DW), Yiargetis the target yield (kg ﬁ%), CE is the conversion efficiency of nutrieXt
(kg banana finger I(énutrient in plant biomass). Nigigenous™ NUtarges NUsarget= Nindigenous
no fertilizer would be required. Ningigenous< NUrarges then the amount of fertilizer to be
applied to supplNUi,geifor a setyi,geCan be calculated as follows:

_(NU_,.- N
I:applied - ARF

target

indigenoug (8)

where Niygigenousis the indigenous soil nutrient supply (kg haARF is the apparent
recovery fraction of fertilizer nutrient (kg nutmiein plant biomass kg of fertilizer
nutrient applied) ané ,ppieqiS the quantity of fertilizer to be applied (kg Hato reach the
target yield.

However, crops do not take up all the nutrientspBag. In balanced nutrition
(balanced supplies of N, P and K) of highland banactual nutrient uptake was 93% of
the total effective supply (compared with 96% fereals; Janssen, 2009). In addition, the
yield may be slightly less than the product of timake and conversion efficiency. The
relationship betweeN,4.@nd total nutrient supplWUs,ny derived for highland banana
was:

Y. =0.86x NU__ x CE 9)

target supply
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where NUgyop includes soil andertilizer nutrient supplyand 0.86 is ratio of yield
computed based on the hyperbola giving yield coatibns and yield with balanced
nutrition for highland bananas (0.9 for cerealsisd3an, 2009) using QUEFTS.

The equation for the amount of fertilizer to be lagp was obtained by substituting
NUiargetin €quation 9 witiNUg,pas follows:

Y,
[116 X ggEmj - Nindigenous

applied — ARF

(10)

3.3. Results
3.3.1. Yield and yield components

Bunch mass (kg bunch FW) differed significantly between fertilizer tte@ents and
between cycles and siteB € 0.001). The maximum bunch mass increases abave th
control (ON-OP-0K) were less at Kawanda, 3.1, 4d .2 kg for cycles 1, 2 and 3,
respectively (control cycle 1 — 7.1 kg, cycle 2 8 &g and cycle 3 — 10.3 kg), as
compared with Ntungamo, 12.4 and 16.0 kg for cytlesd 2, respectively (control cycle
1-3.9kg and cycle 2 — 7.2 kg) (Table 2). Apglmaof N and P without K (400N-50P—
OK) gave no significant increase in bunch mass altbe control at Ntungamo. Bunch
yields (Mg ha' yr * FW) were significantly different between treatmemtgcles and sites
(P < 0.001) (Table 2). Maximum bunch yield increasbsva the control at Kawanda
were 2.2, 7.2 and 11.2 Mg Hayr *FW for cycles 1, 2 and 3 (control cycle 1 — 5.4ley
2 — 18.2 and cycle 3 — 15.3 Mg hgr*FW), and at Ntungamo 7 a29.5 Mg ha* yr*
FW for cycles 1 and 2, respectively (control cycle 2.% and cycle 2 — 13.7 Mg Hayr™*
FW).
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Also, the number of fingers differed significagnbbetween treatments, cycles and
sites P < 0.001), with the maximum increment due to feréition above the control much
larger at Ntungamo (47 and 50 fingers per buftchcycles 1 and 2, respectively)
compared with Kawanda (9, 16 and 16 for cycles lan?® 3, respectively). Yield
reductions were noted for crop cycles 1 and 2 atdfmla due to increasing application of
urea (0-400 kg hayr™). Average days from emergence to flowering, fréoavéring to
harvest, and total crop cycle durations for alatmeents combined were significantly
larger at Ntungamo than Kawanda € 0.001), with averages of 567 and 461, 137 and
112, and 672 and 574 days, respectively (detaded ot presented).

3.3.2. Growth parameters at flowering

Girth at base at flowering (Table 3) was signifitandifferent between fertilizer
treatments and cycle® & 0.001), but not different between sit€s<0.11). The number
of functional leaves at flowering differed signdmtly between cycles and siteB €
0.001). At Kawanda, significant differences in thember of functional leaves within
treatments at flowering were observed for crop €y2l P = 0.005). There was a
significantly larger number of functional leavesflawering at NtungamoR < 0.001)
than at Kawanda (Table 3).

3.3.3. Foliar nutrient mass fractions at flowering

Foliar N mass fractions at flowering (Table 4) dri#d significantly between cycleB €
0.001), but not between sites, with values of 25k * (cycle 1) and 18.5 g k§(cycle 2)
at Kawanda, and 26.5 g Rdcycle 1) and 16.7 g kicycle 2) at Ntungamo. Significant
differences in fertilizer treatment® € 0.013) were only noted for foliar N mass fracion
for cycle 2 plants at Kawanda. Foliar P mass fomsti were significantly different
between cyclesR < 0.001), but not between sites. Average foliar &snfractions at
Kawanda were 1.16 g kg(cycle 1) and 1.06 g kj(cycle 2) and at Ntungamo 1.28 g
kg™ (cycle 1) and 0.96 g kg (cycle 2). Foliar P mass fractions were signifigant
different P = 0.003) for cycle 2 at Kawanda.
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Foliar K mass fractions differed significantly bet®n sitesR < 0.001) and cycles(=
0.013), with larger foliar K mass fractions at Kawa, 27.2 g kg (cycle 1) and 24.4 g
kg™ (cycle 2), compared with Ntungamo, 22.4 g'Kgycle 1) and 19.3 g kg(cycle 2).
Significant differences in fertilizer treatment3 € 0.001) were only noted in foliar K
mass fractions for cycle 1 plants at Ntungamo. d&ola mass fractions did not differ
between fertilizer treatments but were larger<(0.001) at Ntungamo for cycle 1 (11 g
kg™) and cycle 2 (14.1 g kg plants as compared with Kawanda, cycle 1 (9.§¢)land
cycle 2 (13.9 g kff). Foliar Mg mass fractions were significantly @ifént between cycles
(P < 0.001) and between siteB & 0.05), with a lower mean for cycle 2 plants at

Ntungamo (3.4 g Kg), as compared with foliar Mg mass fraction of ¢.Rqg* for cycle 2
plants at Kawanda.

Table 5. Average N, P and K uptake for highlanddo@nmats (cycle 1, 2 and 3) at harvest stage of the
cycle 1 plants calculated for control plots andiphaith different combinations of mineral fertilize
applied at Kawanda, central Uganda and Ntungamuaha@st Uganda.

Treatmer / site Kawanda Ntungamo
Nitrogen Phosphorus Potassium Nitrogen Phosphorus Potassium
(kgha') (kgha’) (kg ha’) (kgha') (kgha’) (kgha)

ON-OP-0K 70.5 7.4 204.1 62.6 6.7 121.2
ON-50P-600K 78.3 9.5 332.1 111.4 13.2 419.8
150N-50P-600K 79.6 9.2 316.3 138.2 17.3 487.4
400N-0P-600K 74.7 8.9 302.6 120.7 13.9 415.4
400N-50P-0K 66.2 8.3 237.3 735 7.9 147.3
400N-50P-250K 70.9 8.5 256.3 135.9 15.7 367.2
400N-50P-600K 78.9 9.7 311.7 149.2 17.6 509.9
Mean 74.2 8.8 280.1 113.2 13.2 352.9
s.e.d. 3.67 0.43 155 6.9 0.85 21.1
ANOVA-
significance for the
effects of:
Slte *k%k *%% *kk
s.e.d. between
average of:
Site 0.38 3.05 11.7

s.e.d.is the standard error of difference. *P*< 0.001.
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3.3.4. Total nutrient uptake

Total N, P and K uptakes for a mat (cycle 1, 2 amdants) calculated at time of harvest
of the cycle 1 plants were significantly differéRt< 0.001) between fertilizer treatments
and sites. Average total nutrient uptakes weretgrest Ntungamo, as compared with
Kawanda, with averages of 113.2 vs. 74.2 kg N,hB3.2 vs. 8.8 kg P i§ 352.9 vs.
280.1 kg K ha' (Table 5).

3.3.5. QUEFTS model application to highland bananas

Indigenous N, P and K supply were estimated frognessions using total soil N (g Ky
extractable P (mg k§ and exchangeable K (cradtg™) in the first step of applying
QUEFTS to highland bananas. Mean INS values folec{glants at Kawanda were 39
kg ha' for N (range 23 to 54 kg f8, 2.8 kg ha' for P (range 0.84 to 4.9 kg Hpand
133 kg ha' for K (range 22 to 289 kg fd. At Ntungamo, mean INS values for cycle 1
plants were 60.3 kg Rafor N (range 24 to 104 kg H3, 6.3 kg ha' for P (range 2.4 to
12.1 kg ha') and 66 kg hd for K (range 8.3 to 135 kg Aa.

Average apparent recovery fractions of appliedlizgt in cycle 1 plants and the
whole mat at Kawanda were close to zero for N grahi small for K (0.117 and 0.144).
At Ntungamo, the apparent recovery fractions ofliedd\, P and K fertilizer in the cycle
1 plants and the whole mat were larger than at Kaaabut still very small for N (0.055
and 0.095) and P (0.019 and 0.049) as comparedKvi(ip.36 and 0.49). The average
actual uptakes calculated in step 2 for cycle htglat Ntungamo site from indigenous
supply and effective supply from fertilizer were k@ha* for N (range 27 to 140 kg 3,

5 kg ha' for P (range 2 to 11 kg Aa and 273 kg hd for K (range 28 to 613 kg fa.

Average N, P and K conversion efficiencies weraisicantly higher for N and P
at Kawanda, but lower for KP(< 0.001), compared with Ntungamo (Table 6). Averisige
and P conversion efficiencies for the first twopaycles at Kawanda were 50.5 kg finger
DM kg'N (range 2.1 to 114.0 kg finger DM KgN) and 627.3 kg finger DM kg P
(range 45.2 to 1099.2 kg finger DM RdP), compared with Ntungamo, 48.0 kg finger
DM kg'N (range 3.9 to 129.0 kg finger DM KgN) and 549.2 kg finger DM kg P
(range 53.6 to 1093.3 kg finger DM KdP). Average K conversion efficiencies for the
two crop cycles at Ntungamo were 12.1 kg finger R K (range 2.7 to 29.1 kg finger
DM kg *K), compared with Kawanda, 9.4 kg finger DM"kgK (range 0.76 to 24.3 kg
finger DM kg™ K).
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Table 6. N, P and K conversion efficiencies calmdausing equation 1 from plant nutrient mass

fractions and banana finger yield measured on plials for cycle 1 and 2 plants at Kawanda,
central and Ntungamo, southwest Uganda.

Treatment / si NUE (kg DM kg™ N)  PUE (kg DM kg" P) KUE (kg DM kg™ K)
Cycle 1 Cycle 2 Cycle 1 Cycle 2 Cycle 1 Cycle 2
Kawanda
ON-OP-0K 37.7 52.8 531.7 679.1 13.3 10.5
ON-50P—-600K 49.1 51.4 536.6 773.2 9.0 7.2
150N-50P—-600K 42.4 60.0 553.8 695.1 8.6 6.9
400N-0P—-600K 45.8 58.3 531.6 732.7 8.3 7.1
400N-50P-0K 52.4 52.6 529.7 697.5 14.2 13.1
400N-50P—-250K 42.7 54.5 522.3 644.8 10.0 8.9
400N-50P—600K 47.1 57.3 566.0 749.8 9.0 7.3
Mean 45.3 55.3 538.8 710.3 10.4 8.7
s.e.d. 2.10 2.47 16.38 22.8 10.5 0.52
Ntungamc
ON-OP-0K 19.6 40.1 240.1 528.4 13.8 14.4
ON-50P—-600K 48.8 70.9 503.3 714.6 10.9 9.2
150N-50P—-600K 53.9 69.7 445.7 795.8 10.9 11.4
400N-0P—-600K 41.2 58.4 453.8 790.1 10.3 9.9
400N-50P-0K 23.7 33.8 299.8 506.4 14.9 16.4
400N-50P—-250K 35.7 56.7 402.4 697.7 13.8 15.2
400N-50P—-600K 43.1 54.5 453.9 706.5 10.7 12.7
Mean 38.0 54.9 399.9 677.1 12.1 12.7
s.e.d. 2.29 2.22 17.7 24.7 0.66 0.61
ANOVA-significance for the
effects of:
Slte * *k*%k **k*%
Cycle *k%k *k*k *
Sitex Cycle o o o
s.e.d. between average of:
Site 1.73 7.69 0.22
Cycle 1.73 7.68 0.22

s.e.d.is the standard error of difference. C1 and CZ2tlaeefirst and second crop cycles. *FP*<
0.001 and #* < 0.05

N and P conversion efficiencies were generally ndbr fertilizer treatments
without K fertilization (ON-OP-OK and 400N-50P-O0K)yhile the K conversion
efficiencies were greatest for both these fertilizeatments at both sites. Due to the small
apparent fertilizer recovery fractions and smatri®l N uptakes at Kawanda, data from
Ntungamo was used for the calibration of QUEFTS.
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The maximum and minimum N, P and K conversioncedficies that define the
boundary lines (maximum dilution and maximum acclaton) of nutrient uptake and
banana yield were determined by using only the ftata the Ntungamo site. They were
estimated at 108.4 kg and 20.6 kg finger DM'iyj 881 kg and 225.3 kg finger DM Kg
P, and 23.9 kg and 4.5 kg finger DM ki (Table 7). These values encompassed well the
variability in observed N, P and K uptakes and barfinger yield (kg hd DW) - (Figure
2).

The minimum N, P and K uptake required to produecgdr biomass at maximum
dilution and maximum accumulation were 7.9 kg add kg N ha', 0.17 kg and 0.87 kg
P ha', and 4.9 kg and 15.6 kg Ka* (Table 7). The equations for calculating banana
finger yields from uptake of nitrogen (UN), phospi® (UP) and potassium (UK) in
QUEFTS using data from Ntungamo site over two cgopwth cycles and those for
estimating INS, IPS and IKS are shown in Table 7.

The yield estimates predicted by QUEFTS compareld with measured values,
with R? = 0.57 and RMSE = 648 kg HgFigure 3a). QUEFTS gave good predictions for
the fertilizer treatments ON-50P-600K, 400N-50P+6@Mhd 150N-50P-600K (Figure
3a). The model was most sensitive to changes ianpaterd (slope of line showing
maximum dilution) with —10, -5, 5 and 10% changes of the parameteevasulting in
relative partial sensitivity values (RPS) of 0.8239, —0.52 and —-0.55, respectively of the
output value. A RPS value of 0.0 implies that thargge in input has no effect on output,
whereas 1.0 implies that the change in input redaltan equal change in output. The
model was least sensitive to changeg (optake at zero finger yield), with relative palrtia
sensitivity values of 0.01, 0.005, —0.05 and —@0%he output value for —10, -5, 5 and
10% changes of the parameter value. The model wast sensitive to changes in
extractable P and available K, with -10, -5, 5 dfd % changes in these model
parameters resulting in RPS values of 0.21, 0.273%-and -0.43 for P and 0.002, 0.02,
—0.06 and -0.07 for K of the output value. The alleresults of the QUEFTS model
validation against the observed finger yield (kg'HaW) data from Mbarara were good
with R = 0.68 and RMSE = 562 kg H4Figure 3b). Agreement between measured and
predicted finger yield on control plots was goodt the model over predicted yields from
plots with high exchangeable K with and withoutifezer.
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Figure 3. Comparison between banana finger yieléasmred on experimental pl
versus Yyialls computed using the model QUEFTS using soil cbalmdata, fertilize
application rates and recovery fractions from Namg (8. Comparison betwe
banana finger yields measured on experimental plioMbarara versus yields compt
using the model QUEFTS that was first calibrateshgislata from Ntungamo JbSoi
chemical data and fertilizer rates used were frobaiMra and mean N, P and K reco
fractions obtained at Ntungamo were used.
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3.3.6. Fertilizer recommendations using the QUERpPSroach

For Ntungamo, we used the maximum apparent N, PKafettilizer recovery fractions
obtained and indigenous soil nutrient supply taneste the amount of fertilizers required
for a range of target yields. For example a tayigltl of 30 Mg ha' would require 631
kg N ha', 86 kg P h@ and 843 kg K ha (Figure 4). Considering the low fertilizer
recovery fractions resulting from moisture stres$ated to the poor soil physical
properties at Kawanda, it seemed not appropriatietive fertilizer recommendations for
this site.

1500
ON EP ®BK
__ 1200 -
&
(@)
< 900 -
I3
3
&
§ 600 -
N
=
2
300 -
0

20 30 40
Target yield (Mg ha'l)

Figure 4. Fertilizers required for target banareldyat Ntungamo calculated using tde
P and K conversion efficiencies, the maximum apmarecovery fractions ai
indigenous soil supply.
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3.4. Discussion
3.4.1 Effect of fertilizer on growth and yield campnts

Poor yields, shorter plants and lower number ajdns and functional leaves (Table 2 and
3) as observed on the control plots at both tiiglssare attributed to poor soil fertility
(Table 1). Potassium applications increased bunassmespecially at Ntungamo.
Exchangeable K content (0.09 cmkg™) at this site was below the critical value of 0.2
cmol, kg™ reported by Delvaux (1995). The sandy clay loamsNaingamo are
presumably unable to satisfy the demand for thisient (cf. Purseglove, 1988). The
addition of K fertilizer increased K availabilityn ithe soil solution resulting in better
uptake and vyields as noted for the treatment 400R—3850K — (Table 2 and 6). At
Kawanda, the increases in bunch mass (kg burfélv), bunch yield (Mg ha@ yr ' Fw),
number of functional leaves and number of fingdirgérs bunch') were smaller
compared with Ntungamo (Table 2 and 3).

The weak response to fertilization at Kawanda seterh® related to low available
soil water and clay accumulation (higher bulk dgfsn the B-horizon, which limits root
exploration of this soil layer. This affects nutiieiptake, the number of functional leaves
(photosynthetically active leaf area) during growhd at flowering and the number of
fingers at flower initiation (cf. Turner, 1980; S&y and Simmonds, 1987; Robinson,
1996). Leaf senescence was also accelerated atndaway a combination of black
sigatoka (fungal foliar disease causedNbycosphaerella fijiensjsdata not shown) and
soil moisture stress (Figure 1a) especially durthg dry months leading to low
assimilation and assimilate supply to fill the siience poorly filled banana fingers
compared with Ntungamo. Most plants at Kawandaheadarvest with no functional
leaves left (data not shown). There was no diffeeamoted in plant girth between the sites
(Table 3), but cycle 3 plants at Kawanda receivedremrainfall (Figure 1a) and
consequently performed better (Table 2). Other istudhave emphasized the major
importance of drought stress in highland banandesys (e.g. Taulya et al., 2005;
Murekezi and van Asten, 2008). The better yieldpoases to added fertilizer at
Ntungamo can possibly be explained by the coamiétexture and lower bulk density,
resulting in better root distribution (data not psied), improved soil moisture
availability, and consequently higher nutrient kptéTable 6). Bunch yields at Ntungamo
were reduced due to a longer crop cycle duratioennmtompared to Kawanda. This is
attributed to lower average daily effective tempane of 6.2°C d, compared with 8.2C
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d at Kawanda. Bunch mass increases with succesgiesat both sites are probably due
to nutrient accumulation in the banana mat, andimprovement in soil physical
properties and soil moisture conservation duedelfamulch layer on the soil surface.

Yield increases with successive crop cycles notadble 2) could be attributed to a
larger amount of available nutrients due to a fiemsf nutrients from the harvested plant
to the sucker, decomposition of crop residues heddrtilizers applied. Banana residues
help provide mulch, which also conserves soil nunest The yield increases due to
fertilizer application obtained in our trial at Kamnda (Table 2) are larger than those
reported for highland banana cultivar Nakyetengiawvanda: 1.75, 1.97 and 1.06 Mg
ha' yr'' FW for the treatments with 50N-15P-50K—12.5Mg kg'tyr* (half of the
blanket banana fertilizer recommendation), mulchi ha' yr™) and a combination of
mulch and fertilizer, respectively (Ssali et al003). The fact that in that study mulch
increased yield more as compared with fertilizani8ne with our observations that poor
soil moisture availability due to suboptimal raihfnd limited root systems pose a major
constraint to banana production and use of fegtilim established banana plantations (>
8 years) at Rubale, southwest Uganda, Smithsoh @0®1) reported a yield increase of
21.5 Mg ha' yr 'FW with applications of 100N—25P—100K kg hgr* above a control
of 45.8 Mg ha' yr ' FW (with application of 25 kg P Rayr™). This was partly attributed
to high rainfall amounts, application of animal raesm and the traditional mulching
practices. This result also suggests that theranismportant synergetic effect when
mineral fertilizers are combined with organic inpwiuch as manure and mulch. In our
trials, no external mulch was applied, only prusimmnd non-economic biomass from the
banana plants at harvest were used as mulch. Stbbd& content is low at Ntungamo, we
therefore expect yields to further increase witltcegsive crop cycles due to self-
mulching, leading to improved chemical and physsml properties.

3.4.2. Nutrient requirements and use by highlancéina

Potassium was the most limiting nutrient for bangmaduction. The addition of K

fertilizer increased K availability and resulted higher nutrient uptake and yields as
illustrated by treatment 400N-50P-250K — (Tablen? &). Phosphorus seemed more
limiting at Ntungamo with smaller yields for treagnt 400N-OP—600K, although the
initial soil P concentrations were higher than aawanda (Table 1). This may be
attributed to more uptake of N and K, increasing fhdemand (Table 6). The fertilizer
treatments in cycle 2 with the largest yield at Mgfamo (150N-50P—600K, 400N-50P—
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250K and 400N-50P—-600K) had the lowest foliar Ngrfd K mass fractions (Table 4),
indicating a dilution effect. Smithson et al. (2pQibtained similar results at Rubale,
southwest Uganda where highest yields (67 Mg ha Fw) were obtained from plots
with the lowest N and K foliar status. It has to rmogted that all the foliar N, P and K
values obtained in these trials were below the mag and Recommendation Integrated
System (DRIS) norms established by Wairegi and Xsten, (2009) from foliar samples
collected from the banana growing regions of Ugaamlad those established by Wortman
et al. (1994) for highland bananas in northwest Z&ara. However, the Ca values
obtained in this study were higher than reportetbess and the Mg values were
comparable. The DRIS method uses nutrient ratiosnterpretation of leaf analysis as
compared with absolute nutrient concentrations.s Ttoes not capture the dilution
phenomena of plant N (decrease in N concentratida)lmark et al. (1987) modified
DRIS to include ratios of nutrient concentrationsity matter e.g. N/dry matter. Despite
this shortcoming, the original DRIS method is comiyaised.

Better N and P conversion efficiencies at Kawandegared with Ntungamo
suggest that N and P uptake are constrained prpbagpl drought (soil moisture
availability) at Ntungamo. Low N and P conversidficeencies were observed in the
control and 400N-50P-0K treatments at Ntungamos@&heatments produced the least
yield, but K conversion efficiencies were largest the same treatments. In these
treatments, the K mass fraction in the banana jpastnall, hence reaching maximum K
dilution (Figure 2c) (cf. Smaling and Janssen, 3993is implies that the amount of
banana finger biomass produced per unit of K imfplaomass was maximum. Nutrient
synergies were clear at Ntungamo with K limitati@@®ON-50P—-0K) constraining the
uptake of N and P, and P limitation (400N-OP-600lk&ying more effect on K uptake
compared with N limitation (ON-50P-600K) — (Table B general, nutrient uptakes in
our trials were less than the values (388 kg N2 kg P hd and 1438 kg K hd)
reported by Lahav and Turner (1983) for AAA dessarana plants yielding 50 Mg Ta
FW at a density of 2400 plants haHowever, if expressed per unit Mg FW bunch yield,
uptakes in our study were larger for N, but simitarP and K to those reported in Lahav
and Turner (1983).

The average N conversion efficiency obtained fghland banana at both study
sites were not much different from values repoftedmaize (42.3 kg grain kgN) and
wheat (40.1 kg grain kN) - (Minggiang et al., 2006). However, P convensigficiency
was twice as large for banana (587 kg finger DM' R as compared with maize (255 kg
grain kg'P) and wheat (269 kg grain KdP), and K efficiency was much less (10.8 kg
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finger DM kg ' K) as compared with maize (50.6 kg grain K¢) and wheat (43.1 kg
grain kg' K). Similarly, the boundary lines (maximum dilutioand maximum
accumulation — Fig 2a) describing the envelopeafama finger yield (kg RADM) and

N uptake (102.3 kg and 31.9 kg finger DM kly) were comparable with values reported
for rice (96 kg and 42 kg grain Kg\; Witt et al., 1999, and 112 kg and 48 kg grain‘kg
N; Haefele et al., 2003). However, their K valu#$q kg and 36 kg grain kiK; Witt et
al., 1999, and 102 kg and 32 kg grain'k¢ Haefele et al., 2003) were larger than values
obtained in our study (26.5 kg and 7.1 kg DM 'kl). Smaller K boundary and
conversion efficiency values can be explained leydltiferences in crop physiology and
nutrient requirements. Bananas take up large dquemwof K during growth (cf. Turner
and Barkus, 1983; Purseglove, 1988; Zake et alpRMean K uptake in the treatment
400N-50P-600K was five times larger than uptakiaéplots without K fertilizer.

Data from the Ntungamo trial was summarized by ofs¢he QUEFTS model.
QUEFTS predicted the poor yields from the contral ¢he fertilizer treatment without K
well, further emphasizing the importance of K figétion in bananas. Agreement
between observed and predicted yields for treatsmeaeiving PK or NPK is attributed to
the good response to fertilization at this siteb{&a 2 and 3). High sensitivity of QUEFTS
to parameted, is attributed to thslope, with small changes in the valuedaksulting in
large changes in model output. The valueq afe small with changes having little effect
on model output. High sensitivity to changes inilabde soil K and extractable soil P
emphasizes the importance of these nutrients iar@production in Ntungamo (Table 2).
The over-predictions with QUEFTS of banana yielddvibarara are due to the higher
exchangeable K content, and possibly lower recovemgtions at Mbarara than at
Ntungamo. Thus, the total supply of K is good thé& response was not as large as
observed at Ntungamo. The lack of agreement betwesssured and predicted finger
yield may be explained by decreased nutrient upthleto the low rainfall at Mbarara
(1026 mm and 942.6 mm for 1997 and 1998) comparéd Mtungamo (Figure 1b). In
addition, nutrients other than NPK may have bemiitilng. The model QUEFTS assumes
that yield is a function of N, P and K supply agdares constraints of other nutrients e.g.
Mg or moisture availability, which is highly variebdepending on soil type. This paper
presents the first attempt to calibrate QUEFTShighland banana. Since cycle 1 plants
were used for calibration, the transfer of dry mmato the cycle 2 plant either during its
early stages of development or after harvest otylode 1 plant (from parts that stay alive
after harvest) and nutrient supply through mineedion of crop residues are not captured
by this model.
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3.4.3 Improving nutrient management in highlanddrzasystems

The N and P apparent fertilizer recovery fracti@madculated in this study were low,
especially at Kawanda. | suspect that this is duew soil available water and restricted
root depth (<40 cm). Prasertsak et al. (2001) tepdot5% N recovery in banana plants
(shoot, crop residues and roots) for urea applrethe soil surface, with 60% remaining
in the soil and 25% lost from the system by run-tgaching, ammonia volatilisation or
denitrification in the wet tropics of Queenslandistralia (annual rainfall 1800-4000 mm
and plant density 1300 mats Ha In our trials, urea was applied in dissolvednicand
split fertilizer applications were used to reduceldsses, but recovery values are still
lower. This implies that the applied fertilizer raims unused in the soil, temporarily or
permanently, or is lost (Dobermann and White, 1988aching losses from soils with a
low cation exchange capacity in Martinique wereorégd to be 165 kg N Rayr ™ under
higher rainfall (1400-2000 mm ¥ — (Godefroy and Dormoy, 1990).

Larger K recovery fractions at both trial sites diee to the importance of this
nutrient in banana growth. However, the apparemet¢overy fractions are less than the
75% reported by Lopez and Espinoza (2000), suggestiat other factors such as soil
moisture availability may have limited K uptake atitus the banana yield. Under
intensive management in central America (Costa RichHonduras), maximum recovery
fractions are estimated at 50% N, 30% P and 75%J4ing the QUEFTS modelling
approach and the above recovery fractions, 426 kg \t+ 55 kg P ha + 1576 kg K ha'
are required to produce 70 Mg h&W. These values are not much different from
fertilizer application rates (300-450 kg N, 50 kguRd 1200 kg K had) in high yielding
plantations e.g. in Costa Rica (Robinson, 1996yeGithe very small apparent fertilizer
recovery fractions at Kawanda, single applicatidnfestilizer without improved soil
moisture management (e.g. mulching) does not agpdae a wise option. At Ntungamo,
the fertilizer rates required are large (Figuremaking fertilizer use unprofitable given
that the average farm gate price for bananas of 0932 per kg FW (1USD = 2090
Ug.Shs.) and fertilizer prices of USD 50 per bag0fkg for most fertilizers (prices for
2008-09).

In order to make fertilizer use attractive to dhmber farmers, the recovery
fractions of the applied fertilizer have to be ea&sed to reduce the amount of fertilizer
required (Figure 4). In addition, the placemenhigih quantities of urea 40-50 cm from
the pseudostem as done in our trials seems togradems especially in soils with poor
available soil water as noted at Kawanda. Practltasincrease soil moisture availability
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in the highland region with moderate rainfall (<D2@m yr™) like mulching, which allow
better fertilizer recovery have to be encouragdd 4eke et al., 2000; Mcintyre et al.,
2000; Ssali et al., 2003. The addition of mineeatifizer (100N-25P-100K; kg Rayr™)

to a relatively good soil (i.e. 0.7 craddg * exchangeable K, 32 mg Kegextractable P and
12.6 g kg" soil organic carbon) raised bunch yields from 4®87 Mg ha' yr* at
Rubale, southwest Uganda (Smithson et al., 200tjigation can improve fertilizer
recovery, but it is uncommon in smallholder bandmssed farming systems. In
commercial banana plantations in other parts ofwoed, supplementary irrigation is
done, resulting in shorter leaf emission intervédsger pseudostem girth, and higher
yields (Eckstein et al., 1998). A study by Banan(#@01) showed that with supplemental
irrigation to maintain soil moisture content arouredd capacity, highland banana yields
of 59 Mg ha' FW could be obtained. However, the author doeswasition the amount
of fertilizer applied to obtain this yield. The fitability in year 2 was estimated at
Ug.Shs. 2.064 million (USD 988), assuming a farnegaice of Ug.Shs. 100 per kg. This
shows that by combining fertilization and incregssoil moisture availability, apparent
recovery fractions can be increased resultingngelabanana yields on smallholder farms
in Uganda.

3.5. Conclusions

Highland banana yields and plant performance coatdrto improve with successive crop
cycles when fertilizers were applied. Per unit agtter yield, highland bananas take up a
similar amount of N, half the amount of P, and fitimes the amount of K, when
compared with cereals. Perhaps not surprising,d¢eat to be the most limiting nutrient
for banana growth at the trial sites. Foliar nuirieontents across sites and fertilizer
treatments were below existing DRIS norms and @ndbliar K mass fractions at
flowering were linked to larger bunch and biomasddg. Fertilizer recovery fractions
measured in this study were below values publigbedAA dessert bananas in central
America, particularly for N and P, due to differesan crop management. The QUEFTS
model for highland bananas used in this study mtdeecompute fertilizer response at a
third site reasonably well, but poor fertilizer ogery rates strongly reduce the
attractiveness of fertilizer application for smallther farmers. This is unfortunate, since
the combination of further increasing populatioegzure and negative nutrient balances
further increase pressure on yields and food dgcuvlore research will be needed to
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better understand the effect of soil physical proge and drought stress on yields and
fertilizer recovery rates in highland bananas. & turrent fertilizer input and farm gate
banana prices, fertilizers can probably only beomamended to farmers when coupled
with practices that increase soil moisture avadlilghisuch as mulching and irrigation.
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Chapter 4

Abstract

A dynamic radiation and temperature-driven phygjaal growth model for potential production
of East Africa highland banana, LINTUL BANANA 1, waleveloped. The model considers a
synchronized banana plantation with a mat congjstintwo to three plant generations; Plant 1
(mother plant), Plant 2 (sucker 1) and Plant 3Keu@), growing over a duration of more than
one year. The plants shade each other, with lovegrtp (2 and 3) receiving less radiation. Data
for model parameterization were collected fromldreg Kawanda, central Uganda and Ntungamo,
southwest Uganda. Dry matter increase was calculaésed on intercepted photosynthetically
active radiation (PAR), a constant light use e#fimy (LUE) and dry matter transfers between
plants. Partitioning factors for the shoot, shoattp and roots are defined as a function of the
phenological development stage of the crop. Lea& andex increase (GLAI) was simulated as a
function of temperature in the juvenile stage amaugh leaf dry mass and specific leaf area
(SLA) in the maturation stage. Computed potentiaddih production was higher at Ntungamo 20
Mg ha®DW (111 Mg ha' FW), compared with Kawanda 18.25 Mg haw (100 Mg ha' Fw),

due to a longer growth period and leaf duratiorsulttng into more radiation interception.
Computed values compared well with measurements franana fields under optimal growing
conditionsat comparable leaf area index values (20.3 Md BV or 113 Mg ha' FW). Leaf dry
matter and leaf area index at flowering were largeNtungamo (4.4 Mg RADW and 5.3),
compared with Kawanda (3.8 Mg hi®W and 4.5). Sensitivity analysis was done to assies
effects of changes in parameters (light use efimye(LUE), light extinction coefficientk],
specific leaf area (SLA) and relative death ratédeaves (q)) and initial dry matter values
(DM1l and DM2I) on model output. At Ntungamo, thensitivity of bunch DM, leaf DM and
leaf area index at flowering to changes in LUEIdfers to the mother plant) were 1.36, 0.67 and
0.67; forkl 0.42, -0.16 and -0.16; for SLA1 0.37, -0.14 ar@Bpand foryl -0.89, -0.29 and -
0.30, respectively. A sensitivity of e.g. 1.36 me#rmat a 1% increase of LUE results in a 1.36%
increase in bunch DM. At Kawanda, the sensitigitypunch DM, leaf DM and LAl at flowering

to changes in LUE1 were 1.30, 0.60 and 0.60k100.35, -0.24 and -0.25; for SLA1 0.30, -0.22
and 0.61; and fargl -0.61, -0.10 and -0.11, respectively. The chamgestial total dry matter of
the plants had small effect at both sites. Ité&ackhat management options that increase LUE and
reducery (e.g. by fertilization) are important for increagiyield.

Key words: calibration, radiation use efficiency, sensigvénalysis, crop growth
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4.1. Introduction

East Africa highland bananablgsaspp, AAA-EAHB) are an important staple starch
food and cash crop for about 100 million peopl¢h@ Great Lakes region (i.e. Uganda,
Tanzania, Rwanda, Burundi, parts of eastern DertiodR@public of Congo, and Bukoba
and Kilimanjaro areas of Tanzania). Yields of hagid banana in Uganda are low, due to
poor soil fertility, moisture stress, pests, dissaand poor crop husbandry practices
(NARO, 2000; Gold et al., 1999). The importancewsdter as an abiotic constraint
limiting yields in highland banana production systehas increased over time, due to
variability in annual rainfall amounts and redu@tess to mulch materials (Zake et al.,
2000; Mcintyre et al., 2003; Taulya et al., 20083.a first step to improving production,
a complete understanding of the highland bananarmsyis important. This will allow the
guantification of the potential production. Potahtcrop production is obtained under
optimal soil moisture conditions with adequate dymd nutrients and in the absence of
pests, diseases or weeds, being determined by sathation, temperature, crop
phenology, physiology and canopy architecture (BEvamd Fischer, 1999).

An established banana plantation consists at amngiime of plants at different
stages of growth that each develop at their owa v individual banana mat consists of
a mother plant with lateral shoots (suckers) grgwmom buds on the corm (true stem),
which produce the next inflorescences. Under goadagement, two or three generations
of plants; Plant 1 (mother plant), Plant 2 (suckeand Plant 3 (sucker 2) form a mat. The
appearance of the inflorescence marks the endabfpl®duction and the start of bunch
finger filling. At bunch maturity, when the fingease fully filled, the shoot of the mother
plant is removed. Depending on management, theproatction cycle can be continued
over 30 years (Speijer et al., 1999), compared watmmercial plantations in other parts
of the world where only 2-3 crop cycles are hamesind fields re-planted.

The application of existing banana models to thesepnial highland banana
system is difficult. The standard crop growth siatat model (STICS) which simulates
crop growth as well as soil water and nitrogen hhega driven by daily climate data, was
adapted and used to simulate banana growth in riveck West Indies (Brisson et al.,
1998). However, STICS cannot be used to estimatenpal production and does not
capture banana plantation dynamics (three genagtad plants). The SIMBA-POP
model based on the cohort population concept wed tes predict phenological patterns
of the population and harvest dynamics for banaravar ‘Grand Nain’ Musa spp,
Cavendish sub-group) in the West Indies (Tixiealet2004). The SIMBA-POP model is
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based on development with no physiological det&tsoman and Jones (1995) modified
a relatively simple general crop growth model depetl by Spitters and Schapendonk
(1990) and used it to simulate banana growth feingle crop cycle, with dry matter
partitioning to one sucker in Honduras. The CENTUR¥Ydel (plant-soil-environment)
developed by Parton et al. (1987) to simulate piaoivth and organic matter dynamics in
temperate regions was adapted to simulate EastaAmighland banana growth and
carbon dynamics, but did not give very good reqiiieomer et al., 1998).

Therefore, the LINTUL BANANA 1 model was developednsidering (i) the
physiology of the highland banana crop; (ii) thearpl dynamics (i.e. three plant
generations, Plant 1, 2 and 3 at different stagegawth) with the leaves of the three
plants forming three canopy levels. It is basedhenlight use efficiency (LUE) approach
introduced by Spitters and Schapendonk (1990) i@ EWNTUL model — Light
INTerception and UtiLisation Simulator. Crop growmthodels based on the radiation
interception and light use efficien€yUE) approach have been used on annual crops,
such as ryegragtolium perennel.) (LINGRA; Schapendonk et al., 1998), wheat and
corn Zea maysL.) (STICS; Brisson et al.,, 1998) and trees ore$ts e.g. eucalyptus
(Eucalyptus globulys(G’'DAY; Corbeels et al., 2005).

The goal of this study was to increase our undedst@ of how potential
production is attained in East Africa highland bzama This was to enable the
qguantification of potential production and the gielaps between potential and actual
production. The objectives of this study were tpdévelop a model to estimate highland
banana potential production; (ii) explain variaBom potential production at two
contrasting sites in Uganda; and (iif) make phepetgnd management recommendations
based on the sensitivity analysis.

4.2. LINTUL BANANA 1 model description

LINTUL BANANA 1 is a growth simulation model for ghpotential production of East
Africa highland bananas. The model assumes a méstablished) banana plantation,
synchronised with two or three plant generatiotesntPl (mother plant), Plant 2 (sucker 1)
and Plant 3 (sucker 2) constituting a mat, growomgr a duration of more than one year.
The canopy is divided into three leaf levels, wilkver plants (2 and 3) receiving less
radiation as a result of shading by plant 1. Bissna®duction is modelled as the product
of light interception and a constant light use aifincy for the site (kg MJ PAR), with
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biomass partitioning coefficients that are definesl a function of the phenological
development stage of the banana plant (c.f. Spiteerd Schapendonk, 1990). The
processes in LINTUL BANANA 1 are (i) phenologicalewklopment; (ii) light
interception and use; (iii) leaf area development death; (iv) dry matter production and
transfer between plant 1 and 2, and between plamd23; (v) shoot-root and shoot dry
matter partitioning. Partitioning of dry matterttee shoot and root and within the shoot
are separated in order to be able to incorpordéetsfof water limitation on root-shoot
partitioning later.

. INITIALISATION

SUCKER
EMERGENCE

SUCKFER (PLANT 3)

OF BRoaD [EAVES
FoR elanT o

STRRT of GQQOowTH j

Figure 1. Scheme of the highland banana systemisbatve phenological stages
plants. Plant 1, Plant 2 and Plant 3 constituteah Wt bunchmaturity, Plant 1 is c
away (indicated by a small line at the base oftplaat harvest) leaving Plant 2 and 3.

The model is implemented in the Fortran Simulafioanslator, FST (Rappoldt
and van Kraalingen, 1996 and 2008). Plant developstages such as sucker emergence,
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start of growth of functional leaves of plant 3deasf partitioning of dry matter to plant 3,

flowering, and harvest are implemented through esvénggered by the phenological
development stage. At physiological maturity, hatvef bunches (plant 1) takes place,
plant 2 becomes the new plant 1 and plant 3 becdheesiew plant 2, with the new

sucker (plant 3) emerging later in the growth psscd-igure 1 shows the growth cycle
considered. LINTUL BANANA 1 requires daily weathdata (maximum and minimum

temperature 2C) and total radiation — MJ Rad ™.

4.2.1. Model assumptions

Conditions are assumed to be optimal with respedotl moisture and nutrient supply
with no pests, diseases and weed competition. Blamerges with no functional leaves
(cf. Stover and Simmonds, 1987), and is assumednapletely depend on plant 2 for a
certain period (here: 0—360 °C d). During the falilog period, here 360-960 °C d, it is
dependent on its own photosynthesis (following $tert of the growth of functional
leaves at 360 °C d) and a reducing amount of nevdguced DM is supplied by plant 2.

Plant 3 is initiated as part of the corm of plantn&h differentiation taking place
over time (Figure 1). Root growth for plant 3 is@asied to start after emergence, with the
fraction of dry matter allocated to roots incregsbetweeh0-360 °C d, and decreasing
after the start of the growth of functional leawezero at 2663 °C d (flowering). No new
banana roots emerge after shooting (flowering) urrf&r, 1970, Robinson, 1996), hence
there is no dry matter partitioning to the rooteeaflowering. Since plant 3 forms the
third canopy layer, it is heavily shaded by planarid 2. Its increase in dry matter is
dependent on partitioning from plant 2 (plant 2jalhis also shaded by plant 1) and its
own photosynthesis. Due to these effects, the ¢growtdry matter of plant 3 is small.
Therefore, the relative death rates of leaves antsrfor plant 3 are assumed to be zero.
Banana roots of the mother plant after harveskaosvn to support the new mother plant
(Walmsley and Twyford, 1968). Since it is not easyquantify this, this effect is not
added into the model. From the experimentatiorretiseuncertainty in the relative death
rate of leavesrf or RDR) values due to drought, values are compditedtly for the sites.
It has been noted in commercial banana plantatiwatshigh LAI (> 4) of mother plants
may retard growth and lengthen the cycle duratibthe next crop harvest (Robinson,
1996). This effect is not added into LINTUL BANANA

! In the further text specific values of physiolagiage are mentioned, but these parameters cadapted to other
banana cultivars.
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4.2.2. Crop phenology

Crop development was based on temperature. Thdiahsabetween the development
stages are a function of the temperature sum (TSOdMputed as follows:

T = Zn:(average temperatureday base temperakt )1

i=1

where average temperature is calculated as (maximommimum temperature)/2 and the
base temperature for banana growth is 14 °C (Rohin$996). In the model, plant
development rate is proportional to integrated terajpure (average temperature—base
temperature) over time. Bananas are generally daya in their response to day length,
but photoperiods of less than 12 h are associatéd avslight reduction in the rate of
bunch initiation (Turner et al., 2008). This modiegles not incorporate photoperiodism
and was developed for sites close to the equator.

4.2.3. Light interception and use efficiency

In LINTUL BANANA 1, the banana canopy was separated three canopy levels (plant
1, 2 and 3). The amount of photosynthetically @ctiadiation intercepted (MJ Had™)
was calculated for the three levels following Beambert law: the incoming light
passing a leaf level was reduced b €, where i is 1, 2 and 3 for the different leaf
levels, respectively, and outgoing light was thins input for the next leaf level. The
amount of light intercepted was calculated by tifeeience between in- and outgoing
light. The upper leaf level receives the daily ttatadiation DTR MJ ha' d™), half of
which is the fraction of PAR (Doorenbos and Pruit§84), ki and Li are the light
extinction coefficient (ha soil haleaf) and leaf area index (ha leaf hsoil) of plant level i.

4.2.4. Leaf area development

Leaf area index development in highland bananas awasled into two stages: the
juvenile stage and the maturation stage. The jleestage was again divided into two
parts; the first, with plant 3 having no function@hves (Growth of leaf area index = 0),
and the second part, starting with formation ofctional or broad leaves. During the
second part, leaf area increases exponentially akination of the temperature
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(360>TSUM3<960). The assumption is that leaf sind the rate of leaf emission are
constrained by temperature through its effect dihdoasion and extension (Spitters et al.,
1989). The growth rate of the leaf area index dytins phase was calculated as:

(%j =r,xL (2)

where d./dt is the growth rate of LAl (ha leaf Hasoil d*), Iy is the relative growth rate,
which is a product of the relative growth rate e#fl area during the juvenile phase
(RGRL, expressed as&Gd)™) and the daily effective temperature — DTEFF, hrid the
leaf area index (ha leaf Hasoil). In the maturation stage, banana growth asmimed
source-limited and the growth of leaf area indexs walculated as the product of the
growth rate of leaf dry matter and the specifid l@a (SLA) (van Keulen and Seligman,
1987) as follows:

[%J - (MJ x F,x SLA (3)
dt dt

where d./dt is the growth of leaf area index (ha leaffswil d%), F, is the fraction of
total dry matter partitioned to leaves, aBtAis the specific leaf area (ha leaf kpaf
DM). The net change in LAl (ha leaf Haoil d*) during growth was calculated as the
difference between growth and death rates of LAk @eath rate of LAl (ha leaf Haoil
d™) was calculated using the relative death natéd ™) due to aging.

—=Lxr 4
o 4 (4)

Death of leaves due to shading occurs at LAl > do@ymous, 1997), but in the trials,
LAl was lower, therefore death of leaves was otigitauted to leaf aging. The net growth
of the weight of green leaves was calculated aglifierence between growth and death
rate of leaves. The death rate of leaves was edémibs follows:
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L =WIv x r (5)

where dVIv/dt is the death rate of leaves ®Y! ha™ d %), Wiy, is the weight of green
leaves for plant 1 and 2% 1-2) in kgDM ha* andry is the relative death rate of leaves
(d™). The weights of green and dead leavesOMyha ™) were obtained by integrating
their rates over time.

4.2.5. Dry matter production and transfer

Light use efficiency models are based on the olagenv by Monteith (1977) that the
relationship between dry matter produced and iefaed photosynthetically active
radiation (PAR), for several agricultural cropsiwirop growth not limited by water or
nutrient supply, was linear. The slope of this tiefsship is the light use efficiency — LUE
(kg DM MJ* PAR). The physiological basis of the light use nmisdmking a linear
relationship between biomass produced and inteedegthotosynthetically active
radiation (PAR), when the relationship between |gadtosynthesis and intercepted PAR
is non-linear, has been challenged (Medlyn, 1998 reason for the linearity is that
canopy structure allows incident PAR to be distigldusuch that most leaves are exposed
to non-saturating radiation levels, hence a linresponse of canopy photosynthesis to
intercepted PAR (Sinclair and Muchow, 1999). Banke@ves have been reported not to
be fully saturated even at 20Q0nol quanta nf s (Robinson, 1996). In addition,
integrating over time, for example a month or yeaduces the variability in canopy light
use efficiency and increases the linearity of telatronship between the amount of
biomass produced and total intercepted PAR (Spjtt&B90; Dalla-Tea and Jokela,
1991).The rates of plant dry matter increase ardethed as the product of the intercepted
PAR and a constant LUE as follows:

i X LUE, (6)

where dVH/dt is the growth rate of the plant=1-3, from intercepted radiation (kg DM
hat d'l), lint,; IS the amount of PAR intercepted by the individualnplaandLUE; is the
light use efficiency coefficient (kg DM M3PAR).
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During banana growth, plant 1 provides dry mattgulaint 2 (here: TSUM1 2262—
2423°C d), and plant 2 supports plant 3 (here: TSUM360-Z d). At flower initiation,
plant 1 needs the assimilates to fill the buncér|ego it is assumed that support to plant 2
stops at this stage.
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Figure 1. Relational diagram of LINTUL BANANA 1 fgrotential banana production (modified from
Anonymous, 2007). DTR - daily total radiation, PABTL — photosynthetically active radiation not
intercepted by plant 1, PAROUT2 — photosynthetycalttive radiation not intercepted by plant 2,
PARINTL1,2,3 — photosynthetically active radiatiotercepted, k — light extinction coefficient, LUE —
light use efficiency, dDM1/dt, dDM2/dt, dDM3/dt ates of biomass production, SLA — specific leaf
area, Thase — base temperature for growth, DAvtmigily average temperature, Wbunch 1 — weight
of bunch, (dWbunch/dt) 1 — growth rate of bunch fbant 1, LAl — leaf area index, Tsum —
temperature sum, dGLAI/dt — rate of increase i &aa index, dDLAI/dt — rate of reduction in leaf
area index due to death, (dWleaf/dt) — growth rateleaves, (dWpsstm/dt) — growth rate of
pseudostem, (dWrt/dt) — growth rate of roots, (dwkddt) — growth rate of corm, (dWleafD/dt) —
death rate of leaves, (dWrtD/dt) — death rate otsoWleaf — weight of green leaves, WleafD —
weight of dead leaves, Wpsstm — weight of stem, Weight of roots, WrtD — weight of dead roots,
Wcorm — weight of corm, and dTsum/dt — rate of &ase in temperature sum for plants 1, 2 and 3.
At harvest, plant 1 is cut away. Solid lines argeartal flows and dotted lines are information flows
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The fraction of dry matter partitioned to PlantFs was assumed to linearly decrease
from 0.05 FSmay at TSUM2 1662°C d, to 0 at TSUM1 = 2423C d (flower initiation
stage). As a result of support to plant 2, the gnovate of dry matter of plant 1 was
calculated as follows:

dw1l _ dWwH1
dt

x (1.0-FS) (7)

where V14t is the growth rate of plant 1 (kg DM Had™), dWH1/dt is the growth rate
of plant 1 from intercepted radiation (kg DM ha ™), FSis the fraction of dry matter
partitioned to plant 2 by plant 1 during the perisden it receives dry matter (TSUM1
(2262-2423°C d), and (1F9) is thus the part of the dry matter supportingnPlh The
growth rate of dry matter of plant 2 {2Mdt) was calculated based on two
stages/processes; (i) where plant 2 fully suppgaeasst 3 (TSUM3 0—-360C d), with plant

3 having no functional leaves, and (ii) where ardasing amount of dry matter is
partitioned to plant 3 (TSUM3 360-98D d). In addition, plant 2 receives dry matter
from plant 1 during the period (TSUM2 960-11Z1 d). This approach is supported by a
study by Eckstein et al., (1995a). The growth cftery matter of plant 3 {W3(t) was
calculated based on two stages/processes; (i) vihersucker has no functional leaves,
with the growth rate calculated as the produchefdrowth rate of plant 2 \(d2/4t) times

FS (ii) where exponential growth &f takes place, with growth rate calculated as tme su
of product of the growth rate of plant 2§@/dt) timesFS plus the growth rate of plant 3
due to radiation interception\(dH3/dt). During highland banana growth, leaves and roots
do die. The net growth rates of dry matter of thee¢ plants were calculated as the
difference between their growth rates and the destés of leaves and roots. Total dry
matter produced by plants 1, 2 and 3 (DM1, DM2 B3, kg DM ha') were obtained
by integrating the net growth rates of plant drytteraover time.

4.2.6. Root-shoot and shoot dry matter partitioning

Dry matter produced during growth was partitionetieen the shoot and roots. Plant 3
is initiated as part of the corm of plant 2, grdfudifferentiating into the corm of plant 3
and the pseudostem of plant 3 (Figure 1). Rootvtirois assumed to start after
emergence, with root:shoot ratio of plant 3 inciegsluring the period 0-36T d due to
increasing partitioning to roots (linear functiort B), calculated around the average.°rt
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(Figure 3). The root:shoot ratio to be reached3tWM3 360°C d was set at a maximum
of 0.2 (estimated from Blomme et al., 2008). Thaatpics of the parallel shift up and
down of the slope of the functienas a function of water stress is effected viaraept B,
through Prd,.

....................

Prt,,=360
B—l’

Figure 3. Root:shoot ratio during the simulatiom. &erage the root:shoot ratio is Rtut this value
may increase from a lower one to the top at%s@ (Prt 1). Thereafter the root:shoot ratio desesa
down to zero at the Tsum of flowering (Prt 2). Slop= A;;,.q and B the intercept are explained in the
text. The value of the horizontal lines, indicabgdl and 2, signify the average partitioning tisat i
desired during the simulation. The model is preppdoecope with a changing partitioning due to water
stress through the possibility of a parallel sbffthe line with slopex.This shift is dynamic, as
indicated by the vertical small two-sided arrow.

Prt 2

|
. 2663

360 Tsum(°Cd)

FromTSUM=360°C d, a reducing fraction of dry matter is partigonto the roots
given by function Prt 2 (Figure 3). Partitioning toots is zero after flowering. The
growth rates of roots and shoot (kg DM hdi®) were calculated as the product of the
fraction of dry matter partitioned to the part ahd total growth rate of dry matter. The
net rates of change in root and shoot dry mattgriM ha'd™) were calculated as the
difference in growth and death rates of root amabskiry matter. The death rate of roots
was calculated as follows:

( dwWrtd

o ]:me% 8)
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where dVrtd/dt is the absolute death rate of roots of plast1-3 (kg DM ha'd™), Wrt

is the weight of roots of plarit= 1-3 (kg DM ha') andry, is the relative death rate i
Shoot dry matter was partitioned amongst the egyvseudostem, corm and bunch

(for plant 1) as a function of temperature sum. gh@wth rates of the shoot parts were

calculated as:

)20

where (dW,/dt) is the growth rate of orgax (leaves, pseudostem, corm and bunch) (kg
DM ha'd™) andF, is the fraction of dry matter allocated to orgamhich is a function

of the temperature sum (Figure 4). The weights hafs¢ organs during growth are
obtained by integrating their growth rates overgh@vth period.

—e— Corm —o— Pseudostem —— Leaves —<— Bunch

1

0.8

0.6

04

Fraction of dry matter

0.2

0 x &
0 1000 2000 3000 4000
Temperature sum (OCd)

Figure 4.The partitioning of dry matter produced among abgreind sinks, the cori
pseudostem, leaves and bunch as a function of #gtetime (°C d) based on da
temperature.

95



Chapter 4

Partitioning factors (allocation coefficients) weterived using a method described
by Kropff et al., (1994a). The fraction of dry nettpartitioned to the plant organ was
calculated as:

= :(VV1+1_W)

* (Growth) (10)

whereW,,, is the weight of the organ after time interval t¥i,is the weight of the organ
at time t, andGrowth is the increase in dry matter (kg DM Haduring the interval
(t+1-t). The temperature sum (TSUM) correspondmmg stage was taken as the average
of the TSUMs of the successive samplings where wiegghts of the organs were
determined. The factors were based on destructigaljnpled plants at Kawanda.
Pseudostem dry weight is maximum at flowering aad production ceases at flowering,
hence all the dry matter is partitioned to the Wburdter flowering. Results of the
calculations are given in Figure 4.

4.3. Model parameterization

Data used for model calibration were collected framo trials located at Kawanda in
central Uganda (00°25’N, 32°31'E, 1156 m.a.s.l) ahdNtungamo in southwest Uganda
(00°54.53'S, 30°14.86’'E, 1405 m.a.s.l). Average imum and maximum temperatures
during the experimental period at Kawanda were and27.4 °C and at Ntungamo 13.0
and 27.2 °C, respectively. The experiments are fddlscribed in Chapter 2 and 3. The
initial values and parameters used in LINTUL BANANAare given in Table 1 and 2.

4.3.1. Crop phenology and growth data

The phenological stages in the model are suckerganee, start of growth of functional
leaves, end of exponential increase of LAI, flowetiation, flowering and harvest. Dates
of sucker emergence, flowering and harvest wererded. The start of growth of
functional leaves and the end of the exponentiakplwere estimated by measuring area
of individual leaves for selected plants. The dorafrom the start of flower movement
from the corm tip (referred to here as flower atibn) to emergence was estimated.
“Pregnant” banana plants were destructively samptedocate the position of the
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inflorescence along the pseudostem. These plamts @eenpared with plants with similar

emergence dates that reached the flowering stdgmal kitiation in banana is controlled

by internal plant mechanisms, implying that flomgrican take place at any time during
the year. Plant height, girth at base and the nurmb&unctional (> 50% of leaf surface

area green) and dead leaves were recorded at montervals. Temperature sums
(TSUM) between the different development stage®walculated using equation 1.

4.3.2. Light use efficiency (LUE)

The potential light use efficiency (LUE) for highid banana at a site was obtained as the
slope of the regression line of dry matter accutmada(kg) and total intercepted PAR
(MJ) calculated over an interval of 2 months during rainy season. The best treatment
(400N-50P-600K) was used to determine LUE. Dailyes of photosynthetically active
radiation intercepted (fraction of PAR interceptedes daily total incident PAR) were
summed over the interval gave the total cumule@& intercepted.

The light extinction coefficients for highland banana was obtained as the slope of
the relationship between —1n (PABow canopy/ PAR above canopy @ndL measurements in
highland banana plots with different fertilizer amt¢s at Kawanda and Ntungamo
(Chapter 2). Leaf area was estimated using micgl€drea (MLA) times the number of
functional leaves (Nyombi et al., 2009). Leaf aredex (LAI) was calculated as the ratio
leaf area to ground area covered by the leavesn&e accumulation during the interval
was estimated using an allometric relationshiptdtal dry matter, including roots [Total
DM (kg) = 0.0001 (girtt*® R? = 0.98)]. This allometric relationship was als@digo
calculate initial values of dry matter for planadd 2 used in the model. The total weight
of dead leaves was calculated using equation 11hendumber of dead leaves during the
interval was taken from the monthly growth monmgridata. Total DM produced during
the interval was the sum of DM calculated usingdhemetric relationship plus the total
weight of dead leaves.

4.3.3. Relative death rate of leaveg (r
Dead leaves were collected from plants at diffestagjes of growth in the experiment at

Kawanda to determine the relative death rate afdgaHeight (cm) and girth at base (cm)
were measured at the moment of dead leaf colledtieaves were oven dried at 70 °C for
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48 h and dry weights (DW) were recorded. A relalop was found between individual
leaf dry weight (LDW, kg) and plant height:

LDW = 7x10° (height >** (R*= 0.66) (11)

The total weight of dead leaves during the monthiynitoring intervals was calculated as
estimated leaf dry weight using equation 11, titesnumber of dead leaves during that
interval. The total weight of dead leaves at aestdgring growth was calculated as the
sum of all dead leaves. For a given interval, thenge in total weight of dead leaves was
calculated as the difference between the weigliteald leaves at the end of the interval
and the weight of dead leaves at the start of mberval. The difference between the
weight of green leaves at the start of the inteaval the weight of dead leaves during the
interval gives the weight of green leaves left. kagg exponential decay, relative death
rate of leaves +, (d%) for a development interval was calculated. FanplL, the interval
2262-2663 °C d was used because records of deassléam flowering to harvest were
not so good. For plant 2, three intervals were @&1394 °C d, 1394-1826 °C d and
1826-2262 °C d and an average value obtained.

4.3.4. Relative death rate of rootg)r

Root death during the vegetative phase was baseskperimentation by Moreau and
Bourdelles (1963) using banana cultivar ‘Gros mlicfidusaspp. AAA). The maximum
lifespan of banana roots during the vegetative @hasabout 4 months. Assuming
exponential decay (with 7.3% of the original rooy dnatter left after 120 days), the
calculated relative death rate was 0.0218 The roots present at flowering remain alive
during the reproductive phase to fill the bunchthwd2% of the roots still functional at
harvest (Blomme, 2000). Assuming exponential degdly 92% of the original root dry
matter left at harvest, the relative death rateeslvere calculated for the sites.

4.3.5. Relative growth rate of leaf area index (RBR
The relative growth rate of the leaf area indexirdythe juvenile stage was determined

using tissue-culture plants grown during a raingiqee(3 months), with ample supply of
N, P and K. Length and maximum width of all fuocial leaves were recorded at
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monthly intervals. Individual leaf area was estiethas length times maximum width
times 0.68 (Chapter 2). RGREQd) *was calculated as follows:

In(LAI), - In(LAI ),
At

RGRL=

(12)

whereLAl; andLAl, are the leaf area index (ha Ieaflrm)il) at the start and end of the
interval, At is the change in temperature sWi@ ¢).

4.3.6. Specific leaf area (SLA)

Fully expanded leaves (1, 3, 5 and 7) were seletted plants at different stages of
development from treatment (400N-50P—-600K). Leavere divided into 3 equal parts
(lower or base, middle and upper or tip). For epelt of the leaf, the mid-rib was
removed (c.f. Garnier et al., 2001). A sample whaioed from the middle of each leaf
part, and its length and width measured. Leaf $&snpere oven dried for 48 h at 70
(c.f. Poorter and Garnier, 1999) and dry mattegivisi were recorded. Specific leaf area
was calculated as leaf area’(mivided by leaf dry mass (kg).

4.3.7. Sensitivity analysis

The sensitivity of modelled bunch DM, leaf DM arei area index L{ at flowering to
changes in model parameters (SKALUE, rq and RGRL for plant 1, 2 and 3) and initial
dry matter values (DM1I AND DM2I) used in the moaes tested. Parameters related to
growth and death of leaves, canopy structure @tteink) and the use of intercepted
PAR to produce dry matteLJE) were selected because the model is based oigtite |
interception and use. The initial dry matter valaes used to initialize leaf area index.
Static sensitivity at the end of the simulation vestimated by the central difference
method as follows:

(13)

Oo. -0_ )/
SensitivityZL( =max ~ O=min) Q:defaun]

(I max _I min)/I default
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where Oi-max and O=min are the outputs given by the increase and decilaathe input,
Oi=gefautt IS the output given by the default indudaur, |maxandlminare the maximum and
minimum values resulting from the change in inplizo levels of change in model input:
+2.5% and +5% were used. Sensitivity as a functbtime (dynamic sensitivity) was
assessed using equation 13. Dynamic sensitivity agasssed because some parameters
may not be sensitive at the end of the simulathoh,may actually be sensitive during the
simulation.

4.4. Results
4.4.1. Model parameterisation results

Sucker emergence at Ntungamo occurs at TSUM2 = AG@R The duration from sucker
emergence to the start of growth of broad leaves 8&0°C d, with this exponential
phase ending at 96 d (Table 2). Flowering occurs at 2683 d and flower initiation
was estimated to occur at 24268 d at Ntungamo. Harvest occurs 93Z d after
flowering. The cumulative temperature sums fromksu@mergence to flowering (3383
°C d) and flowering to harvest (1102€ d) were larger at Kawanda, compared with
Ntungamo, due to extreme moisture stress duringdtiyeseason. Growth rates were
reduced to zero during the dry spells, therefoeetéimperature sums for Ntungamo were
used for this site.

The light use efficiency calculated during the regason based on total dry matter
was slightly higher at Kawanda (3.5010°° kg MJ*PAR), compared with Ntungamo
(3.33 x 10° kg MJ* PAR). The relative death rates of leaves were lodweing the
period 960-2262C d for both sites, but higher from 2262-26@®3d, probably due to
the large leaf size and lower leaf numbers duriggeriod prior to flowering (Table 2).
Average specific leaf area (SLA) was 12 kg™

Light competition in the model is reflected in Figa 5 a and b. The net rate of
change in total dry matter of plant 2 (NDM2) isosigly dependent on the amount of
radiation reaching it. Higher leaf area index o&mil 1 resulted in less intercepted
radiation by plant 2.
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Table 1. Initial values of state variables used INTUL BANANA 1 model for the two trial
sites, Kawanda central Uganda and Ntungamsouthwest Uganda.

Abbreviation Explanation Value Unit
TSUM1I Initial temperature sum 0f2262 °Cd
plant 1
TSUM2I Initial temperature sum 0f960 °Cd
plant 2
TSUM3I Initial temperature sum of0 °Cd
plant 3
DM1l Initial dry matter of plant 1 5080 490Z kg DM ha
DM2] Initial dry matter of plant 2 1034 1757 kg DM ha*
DM3I Initial dry matter of plant3 b, @ kg DM ha*
LAl Initial leaf area index of Function of initial shoot ha leaf ha'
plant 1 and 2 DM, fraction of green soll
leaves, specific leaf area
and partitioning to leaves
] Initial leaf area index of 0! , @ ha leaf ha
plant 3 soll
Wrtil, Wshil Initial dry matter of roots Function of the initial total kg DM ha*
and shoot of plant 1 and 2 DM and the DM fraction
to roots and shoot
Wcormil, Initial dry matter of the Function of the initial kg DM ha’

Whpsstnil, Wieatl

Wrt3l, Wsha3l,
Wcorma3Il,Wpsstm
31, Wleaf3l
Whbunchll
WileafDil

Pcorml, Ppsstni,
Pleafl, Pbunclil

DummyPbunch
Pcorm3l,

Ppsstma3l, Pleaf3I

FrtREDII

corm, pseudostem andhoot DM and fraction of
leaves of plant 1 and 2 DM partitioned to the
organ
Initial dry matter of roots, 0.0 (Sucker emerges latekg DM ha*
shoot, corm, pseudostenm the growth process at
and leaves of plant 3. TSUM2=1302°C d)
Initial dry matter of the0.0 kg DM ha'
bunch of plant 1
Initial dry weight of the Function of total DM of kg DM ha*
dead leaves of plant 1 and Raves, shoot DM and the
fraction of dead leaves
Initial proportion of dry Function of shoot DM and-
matter in corm, pseudostenDM partitioned to the
leaves and bunch for planbrgan
1and?2
Initial proportion of dry 0.0 (Only plant 1 produces
matter in bunch for plant 2a bunch thus ‘dummy’)
and 3
Initial proportion of dry 0.0 -
matter in corm, pseudostem
and leaves for plant 3
Initial fraction of reducing Calculated in Prt2 -
dry matter to the roots offunction subroutine based
plant 1 and 2 on the temperature sum
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Table 2. Parameters used in LINTUL BANAN/modelfor the two trial sites, Kawan?, central
Uganda and Ntungarhcsouthwest Uganda

Parameters Explanation Value Unit

SLA Specific leaf area 0.0012 ha leaf
kg 'DM

LUE Light use efficiency 0.00350.0033 kg MJ'PAR

k Light extinction coefficient 0.7 ha soil
leaf

TBASE Base temperature 14 °C

TSUMSUC Temperature sum of plant 2 fat302 °Cd

the start of growth of plant 3
STGRLV Temperature sum for the start 60 °Cd

growth of photosynthetically
active leaves of plant 3

TSUMS3stop_exp Temperature sum above whiéb0 °Cd
exponential growth of leaf area
stops

Lstop_exp Leaf area index above whidh.88 ha leaf ha
exponential leaf area growth soil
stops

TSUMendfulldepe  Temperature sum at the end X§62 °Cd

full dependence of plant 3 on
plant 2, plant 3 starts to
photosynthesize
TSUMshfhv Temperature sum of plant 2 #£298 °Cd
harvest of plant 1 (also the shift,
plant 2 becoming plant 1)

TSUMfloinit Temperature sum at flower2423 °Cd
initiation

TSUMflower Temperature sum at flowering 2663 °Cd

TSUMHARV Temperature sum at harvest 3600 °Cd

RGRL Relative growth rate of leaves 0.0077 °cd*

FSmax Maximum fraction of dry matte0.05 (kg DM sucker
that goes from sucker 1 to sucker 2) | (kg DM
2 in the stage where sucker 2 sucker 1)
does not have functional leaves

Far Relative death rate of roots 0.0218 (up to 2663

°Cd)

2663-3600 °C d,
0.000758 and

0.000556
rq Relative death rate of leaves dPlant 1, 0.02% d*
plant, i = 1-3. 0.0214 , plant 2,
0.0116, 0.0094
Fleaf green Fraction of green leaves Btant 1, 0.52 -
initialisation 0.56 , plant 2,
0.86,0.75
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Figure 6. Relationship between scaled daily totaliation and the scaledket rate c
change in dry matter of plant 1 (NDM1) during thenglation period TSUM
2262-2663 °C d.

Radiation interception by plant 2 later increasedaesult of death df of plant 1. The
relationship between scaled daily total radiatiod acaled net rate of change in the dry
matter of plant 1 (NDM1) is given in Figure 6. Aghier value of scaled total radiation
(daily total radiation/maximum total radiation) itigs a higher NDM1. This confirms
that the pattern of NDML1 values is due to variagiondaily total radiation (DTR). Plant 3
emerges later in the growth process and is fulpedéent on plant 2 during the first stage
and reducing partitioning from plant 2 and its owhotosynthesis during the second stage.
As a result, the rate of change in total dry mgtt#dM3) is small (Figure 5b).

4.4.2 Bunch DM, leaf DM and leaf area index at #ong
The economic yield (bunch dry matter), leaf dry teratand leaf area index ) at

flowering were considered. The leaf dry matter whesen because the growth lofs
calculated from leaf dry matter (equation 3). Sittee model is based to LUE approach,
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production is mainly determined bly. The bunch dry matter value calculated for
Ntungamo was higher (20 Mg Hathan the value at Kawanda (18.25 Mg'ha_eaf DM
values and LAl at flowering were 3.8 Mg hand 4.5 for Kawanda, and 4.4 Mg hand
5.3 for Ntungamo.

4.4.3. Sensitivity analysis at the end of the satimrh

The sensitivity analysis showed that LUE, Suka,andk had a large influence on the
bunch DM, leaf DM and. at flowering, whereas the initial dry matter (DVdid DM2lI)
had the least effect, at both sites (Table 3 anthdgddition, the effect was dependent on
the plant taken due to the effect of the canopglieVvlhe sensitivity values of bunch DM,
leaf DM andL at flowering obtained for £2.5% and +5% changepamameter and initial
values are similar (Table 3 and 4), implying thatZza5% deviation around the default
value is a good choice.

A higher SLA for plant 1 (SLA1) resulted in increasbunch DM and. at
flowering, but reduced leaf DM at flowering (Taldend 4). The increase is explained by
the direct relationship between SLA ahd(equation 4) which results in higher LAI
(increased radiation interception), resulting ighar bunch DM. The overall reduction in
leaf DM at flowering is attributed to light comp@n, with higher SLA resulting in
increased. for plant 1, which results in less radiation reaghplant 2 and 3. A higher
SLA for plant 2 resulted in smaller increase bubdh and leaf DM, but a larger increase
in L at flowering. A change in SLA for plant 3 has mmim effect because the plant is
dependent on partitioning from plant 2 (TSUM3 0-3%D d), with the increase ih
dependent on temperature during the exponentiagpfieSUM3 360-960C d).

A higher k1 resulted in increased bunch DM, but reduced [@&f and L at
flowering (Table 3 and 4). This is attributed ten@ased radiation interception by plant 1,
hence higher bunch DM, but increased shading oft@aand 3, resulting in reduced leaf
DM andL at flowering. A higher increase k2 resulted in smaller increase bunch DM,
but a higher increase in leaf DM ahdat flowering. Plant 3 is heavily shaded by plant 1
and 2, with changes k8 having no effect.

Increased LUE for plant 1 (LUE1) resulted in a mtran proportional increase in
bunch DM, a higher leaf DM an at flowering. Dry matter production in LINTUL
BANANA 1 is strongly related to LUE (equation 7)itiva 1% increase of LUE resulting
in a 1.30% and 1.36% increase in bunch DM at Kawardl Ntungamo respectively.
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Table 3. Simulated bunch dry matter (bunch DM, Mg leaf dry matter at flowering (leaf DM,
Mg ha’) and leaf area index of plant 1 at floweritig ia leaf ha" soil) at reference conditions at
the end of a simulation over five harvests andseesitivity (%/%) of the model output to changes
in specific leaf area (SLA, ha leaf Ky light extinction coefficientk, ha soil ha' leaf), light use
efficiency (kg MJ%), relative death rate of leaves, (d™), initial dry matter (DMI, kg ha') and
relative growth rate of leaf area index (RGRCd™) for plants 1, 2 and 3 at Kawanda, central
Uganda. A sensitivity of 1.36 means that a 1% increasenpli results in a 1.36% increase in
output and a sensitivity of -0.24 means that a détease of input results in a 0.24% reduction in
output.

Bunch DM Leaf DM at flowering LAI at flowering
(Mg ha’) (Mg ha™) (ha leaf ha' soil)
Reference 18.25 3.8 4.5
output
Levels of +2.5% +5% +2.5% 5% +2.5% +5%
change
Partial
sensitivities
SLA1 0.304 0.301 -0.219 -0.226 0.615 0.611
SLA2 0.103 0.103 0.127 0.129 0.290 0.285
SLA3 0.0149 0.0147 0.0381 0.0397 0.0351 0.0395
k1 0.359 0.354 -0.241 -0.238 -0.237 -0.272
k2 0.0694 0.0695 0.188 0.189 0.193 0.193
k3 0.0009 0.0009 0.0063 0.0042 0.00 0.00
LUE1 1.300 1.297 0.604 0.596 0.606 0.593
LUE2 0.108 0.108 0.300 0.300 0.307 0.299
LUE3 0.0010 0.0014 0.0063 0.0063 0.00 0.00
rql -0.617 -0.616 -0.104 -0.105 -0.114 -0.105
rg 2 -0.0554 -0.0554 -0.144 -0.145 -0.149 -0.154
DM1lI 0.0048 0.0044 0.0190 0.0180 0.0263 0.0219
DM2I 0.0072 0.0072 0.0180 0.0190 0.0176 0.0219
RGRL3 0.0653 0.0725 0.168 0.185 0.184 0.206

A higher increase in LUE for plant 2 resulted inadler increase in bunch DM, but
a higher increase in leaf DM amhdat flowering, due to the direct relationships begw
LUE and DM production, and leaf DM arnd Plant 3 is heavily shaded by plant 1 and 2,
with changes in LUE having no effect.

Increasedyl resulted in reduced bunch DM, leaf DM andt flowering. This is
attributed to the reduction in leaf DM ahgd hence reduced radiation interception. An
increase inry for plant 2 (42) resulted in smaller decrease in bunch DM, buighédr
decrease in leaf DM aridat flowering.
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Table 4. Simulated bunch dry matter (bunch DM, Mg leaf dry matter at flowering (leaf DM,
Mg ha?) and leaf area index at flowering, (ha leaf ha soil) at reference conditions at the end of
a simulation over five harvests and the sensitiy#y/%) of the model output to changes in
specific leaf area (SLA, ha leaf Ky, light extinction coefficientk, ha soil ha' leaf), light use
efficiency (kg MJ%), relative death rate of leaves,(d?), initial dry matter (DMI, kg ha*) and
relative growth rate of leaf area index (RGRIGd™®) for plants 1, 2 and 3 at Ntungamo,
southwest Uganda.

Bunch DM Leaf DM at flowering LAI at flowering
(Mg ha™) (Mg ha™) (ha leaf ha soil)
Reference 20.0 4.4 5.3
output
Levels of +2.5% 5% 12.5% 5% +2.5% 5%
change
Partial
sensitivities
SLAl 0.372 0.369 -0.140 -0.139 0.690 0.686
SLA2 0.0829 0.0824 0.0820 0.0824 0.240 0.247
SLA3 0.0111 0.0109 0.0306 0.0328 0.0300 0.0262
k1 0.422 0.422 -0.159 -0.158 -0.157 -0.161
k2 0.0506 0.0507 0.147 0.146 0.150 0.153
k3 0.00079 0.00059 0.0018 0.0022 0.00 0.00
LUE1 1.360 1.360 0.675 0.669 0.675 0.667
LUE2 0.091 0.090 0.273 0.273 0.277 0.270
LUE3 0.0006 0.0005 0.0027 0.0018 0.00 0.00
rql -0.898 -0.898 -0.295 -0.294 -0.307 -0.292
rq 2 -0.0406 -0.0406 -0.118 -0.118 -0.120 -0.123
DM1lI 0.0123 0.0125 0.0207 0.0216 0.0225 0.0112
DM2I 0.0019 0.0016 0.0063 0.0058 0.0075 0.0112
RGRL3 0.0464 0.0466 0.126 0.125 0.120 0.127

A higher DM1lI resulted in a relatively small incseaof bunch DM, leaf DM and
at flowering. It is attributed to the fact that timerease was small as compared with the
amount of bunch DM, leaf DM and at flowering. Changes in DM2I had a negligible
effect. A higher RGRL3 resulted in a smaller inee& bunch DM, and higher increase
in leaf DM andL at flowering, due to the direct relationship betweGLAI and RGRL3
during the juvenile stage (equation 3).

The effect of changes in the fraction of dry maiesEmay partitioned to the
sucker was assessed only for the Ntungamo sitendéisat2.5% and+5.0%) gave
sensitivity values 0.0083 and 0.0087 for bunch M\0234 and 0.0234 for leaf DM, and
0.0675 and 0.0225 for leaf area index at flowering.
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4.4.4. Dynamic sensitivity

Changes (£2.5%) in LUE1 (light use efficiency fdaqt 1), LUE2 (light use efficiency
for plant 2), DM11I (initial dry matter for plant Bnd DM2I (initial dry matter for plant 2)
were used to assess dynamic sensitivity. Sengitteitchange in LUEL is not constant
during the simulation (Figure 7a). Changes in $eitsi for plant 2 due a change in LUE2
could be attributed to differences in starting p®ifry matter and LAI) at the point of the
shift (when plant 2 becomes the new plant 1) amdLthl values of plant 1 during the
simulation (Figure 7b). Sensitivity is fairly const for changes in DM2| (Figure 7d) and
DM1lI after the first harvest (Figure 7c).
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Figure 7. Dynamic sensitivity over 5 harvests formgfamo site with light use efficiency
of plant 1 (a) and 2 (b) increased 2.5%, and vihinitial dry matter of plant 1 (c) and 2
(d) increased by 2.5%.
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4.5. Discussion

The model developed by combining the concept ofitje use efficiency (LUE), specific
leaf area (SLA) and banana growth dynamics (drytendtansfer between plants) was
used to predict banana bunch dry matter for thentiat situation. Validation of this
model for East Africa highland bananas was not iptesswith the highest yields (60-70
Mg ha*yr* FW or 10.8-12.6 Mg haDW) reported on research station (Tushemereirwe
et al., 2001) and in a farmers’ field in Rubaleytbavest Uganda (Smithson et al., 2001)
still below the calculated potential yield. Thisudd be attributed to yield limiting and
reducing factors. However, the bunch dry mattécutated by the model compares well
with a yield of 113 Mg had FW (20.3 Mg ha' DW, assuming a dry matter content of 18%)
reported for banana cultivar ‘Robusta’ (AAA groupavendish subgroup) at spacing of
1.8x 1.8 m (density 3,086 plants Tiawith LAl > 4, grown with a 800-gauge thick black
polyethylene film under irrigated conditions (Blaatharyya and Madhava Rao, 1985). In
the trials, the spacing was 3x(03.0 m, but production is mainly determined by kbaf
area index. Using the LUE approach, Turner (1998)utated potential banana yields for
cultivar ‘Grand Nain’ fusa AAA) of 105-111 Mg ha FW in the Jordan valley,
assuming a daily total radiation average of 16 M3 d', a light extinction coefficient
0.8, light use efficiency 3.0 g MJ daily average temperature 22, harvest index 0.4
and dry matter content of fruits 0.15. Thus, thelds computed by the model are
comparable to yields reported above.

Using data from Lassoudiere (1978a,b) for banamavar ‘Poyo’ (Musa spp.,
Cavendish subgroup) grown from corm pieces on @gitviorganic soil’ in Ivory Coast
(average daily temperature range 23228, Turner et al. (2008) calculated a cumulative
temperature sum ranging from 2600-30@d from planting to flower emergence. For
later flowering plants due to stress at differemaltions, the cumulative temperature sum
ranged from about 2800-360C d. These values are comparable to 2668 calculated
for the Ntungamo site, where moisture stress wassoaostrong, and Kawanda where
moisture stress was strong. The durations from dlavg to harvest calculated at
Ntungamo (937C d) and Kawanda (111 d) compared well with 90€C d reported
by Ganry (1978) for bunches of banana cultivar @dish to reach commercial grade.

The bunch dry matter calculated by the model shthas East Africa highland
bananas are potentially high yielding plants (T&bénd 4, reference output). Differences
in bunch DM between sites are attributed to theatfbf temperature on growth duration,
with lower temperature at Ntungamo increasing #egth of time that the crop can
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intercept radiation, resulting in slightly higheurdlth DM (cf. Muchow et al., 1990).
Comparison of the calculated values and the regpdntinch weights (< 4.0 Mg RaDW)

on smallholder farms in Uganda reveals a big ygdg between potential and actual
yields.

The model was very sensitive to SLA, due to its taseompute the growth of leaf
area index (equation 3) in the maturation phasghnodel sensitivity to SLA has been
reported for another model that also computed th&lGased on SLA e.g. CONGRO
(Pronk et al., 2003). This shows the importanceha¥ing good estimates of this
parameter. SLA has been related to the amountgbt kbsorbed by the leaf and the
diffusion pathway of C@through its tissues, with fast growing speciesitguhigher
SLA (Syvertsen et al., 1995). When compared witth Shlues reported for high yielding
wheat cultivars 27.6-33.5Tkg "’ (Rebetzke et al., 2004), the average SLA valud irse
the model is lower. However, the average valueinetafor highland banana (12 kg ™)
was comparable to 8.7-13.6 kg * reported for banana cultivar ‘KolikuttuMusaspp.,
AAB) under different levels of shade in Sri Lank&o@rigo et al., 1997) and 10.0-14.9
m? kg™ for a ratoon crop of banana cultivar ‘Embulgsa spp., AAB) in Sri Lanka
(Senevirathna et al., 2008). Within the East Aftioghland banana cultivars, information
regarding genotypic variation in SLA is scarce, bauld provide potential for targeted
selection and breeding. Kisansa cultivar was useldd trials because of its ability to give
large bunches. For a banana cultivar SLA is depgnole a number of factors, e.g. plant
nutrient status and light intensity (plant density)lsraeli et al. (1995) reported
acclimatisation of banana to maximise light captumder low light conditions by having
thinner leaves (which implies a smallkrvalue), but increased chlorophyll content
improves light capture. In this study, SLA measugats were done in the best treatment
(400N-50P-600K) in an established banana plantasiking plants at different stages of
growth and an average value was used (Table 2).

HigherL at flowering (5.3) at Ntungamo was attributedhe tower relative death
rate of leavesrf) implying longer leaf duration, compared with Kawla (Table 3 and 4).
In this model, they4 are only due to aging of leaves, becalse the trials was low to
capture the effects of shading. The effect of giadn the model was mimicked by
changing thegl, resulting in 0.61 and 0.9% reduction in bunch BiMlevery 1% change
in rgl at Kawanda and Ntungamo. However, optimdior light interception for most
crops is between 4-4.5 (94-96% of radiation isrogpted according to Beer-Lambert).
The incorporation of relative death rate due tadsigacould have a small effect on bunch
DM. HigherL for plant 1 has no effect on the growth duratibthe sucker in this model.
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However, under field conditions high of the mother plant has been observed to cause
delayed growth of the sucker and a lengthened mapnoduction cycle due to increased
shading (Robinson and Nel, 1989). The effect ofaased crop cycle length due to
shading is not captured in this model.

As expected, bunch DM at both sites were stronfjgcted by LUE (Table 3 and
4). LUE values used in this model were determingdgutotal plant dry matter, including
roots and the leaves that die during the measurenmeerval (Table 2). LUE of
agricultural crops varies between 1.09 and 4.41Jg Mtercepted PAR for above ground
biomass (Sinclair and Muchow, 1999). The additidnrants increases LUE, but the
values used in the model are still within the ranggorted. LUE is influenced by site
factors e.g. soil fertility (Sinclair and Horie, 89), temperature (Thomas and Fukai,
1995), water availability (Collino et al., 2001ycamanagement practices e.qg. fertilization
and irrigation. LUE was determined for best fezgli plots during the rain season in order
to minimise the effect of moisture stress. Thelghghigher LUE at Kawanda is probably
related to a higher temperature, resulting in fagtewth (cf. Thomas and Fukai, 1995;
for barley and chickpea and Bell and Wright, 1982 deanuts). The large effect of LUE
on bunch DM implies that this parameter should &éinined with maximum accuracy.
Sensitivity analysis showed a large effect of LUR lbunch DM, emphasizing the
importance of crop management (fertilization, esttrol), if yields are to be increased.

4.6. Conclusion

The growth model LINTUL BANANA 1 developed providgsod estimates of potential

production in East Africa highland bananas. Thiglelas, to the best of our knowledge,
the first attempt to quantify the maximum possipileld of this crop as determined by
prevailing weather conditions and crop characiessGiven the importance of highland

banana in the region, the model quantifies the marm bunch DM and opens the quest
for higher yields. It enables agronomists to deteenthe parameters that highly influence
yield, to quantify the yield gaps, and enables teeg to select out traits for improvement.
The model is strongly sensitive to LUE and paransetelated to leaves like SLA angd
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Chapter 5

5.1. Introduction

East Africa highland bananablgsaspp, AAA-EAHB) are an important staple starch
food and cash crop in the Great Lakes region. Ayengelds on smallholder farms are
low (< 16 Mg ha' yr'™') (Gold et al., 1999; NARO, 2000; Wairegi et aD08). In order to
increase banana yields, the growth and physiolddyast Africa highland banana must
be understood. This enables the calculation optitential yields and the assessment of
yield gaps (between potential and actual or atbkdengproduction). The LINTUL
BANANA 1 model with basic processes such as ramainterception, conversion of
radiation into daily dry matter, distribution ofydmatter within the plant and dry matter
transfers (from Plant 1 to Plant 2 and Plant 2 lEnP3) was developed for potential
production situations, and used to compute poteyigéds at two sites, Kawanda, central
Uganda (1156 m.a.s.l) and Ntungamo, southwest UgélwD5 m.a.s.l) (Chapter 4).

From the trials, water was identified as a majoiotab factor limiting banana
production and the response to mineral fertiliZ€isapter 3). The major banana growing
areas in the Lake Victoria basin and southwest dgareceive low and highly variable
rainfall ranging 900-1400 mm per annum. The usemafiches for soil moisture
conservation on smallholder farms is constrainedhgyr availability, with less organic
resources available from outfields due to incredard pressure (Bekunda and Woomer,
1996; Baijukya et al., 2005). Results from thel¢rshowed that soil moisture availability
had a large effect on the finger filling procesgghvbunches having the same number of
fingers weighing less at Kawanda, compared with ngaimo. In order to further
understand the effects of soil moisture availapiih highland banana growth and yield, a
simple crop-soil balance can be added to the LINTBRANANA 1 model to allow
simulation of water-limited situations. Such a mlogeuld also be useful to quantify the
amount of water needed through irrigation.

The limiting nutrients at two research sites were¢hie order K>P>N (Chapter 3).
Potassium and nitrogen are the nutrients requirddrgest quantities for banana growth
(Turner, 1985). Potassium is usually an abundaihtnstrient, but its availability in the
soil depends on the presence of K-rich mineralsni&r, 2000). In conditions of low
potassium supply, photosynthesis, translocation stodage of assimilates and tissue
water relations are affected (Marschner, 1986)ultiag in low yields (Chapter 3).
Nitrogen uptake (fertilization) increases leaf ar@adex (LAI) and intercepted
photosynthetically active radiation, and the liglse efficiency (LUE), but with LUE
response curves saturating at high leaf N con{@mtlair and Horie, 1989). Soil nutrient
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availability in banana plantations varies seasgnatlue to soil, management and
environmental factors (Delvaux, 1995). These factofluence nutrient uptake, utilization

and biomass production. In Chapter 3, the stattdeni response model QUEFTS was
calibrated and tested for highland banana. Howdlerge is a need to incorporate crop-
soil N and K availability into the model to captu®p and soil N and K dynamics during
crop growth and be able to simulate N and K-limpedduction.

In this chapter, | propose how a crop-soil balaocae be added to the LINTUL
BANANA 1 model and the important processes (tramadjn, evaporation, drainage, run-
off and root exploration of new soil layers and #féects of banana residue mulch on
evaporation, rainfall interception and run-off),arder to give LINTUL BANANA 2 for
water-limited situations. In addition, some ideas lwow to add crop-soil N and K
availability to the LINTUL BANANA 1 model to be ablto simulate N and K-limited
production are proposed.

5.2. Possible modifications to LINTUL BANANA 1 in ader to simulate water-
limited production

5.2.1. Soil water balance

A simple soil water balance can be calculated sumsng a single soil layer, whose
thickness increases with rooting depth (van KeulE986). Root extension (primary,

secondary and tertiary roots) leads to exploradiowater in deeper soil layers, which are
initially assumed to be at field capacity. In mosidels, vertical root growth is captured,
but highland banana roots exhibit both vertical erténsive horizontal growth. The daily
net rate of change in soil moisture amount (MM can be calculated as:

dd_\/tV =[R+(dX/dt)+ Irrig]-[InLAI + InDMmulch_+ Rn+ Trar Evap® Drair Q)

where dV/dt is the overall rate of change of soil water amdumin d*), Ris the amount
of water added through rainfall (mm" dX/dt is the exploration rate of new soil water
layers by root depth growth (mm%}} Irrig is water added through irrigation (mrm')
InLAI andInDMmulchy are the rainfall interceptions by the canopy andctngmm d%),
Rn, Tran, Evap@andDrain are the water losses through run-off, transpiragmaporation
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and drainage (mm8, respectively. The states, rates and informdtimms after addition
of a crop-soil water balance to LINTUL BANANA 1 adetailed in Figure 2.

In a banana plantation, pruned dead leaves, leavipseudostems at harvest are
applied as mulch. The maximum amount of water bgldanana mulchiQMmulchWSAT,
mm) is proportional to the quantity of banana mubchthe soil surface (Scopel et al.,
2004) and can be calculated as follows:

DMmulchWSAT=Jd x DMmulck10™ (2)

whereDMmuich is the amount of banana mulch on the soil surfgeha), ¢ is the
specific water retention capacity of banana mulkg t,O kg ™ DM). § can be
determined by soaking dry leaves and pseudostevater for a specified period, draining
to get rid of excess water and then weighing. 3esnghould be oven dried to obtain the
dry weight. The specific water retention capacky H,O kg * DM) of the leaves and
pseudostem can be calculated as follows:

Weight after soaking- Dry weigh
Dry weight

Specific water retention capacity

3)

The maximum amount of rainfall that can be intetedpby a layer of banana mulch
(InDMmulchya, mm) depends on the amount of water held by mulcthat moment,
DMmulchW (mm) and DMmulchWSAT(maximum amount of water that can be held)
(Scopel et al., 2004)

InDMmulch . = DMmulchWSA¥ DMmulch 4)
The actual amount of rainfall intercepted by thefase banana mulcHhnDMmulchy,
mm) is a function of the fraction of soil covereg banana mulchHSQ), limited by
InDMmulch,.x and can be calculated as follows:

InDMmulch_, = min (RAINSx FSC InDMmulch) (5)

where RAINSIs the rainfall amount on the surface of the bananlch, corrected for
losses through banana canopy interception and wateff. The soil coverage by banana
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mulch, FSC can be described by the equation below, which ascounts for the
clumping and mutual shading by pieces banana nandhe soil surface.

FSC =1.—exp £ x DMmuich (6)

whereg is the area covered per unit dry weight of the barmraulch (ha kg' DM). g was
determined by spreading banana mulch (leaves aeddpstems in equal proportions
0.5:0.5), ranging e.g. from 0 kg, 0.2 kg, 0.4 k@, Kg, 0.8 kg and 1.0 kg over an areg’1m
Photographs were taken and analyzed using WinRPiacsoftware (Regent instruments
inc.) to determine the proportion of the area ceglelny the mulch. A relationship was
established between the amount and cover of thanaamulch (Figure 2). With 2 Mg
ha *of mulch, the fraction of soil surface covered & and 95% coverage is obtained
with 6 Mg ha' of mulch (Figure 1).

*
<

0.8 -

0.6

0.4 -

0.2 1

Fraction of soil surface covered

O I I I I I
0 2 4 6 8 10 12

Mulch (Mg ha™)

Figure 1. Relationship betweeen the fraction of soiface covered and the quantity of banana
mulch on the soil surface.
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Figure 2. Relational diagram of LINTUL BANANA 2 favater-limited banana production (modified
from Anonymous, 1997). RAIN — rainfall amount; RNIN — intercepted rain by plant canopy;
RNINTM - intercepted rain by mulch; EVAPO — evagma; RN — run off;, EXPLOR — water
exploration; DRAIN — drainage; TRAN — transpiratidilT RAN — potential transpiration; TRANRF —
reduction factor due to water stress; DTR — dailalt radiation, PAROUT1 — photosynthetically
active radiation not intercepted by plant 1, PARQUF photosynthetically active radiation not
intercepted by plant 2, PARINT1,2,3 — photosynttadly active radiation intercepted, k — light
extinction coefficient, LUE — light use efficiencgDM1/dt, dDM2/dt, dDM3/dt — rates of biomass
production, SLA — specific leaf area, Thase — liasgperature for growth, DAvtmp — daily average
temperature, Wbunch 1 — weight of bunch, (dWbuwiyH/ — growth rate of bunch for plant 1, LAl —
leaf area index, Tsum — temperature sum, dGLAIl/dite of increase in leaf area index, dDLAI/dt —
rate of reduction in leaf area index due to de@W/leaf/dt) — growth rate of leaves, (dWpsstm/dt) —
growth rate of pseudostem, (dWrt/dt) — growth rateoots, (dWcorm/dt) — growth rate of corm,
(dWleafD/dt) — death rate of leaves, (dWrtD/dt)eath rate of roots, Wleaf — weight of green leaves,
WleafD — weight of dead leaves, Wpsstm — weighpsgudostem, Wrt — weight of roots, WrtD —
weight of dead roots, Wcorm — weight of corm, afidum/dt — rate of increase in temperature sum
for plants 1, 2 and 3. At harvest, plant 1 is auép Solid lines are material flows and dotted dilaee
information flows.
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5.2.2. Drainage, runoff and irrigation

The rates of water drainage, runoff and irrigatform d*) can be calculated using the
approach used in LINTUL2 model for water-limitedoguction (Anonymous, 1997).
Drainage of excess water above field capacity (WCHE m™) is limited by the
maximum drainage rate of the subsoil (DRATE, mi).dA higher DRATE implies
complete drainage. When the drainage is insufficienkeep soil water content below
saturation (Water content < Water content at satum@WCST), runoff occurs. But in the
trials, a combination of trenches and mulch (pruteald leaves during growth, leaves and
pseudostems at harvest) controlled runoff. Theegfornoff would be taken to be zero.
The trials were carried out under rain-fed condsiaherefore no irrigation.

5.2.3. Potential rates of evaporation and transpoa

Potential rates of evaporation (PEVAP, mm)dind transpiration (PTRAN, mm 1, in
absence of limitations to the supply of liquid wate the evaporating surface, can be
calculated using the Penman equations (Penman).1848milar approach was used in
the LINTUL2 model for water-limited production (Angmous, 1997). The Penman
equations are written as a weighted sum of two seranradiation term (for the soil,
PENMRS and for the crop, PENMRC, MJ ha™), which supplies energy to vaporize
water and the drying power term (PENMD, MJ"hd™) to remove the vapor. The
radiation term depends on the net radiation (NRMJ, ha® d™), the latent heat of
vaporization (LHVAP, MJ k@) and the weighting factor (SLOPE / (SLOPE+PSYCH).
The SLOPE (kP4C™) is the tangent of the relation between saturagmbur pressure,
SVP (kPa) and temperaturiC(), and PSYCH is the psychrometer constant. Neatiad

is calculated as the balance between the incontiogt-svave radiation from the sun
minus 15-25% reflection and the net outgoing lorayev radiation from the earth’s
surface (RLWN, MJ ha d™). The albedo value for the crop surface is usua®6 and
the value for the mulch has to be estimated.

In a banana plantation, the net radiation absarptade by the soil, NRADS (MJ
ha' d*) is reduced by the presence of mul@MWmulch, through a reduction in the
amount of radiation reaching the soil surface. @heunt of radiation reaching the soll
surface through a layer of banana mulbBfR2 MJ ha' d*) is a function of the mulch
area indexNlAl), and can be calculated using a Beer’s law egeniglScopel et al., 2004)
as follows:
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DTR2 = DTRIx expfox MAI) (7)
MAI = S x DMmulch (8)

whereDTR1is the incident solar radiation (MJha ™), o is the extinction coefficient for
net radiation in the banana residue laydAl is the mulch area indey is the area
covered per unit dry weight of the banana mulch Kha' DM) and DMmuichiis the
amount of mulch on the soil surface. The stateatd@DMmulchis filled dynamically by
prunings (dead leaves) and instantly by leavese(gr@nd dead) and pseudostem dry
matter at harvest. The amount of mulch on the smiface PMmulch, kg ha') can be
calculated assuming exponential decay as follows:

DMmulch = DMmulcly x exp(- RDcR ) (9)

whereDMmulch is the amount of mulch on the soil surface at@iDM ha*'), RDcR
is the relative decomposition rate {dof banana mulch (Lekasi et al., 1999) arsl the
time in days.

The drying power of air decreases with air humiditgpour pressure, kPa) and
increases with wind speed (WN, i)s measured at 2 m from the ground. The wind
function (WDF, kg m* d *kPa?) for short closed grass crops can be used to @stithe
conductance for transfer of latent heat and semsibat from the surface to the standard
height. The evaporative demand is partitioned betatbe soil and the crop (LAI, ha leaf
ha ' soil). Radiation not intercepted by banana crol neach the soil and contribute to
potential soil evaporation. The average extinctioafficient for visible and near infrared
radiation is about 0.5, so soil evaporation is \Weij by a factor €' and crop
transpiration by 1 = &°*'. In LINTUL BANANA 1, there are three canopy levetsant
1, plant 2 and plant 3. Plant 3 is small, poteritespiration can be assumed to be due to
the canopies of plant 1 and 2.

5.2.4. Actual rates of evaporation and transpiratio
The loss of water from the soil surface throughpevation is often a major component in

the soil water balance of agricultural systemskdac and Wallace, 1999), especially in
the case of banana plantations where full coveadggound area by mulch is often not
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achieved (Allen, 1990). The actual rates of evammgEVAP, mm d*) and transpiration
(TRAN, mm d*) depend on the potential values, the soil wateterd (WC, m H,O m>
soil) and the soil characteristics (the hydraubaductivity of the soil). This requires soil
water contents at saturation (WCST IO m >soil), at field capacity (WCFC, #H,0
m3soil), at wilting point (WCWP, thH,O mi ®soil) and at air dryness (WCAD,*ril,O
m~3soil). Evaporation is important in the early s&gé banana plantation establishment,
and decreases with canopy development and incre&¥dmulch. Evaporation decreases
when soil water content becomes lower than fielgacay and continues at a decreasing
rate until air dryness. A critical water content @R, nf H,0O m soil), which lies
between wilting point and field capacity has todetermined for highland banana below
which actual transpiration (TRAN, mm™l reduces as compared with the potential rate.
The critical water content depends on crop charattes expressed in the transpirational
constant (TRANCO, mm™d). The soils at both sites were free draining,ceemo effect

of waterlogging on transpiration. The degree ofenatress under which the crop grows
can be expressed as a reduction factor TRANRF =N'RRTRAN (Figure 3).

5.3. Possible modifications to LINTUL BANANA 1 to smulate N and K-limited
production

5.3.1. Soil-crop nitrogen and potassium availailit
The nitrogen and potassium balances can be caddutet the difference between supply

through mineralization and fertilizer, and the resmahrough crop uptake and losses. The
daily net rate of change in N or K amount (kg'td") can be calculated as follows:

dNU dNL
= I\Imin + (Fapplied X ARF) - ( dt j_( d ] (10)

dN
dt

Where Nin is nitrogen supply through mineralization (kg hd™), (Fappliea X ARF) is
nitrogen supply through fertilizer (kg Had™), Fappiied IS the amount of fertilizer applied
(kg ha'), ARF is the apparent fertilizer recovery fraction (detered in Chapter 3),
dNU/dt is the rate of uptake by the crop anbLdébt is the rate of loss. Nitrogen
mineralization in a banana plantation can be detexthusing Raison tubes (Abril et al.,
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2001). Details of the states, rates and informaflimws after addition of a crop-soil water
balance to LINTUL BANANA 1 are shown in Figure 3.

5.3.2. Nitrogen and potassium uptake, demand anitblions on growth

The uptake of nutrients from the soil by the banglaat depends on (i) the crop N or K
demand, which depends on the phenological stagehentbtal sum of individual plant
organ demands and the amounts in the plant orgarigal versus maximum N or K
concentration in the plant organ) (Gastal and Leen&O003, (i) Soil N or K availability
(fertilization, potential soil N mineralization arsil K supply) (Jamieson and Semenov,
2000), (iii)) Rooting depth (volume of soil explaitdy roots), and (iv) Soil water status
(depends the model assumptions whether water wilinhiting or not). The total amount
of N and K taken up by the crop is partitioned amtre organs using the ratio of demand
by the organ to total crop demand. In cerealspgén uptake ceases at flowering (Sinclair
and Amir, 1992), with N demand for the storage ogganet by translocation from leaves,
stems and roots. Similar assumptions could be rMadkighland banana. Crop N or K
demand can be controlled by the critical N and Kssn#&action %N/Ky), which
represents an optimum for biomass production (Eighr The actual N and KAN/K;e)

is the accumulation above the residual cont®itles which refers to nitrogen forming
part of the cell structures. If N or K supply isliomted, N or K will accumulate in the
banana plant.

Nitrogen and potassium deficiency in highland banaesults in reduced leaf area,
increased leaf senescence and a longer crop cyokti@h. Deficiencies have been
reported to affect dry matter partitioning and théE in other crops e.g. maize, Uhart and
Andrade, 1995. Effects of nutrient deficienciesld&E and dry matter partitioning under
field conditions have not been established for laigth bananas. Nitrogen and potassium
limitations can be quantified through the nitroger potassium nutrition indices (NNI or
KNI) (Lemaire et al., 1989), defined as follows:

(%Nact - %NFES)

NNI =
(%Ncr‘( - %Nres)

(11)

where %N, is the actual nitrogen mass fractic®N.s is the residual nitrogen mass
fraction, and%N. is the critical nitrogen mass fraction below whilplant experiences
stress.
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Figure 3. Relational diagram for nitrogen supplgtake, translocation and contents in plant organs
(modified from Shibu, 2007). SOIL N — amount ofl sovailable nitrogen, MIN — nitrogen supply
through mineralization, RNDMulch — nitrogen supfilym mulch decomposition, RNDRT — nitrogen
supply from dead roots, FERT — nitrogen supply ulgfo fertilization, Nmax, leaf — maximum
nitrogen concentration in leaves, Nmax, psstm —imam nitrogen concentration in pseudostem,
Nmax, corm — maximum nitrogen concentration in cofdmax, sucker — maximum nitrogen
concentration in sucker, Nmax, rt — maximum nitrogencentration in roots, Ndem, leaf — nitrogen
demand of leaves, Ndem, psstm — nitrogen demapdeidostem; Ndem, corm — nitrogen demand
of corm; Ndem, su — nitrogen demand of sucker, Ndem nitrogen demand of roots, (dNUleaf/dt) —
rate of nitrogen uptake by leaves, (dNUpsstm/dtyate of nitrogen uptake by pseudostem,
(dNUcorm/dt) — rate of nitrogen uptake by cormNbsucker/dt) — rate of nitrogen uptake by sucker,
(dNUrt/dt) — rate of nitrogen uptake by roots, Nefaf — nitrogen amount in leaves, NA psstm —
nitrogen amount in pseudostem, NA corm — nitrogaouwnt in corm, NA sucker — nitrogen amount
in sucker, NA rt — nitrogen amount in roots, (dNIat) — rate of nitrogen loss through death of
leaves, (dNrtD/dt) — rate of nitrogen loss throaigtath of roots, (dNTleaf/dt) — nitrogen translooati
rate from leaves, (dNTpsstm/dt) — nitrogen trarsiion rate from pseudostem, (dNTcorm/dt) —
nitrogen translocation rate from corm, (dNTrt/dthitrogen translocation rate from roots, RNF Iv —
residual nitrogen concentration in leaves, RNF sesidual nitrogen concentration in pseudostem,
RNF co — residual nitrogen concentration in corm@, &tt — actual nitrogen concentration in leaves,
pseudostem and corm, NC res — residual nitrogenerdration in leaves, pseudostem and corm, NC
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crt — critical nitrogen concentration in leaveseydostem and corm, REDUFA — reduction factor
(also nitrogen nutrition index), NA bunch — amouwrftnitrogen in bunch, Nmax bu — maximum
nitrogen amount in bunch, Wleaf — weight of greeavkes; Wpsstm — weight of pseudostem,
Wbunch — weight of bunch, Wcorm — weight of cormsiwker — weight of sucker, Wrt — weight of
roots. Solid lines — material flows and dottec$n- information flows.

If N/KNI is greater than 1, N or K availability ithe soil will not limit banana growth.
When NNI is lower than 1, banana growth is limitsdnitrogen or potassium uptake. The
K/NNI can be introduced as REDUF&igure 4), a factor affecting directly the growth
and the death of LAI and the yield (bunches). Alitjio the effects on growth could be
modelled in a similar way, potassium is not incogted in plant structures like nitrogen
e.g. in proteins, it is a free cation counter baiag for nitrate uptake. Potassium plays an
important role in phloem loading and translocatarassimilates (Marschner, 1986). In
plants well supplied with potassium, the concerrabf potassium, the osmotic potential
of cell sap and the transport rate are higher, @atpwith levels in plants supplied with
less potassium. Potassium deficiency thereforeahdisproportionate effect on yield, as
noted for plants not supplied with potassium atNh@éngamo site.

5.4. Concluding remarks

The steps that need to be taken to improve thebdams (simulation of water and
nutrient-limited production) of the growth modelN-TUL BANANA 1 and its utility as a
tool have been given. Due to the importance of laigh banana in the region, these
improvements should lead to increased understandingpanana growth, and the
realization of crop’s potential in order to meeg¢ tihcreasing food and cash demands of
the population.
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Chapter 6

6.1. Introduction

Soil fertility decline is a major problem leading food insecurity in sub-Saharan Africa
(Sanchez et al., 1997). Yields of major staple srogmain low, for example yields of
maize are often around 1 Mg haf grain (Zingore, 2006), cassava 6.1-11.7 Md b#
fresh roots (Fermont, 2009) and bananas 9.7-25.8&gr ™ FW (Wairegi et al., 2008).
In Uganda, more than 70% of the population depemdgpiculture and live in rural areas.
Despite the reduction in the number of undernoedsbeople from 5.1 million (1995-97)
to 4.1 million (2003-05), undernourishment is stll problem (Figure 1a). In 2008,
emergency and food assistance from the World FoodrBm was valued at US$ 82.84
million (WFP, 2009) and from the Food and Agricu#ttOrganisation valued at US$ 15
million (FAO, 2009). In addition, increasing popiiten (Figure 1b) puts pressure on the
available resources. Smallholder farmers are tfajgped in a circular spiral between food
insecurity, poverty and low food and crop productidt is clear that increases in
productivity of staple crops such as bananas otdote’ are required to reduce food
insecurity and hunger, and raise incomes of thal dwellers.

At the Africa Fertilizer Summit held in Abuja, Niga in 2006, it was proposed
that mineral fertilizers are essential to hault thecline in soil fertility, to increase
agricultural productivity and kickstart the Afric&reen Revolution. The Government of
Uganda envisages increased production of impostapie food crops such as bananas as
key to alleviating poverty and ensuring food sdagun rural parts of the country (GOU,
2000). The impetus for fertilizer use is mainly dige two factors (i) the failure of
agricultural growth (<2% per annum) to match witpplation growth (3.3% per annum),
and (ii) the reducing availability of organic netnt sources (Bekunda and Woomer,
1996). However, the use of mineral fertilizers bgnéna farmers is still low (<5%)
(Sseguya et al., 1999). In addition, soils are rfognous in terms of the soil types and
management, which may affect the response toifatitbn (c.f. Zingore, 2006). There is
a need to develop site-specific fertilizer recomdaions that take into account the
variability in soil chemical properties.

The goal of this research was to explore optiomsirfgoroving highland banana
yields on smallholder farms in Uganda. This reqlige good understanding of the
potential plant growth and its response to nutsiefit better understand banana growth, |
first had to develop allometric relationships thascribe the evolution of different plant
parts (i.e. corm, roots, stem, leaves and bunchhpgluhe plant life cycle (Chapter 2).
Subsequently, the response of highland banana terali fertilizers was determined
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(Chapter 3) and used to calibrate and test a statitent response model following the

QUEFTS approach. In Chapter 4, plant growth dateewsed to develop and calibrate a
new banana dynamic crop growth model that simulptesntial yield based on radiation

and temperature. In Chapter 5, | discuss and exgiow the model can be extended to
simulate water and nutrient-limited production.
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Figure 1. The number of undernourished people imarldg as per the World Food Summit
indicators (a); source: FAO, and the growth in pafpon from 1948-2008 (b); source: Uganda
Bureau of Statistics - UBOS.

In this last chapter (Chapter 6), | synthesizerémilts presented in the previous
chapters and reflect on the broader implicationshefresearch. Emphasis is placed on
increasing banana yields (e.g. through improveg eranagement), which would help
close the gaps between potential, and water andentitimited yields, and thus
contribute to improved food security in the Eastiédn highlands. The need to increase
fertilizer recovery fractions to reduce the amoahtertilizer required for a target yield
(Chapter 3) and the attractiveness of fertilizex ase further discussed. The knowledge
gained from the crop growth modelling exercise. LCBNTUL BANANA 1, Chapter 4)
and the contribution of the model to breeding amgh ecnanagement are discussed. Finally,
suggestions for future research on highland banareasade.
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6.2. Allometric growth relationships

Development and testing of crop growth simulationdels requires data such as an
estimate of leaf area index (LAI) and dry matteoduction and partitioning during
growth. In Chapter 2, allometric relationships weterived and used to estimate
aboveground biomass of different plant parts, andhitialize the dry matter values in
LINTUL BANANA 1 model (Chapter 4). Girth at base svased as the predictor variable.
| have shown that allometric relationships can éeved and used to assess plant growth
and production, which will be useful in agronomigperiments and in on-farm research
on banana systems. However, these relationships toalwe coupled with knowledge on
banana phenology in order to guide managementidesisuch as fertilizer applications,
which improve biomass production and consequertty bunch weight (Chapter 2).
Agronomists can provide banana farmers with taisldgating target girth at base at key
stages during crop growth for different cultivalfsbanana plant performance is below
threshold values this would indicate reduced orr ppanagement, thus requiring farmer
intervention. This could assist in improved managehof individual plants, through
targeted applications of fertilizers or pest ansedse control. By providing a means of
guantifying the yield loss due to poor managementyy assisting farmers in measuring
improvements in yield due to interventions, thiswdoassist farmers in making decisions
on whether investment in extra labour or fertilizgouts are justified.

Banana is a major staple crop consumed on-farmasw marketed to the major
urban centres in Uganda to provide income to thendes. The estimation of bunch
weights would facilitate the comparison of econopriaduct (bunches) that at present are
simply divided into categories such as small, mediand large for easy pricing and
marketing. | have shown that girth at base measatrédwering can be used to estimate
bunch fresh weights on farm (Chapter 2). Scientisidganda have lamented the lack of
accurate information on banana yields on smallholdems (Wairegi et al., 2009).
Allometric relationships can be derived for oth@nlna cultivars and used to quickly
estimate the bunch weights or yields (Mg*iawhich can be used as a basis to assess
management practices and food production at thenatlevel. | noted differences in the
allometric relationships between girth at basel@awdring and bunch fresh weight for
cultivars Mbwazirume and Kisansa. The allometricapzeter B1) or the scaling
exponent of the allometric relationship was muatgda for Kisansa as compared with
Mbwazirume. This has two implications (i) a largecrease in bunch weight with girth
for cv. Kisansa, which may imply a higher increasdunch weight per unit of nutrient
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applied or improved crop management in general(andllometric differences between
the two banana cultivars resulting from differenoesdry matter partitioning (cf. Niklas,
1995), which necessitates derivation of cultivaedfic relationships. Knowledge of the
differences in the allometric parametgd) in highland banana cultivars could be further
investigated in terms of (i) the yield (dry matpartitioning to the bunch) (ii) response to
fertilization and (iii) sustainability, in terms dfie amount of residues remaining in the
field to act as mulch (that contribute to soil argamatter) and the amount of nutrients
exported in bunches. Within the same cultivarfed#nces in allometric relationships (e.g.
girth at base at flowering and bunches at hanesi)d be attributed to response to poor
management (e.g. inadequate fertilization) and sodisture stress (Chapter 2).
Comparisons across sites can provide insightsfatiors affecting growth and yields, as
observed at our sites, with a small allometric peater at Kawanda attributed to moisture
stress and poor root exploration of the soil.

Leaf area index (LAI) determines the amount ofation intercepted by the plant,
and its estimation is crucial in growth assessni@mtughout the crop cycle. To quantify
LAI, the area of a single leaf was first estimasedleaf lengtlkx maximum widthx leaf
area factor. The leaf area factor (ratio of acteaf area to area obtained by multiplying
the maximum width and length of the leaf) for hayid banana cultivar Kisansa was 0.68.
The value was lower (about 15 %) than reported esltor other banana cultivars
suggesting differences in leaf morphology witiMiusa species. Two simple models for
total leaf area (TLA) estimation were developedddagn the middle leaf area (MLA) and
the number of functional leaves (n): WLA measureax N @nd (ii) MLA pregictea X N. TLA
measured using model (i), would require direct meaments of the middle leaf area (leaf
lengthx maximum widthx leaf area factor), which would be laborious. | hatiewn that
more easy measurable morphological traits (plaightteand girth) can be used first, to
estimate middle leaf area (MLA), and then the ttgaf area (MLA times the number of
functional leaves). This allows agronomists to megdqed plant canopy assessments in the
field, and facilitates management decisions suchkuaker selection and de-suckering to
maintain a given mat density. Knowledge of the lcAh be useful to estimate radiation
interception, for example at LAl 4, 94% of the mhent radiation is intercepted by the
plant (if the light extinction coefficientx = 0.7). At low LAI, especially in banana
monocrops, more suckers 2-3 can be selected. Howeith over 130 banana cultivars
grown in Uganda (c.f. Karamura, 1998), it is impottto derive TLA models for other
cultivars.

135



Chapter 6

6.3. Highland banana response to mineral fertilizes

The use of mineral fertilizers significantly inceeal bunch mass (kg buntW), bunch
yields (Mg ha' yr* FW) and the number of fingers at two trial sitesaftanda and
Ntungamo) in Uganda (Chapter 3). The increases steoager at Ntungamo, compared
with Kawanda. When N and P were applied without4QON-50P-0K), there was no
significant increase in bunch mass above the cbatrbNtungamo, which emphasizes the
importance of adding potassium (cf. Turner and Bsrki983). Yield increases with K
application were 6.5 and 30.2 Mg hagr ' FW for crop cycles 1 and 2 at Ntungamo, and
0, 2.4 and 3.6 Mg RhAyr* FW for crop cycles 1, 2 and 3 at Kawanda.

Field capacity (pF =2) ----Wilting point (pF = 4.2) X 0-30cm X 30-60cm ¢ 60-90cm

40

35 A

%07 &&% o o .
Boene™ 5 B . T
%{%‘XX%X * XX&*..Q ”"‘%X&( XXX X oo M )
XX % X X “W * N
« X X % X

—~
X
N—r
—
c
[0}
g 5 x> PP 556
c
o ><><>< X X X &
o X X X x X
XK
) X X X % % X x % X
bt 20*;& X X x X X X
S X X X X X X X
© X ><><>< X x X
= X X X X X X
o i g X X X X T X
1S 15 x x x X% Xxxx X
S _— - —_— -
0

10

Figure 2. Variations in volumetric soil moisturentents during the experimental period at
Ntungamo. Soil moisture measurements were doneg usidiner2000 which was calibrated
using gravimetric soil moisture measurements asiiee

The weak response to fertilization at Kawanda wtgated to a complex of factors such
as low available soil water and higher bulk dengit#6-1.56 g ci), which limited root
elongation to explore soil nutrients. From fieldsebvations, most plants reached maturity
with no functional leaves (remaining leaves had0%5of their area yellow), bunches
with the same number of fingers at Kawanda as tlabdétungamo were lighter due to
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poorly filled fingers, and some bunches were chgfaitlire of the inflorescence to fully
emerge), all being possible signs of moisture stre&t Ntungamo, an interaction of low
soil organic matter content and low rainfall reedltn low fertilizer recovery fractions
(Chapter 3). The variations in soil moisture cotgeior 0-30 cm, 30-60 cm and 60-90
cm soil layers were large (Figure 2) due to thesgeal variations in rainfall, transpiration
and evaporation from the soil because no externéthmwas applied and LAl was low.
Soil moisture contents appeared to be limitingmythe dry spells January to mid-March
and mid-May to mid-August.

Low moisture contents of especially the 0-30 cm an€60 cm soil layers, where
more than 90% of the roots are located (Kashaijal.e004), affected the response to
fertilization (Figure 3).
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Figure 3. Response of highland bananas to apmatf nitrogen (Urea) at 0, 150 and 400 kg N
ha* yr* and potassium 0, 250 and 600 kg K'’ha™ at Ntungamo over two crop cycles. Bunch
yields (Mg ha' yr'* Fw) for crop cycle 1 plants were calculated basedh® duration from
planting to harvest, but yields of the successiop cycles were based on the duration between
consecutive harvests (i.e. between cycle 1 ande&yting into differences in values for the two
cycles. No response means that fertilizers remawused in the soil or are lost.
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Mcintyre et al. (2000) reported that more water weamoved from both the 0-30 cm and
30-50 cm depths in mulched banana plots due tgteehidemand for water as a result of
the increase in aboveground biomass. Bananas asatige to drought, with stress
initiated at pF 2.3-2.4 in cultivar ‘Williams’ (Ratson and Alberts, 1986). For highland
bananas, Cnops (2009) reported plants showing sigsisess at pF 2.5 and severe stress
at pF 3.0. Based on soil moisture measurementur@ig), the small yield increases
obtained at Ntungamo by increasing the N rate fi&® to 400 kg hd yr* (0.2 Mg ha'
yr ' FW for cycle 1 and 3.6 Mg Rayr* FW for cycle 2) and the K level from 250 to 600
kg ha' yr* (1.2 Mg ha® yr* FW for cycle 1 and 6.8 Mg Rayr* FW for cycle 2) for
treatment 400N-50P-600K are attributed to moistiress for the plant. In comparison
to other regions in the tropics (Costa Rica andddoas) where moisture is not limiting
(annual rainfall is above 3,000 mm), the yieldduéa AAA; Cavendish) with the
maximum fertilizer rate used in our trials (400NP5®00K) are about 80 Mg Ha
(Stover and Simmonds, 1987). This emphasizes thensnt that moisture stress is a
major factor limiting production. The major banagrawing areas in the Lake Victoria
basin and southwest Uganda, receive low and hightiable rainfall ranging 900-1400
mm per annum.

6.4. Modelling banana growth

Using knowledge on the banana crop, a dynamic grogth model to simulate potential
yield was built (Chapter 4). The model, LINTUL BAN 1, simulates basic processes
such as radiation interception, conversion of ramticinto daily dry matter, distribution of
dry matter within the plant and dry matter transféiom Plants 1 (cycle 1) to Plant 2
(cycle 2) and from Plant 2 (cycle 2) to Plant 3cfey3). Results suggest that the potential
yield of East Africa highland bananas is > 100 Mg'FW (average of 5 crop cycles).
Data for dry matter distribution during growth walstained from plots that were fertilized
and irrigated during dry periods to minimise efedf moisture stress and nutrient
deficiency on dry matter distribution (Chapter 2ght use efficiency (LUE) and specific
leaf area (SLA) were determined for the best feed plots (400N-50P-600K) during
the rain season. The potential bunch dry mattddyiealculated by the model compared
well with yields of banana plants (cultivar ‘Robais(AAA group, Cavendish subgroup)
at spacing of 1.8 1.8 m in India grown with an artificial mulch 008-gauge thick black
polyethylene film under irrigated conditions withAL values > 4 (Bhattacharyya and
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Madhava Rao, 1985). Thus, this gives confidencthenparameter values of LUE and
SLA that were used. For models based on the Iigbtaeption approach, LAI determines
the amount of radiation intercepted and dry mai@duced. Simulated LAI values at
flowering at Kawanda (4.5) and at Ntungamo (5.3%ueed that > 95% of incident
radiation (if the light extinction coefficienk, = 0.7) was intercepted. In our field trials,
LAl was lower (Chapter 2) and moisture was limitingwas therefore not possible to
validate the model with our experimental data, tposential yield values from other
experiments (with other banana cultivars) were dse@omparison. However, on-going
research efforts under the Presidential Initiatve Banana Industrial Development
(PIBID), which couple fertilization and irrigatici obtain the potential yield of highland
banana should provide an opportunity for validatimg model.

6.4.1. Crop physiology knowledge gained

In the LINTUL BANANA 1 model, the rates of increasedry weights of plant parts (kg
DM ha*d™) were computed as the product of the total graata of crop dry matter (kg
DM ha*d™) and the proportion of dry matter partitioned be tplant part. Dry matter
partitioning results (Chapter 2) showed that banaaats (cv Kisansa) had leaves as the
strongest sink at TSUM 1118 °C d and 1518 °C dhwnicreased partitioning to the
pseudostem making it the strongest sink at 2128 &0d at flowering (3383 °C d), and
the bunch becoming the strongest sink at harveéx264C d). Sucker initiation and
emergence occurred between 1118 and 1518 °C d. lédgeron sucker growth was used
in LINTUL BANANA 1. Two stages of sucker growth wenoted (i) where it is fully
dependent on the mother plant and (ii) where dapendent on its own photosynthesis
and on a linearly reducing support from the motilant. We noted that leaf production in
highland bananas ceases at flowering, causingldme o have fewer leaves at harvest.
The potential light use efficiency (LUE) for higind banana was obtained as the
slope of the regression line of total dry mattecusaulation (kg) and total intercepted
PAR (MJ). LUE was 3.5& 10° kg MJ*PAR at Kawanda, and 3.3310°° kg MJ ' PAR
at Ntungamo. This shows that bananas are fairtygiasving plants, with a high potential
for biomass production, as shown in Chapter 4. Vdlees for highland banana were
within the reported range (1.09 and 4.41 g Mdtercepted PAR) for agricultural crops
(Sinclair and Muchow, 1999). Tsegaye and StruikO@Qeported LUE values 1.43-2.69
g MJ' PAR (aboveground DM) for Enset&r(sete ventricosuor ‘false banana’ at
different sites in southern Ethiopia grown unden-fad conditions, with N and P applied
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at a total rate of 100 kg Hayr *and K at a rate of 200 kg Hayr*. The difference in
LUE values between Ensete and highland bananasl @mubttributed to differences in
physiology (Ensete is grown at higher altitudes 100 m.a.s.l) and the fact that
values were calculated for the entire growth pematliding the dry period.

Specific leaf area, SLA (the ratio of leaf aread #&af mass) is an important crop
characteristic or parameter related to leaf strectgrowth and net photosynthesis.
Average SLA for Kisansa was 12°rkg ™. In LINTUL BANANA 1, the growth of leaf
area index was calculated as the product of thevtgroate of leaf dry matter and the
specific leaf area during the maturation stage.wdadge on SLA in highland banana
cultivars could provide potential for targeted sétn and breeding aimed at increasing
the growth rate and yield. Higher SLA has beentedlato faster growth in cereals
(Rebetzke et al., 2004). However, increased SLAdcomcrease radiation transmission
through the canopy through (i) reduced leaf thisknand (ii) reduced leaf angle. Little
work has been done on genotypic variation in SLAhini the East Africa highland
banana.

6.4.2. Contributions of the LINTUL BANANA 1 modebteeding and crop management

Crop growth modeling has over the years increasgduaderstanding of how crops
function and respond to the environment, henceritanting to crop improvement (e.g.
the design of new rice types, Kropff et al., 1994Eop growth models can also be used
to explore the importance of crop characterissosh as physiological and morphological
traits, and environmental characteristics, in a st would not be possible in field
experimentation or would take a long time or woble costly (Kropff et al., 1997).
Models can allow us to make the knowledge gapsi@kge.g. effects of increases in
SLA, LUE andk), hence aiding breeding and experimental designidl tthese gaps.
Modelling can be used to explore effects of changeworphological and physiological
characteristics and for improving the managemermixperiments. Conventional breeding
techniques in highland banana are difficult duéote male and female fertility resulting
in low seed set per bunch (parthenocarpy) and geation rates (Ssebuliba et al., 2006).
This slows down genetic improvement and therefdrerotechniques such as marker
assisted breeding, marker assisted selection anetigeengineering are currently used
with banana in Uganda.

Increased SLA (with other parameter and initialueal not changed) resulted in
increased bunch DM and LAI at flowering (Chapter 8L A has been related to the
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amount of light absorbed by the leaf and the difflagpathway of C@through its tissues
(Syvertsen et al., 1995), with plants with a higB&A having higher growth rates e.g.
wheat. Sensitivity analysis also showed that amneese in relative death rate of leaves
(RDR) resulted in reduced bunch DM. The increasRDR reduced the amount of dry
matter in leaves, hence reduced LAI and radiatidarception. Within the East Africa
highland banana cultivars, genotypic variationlig\&differences in growth rates) has to
be established. Targeted selection and breedinlgl doaus on plants with higher SLA
and reduced RDR. In the trials, highland bananasféaer leaves5-11) as compared
with 10-15 leavesommonly observed for the exotic banana cultiviarseasing the value
of LUE in the model resulted in a more than proipodl increase in bunch DM, a higher
leaf DM and LAI at flowering (Chapter 4). Actual EUis largely influenced by site
factors e.g. soil fertility and management practigg. fertilization and irrigation.
Fertilization (especially N) affects the LUE thrdugan increase in the leaf GO
assimilation per unit area (Sinclair and Horie, 99®rought affects growth via closure
of the stomata, which reduces the intercellular, €@hcentration (Ramachandra et al.,
2004). In LINTUL type models, both effects are usuancluded in the LUE, which
lumps a number of processes. In designing and nragnagperiments, site factors have to
be considered.

Sensitivity analysis showed that a higher lightireotton coefficientk resulted in
increased bunch DM (Chapter 4). Morphological inmerments through breeding banana
plants with more horizontal and broad leaves contilease radiation interception and
result in higher bunch DM. FHIA (Fundacion Honduxede Investigacion Agricola)
hybrid banana cultivardMusa AAAA) e.g. FHIA 17 have more and horizontal leaves
(higherk) and yield greater than 100 kg buftin Uganda and Tanzania. Higher leaf
numbers are probably attributed to lower leaf deatbs. Msogoya et al. (2006) reported
that FHIA 17 was harvested 15-34 days later as eoetpwith highland bananas in the
Eastern Zone of Tanzania, but with bunches mone tlmauble those of highland banana.
The difference in growth duration is small, but thig difference in yield is due to
differences in canopy structure, leaf number amibaioly partitioning to the bunch.

6.5. Closing the yield gaps; opportunities and chinges

East Africa highland banana are mostly grown betwid¥00 and 2000 m.a.s.| (Stover and
Simmonds, 1987), where they are a staple food maraime source for over 100 million
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people. Comparing potential production calculatsthg the model (Chapter 4) with
actual banana production on smallholder bananasfgiues the ‘yield gap’, which shows
how much yield improvement is possible at a givecation. Actual yields (Mg ha
cycle) in the regionyary with 11-26 Mg hd cycle *in Uganda (van Asten et al., 2008),
21-43 Mg ha' cycletin Burundi, 25-53 Mg ha cycle* in Rwanda and 35-63 Mg Ha
cycle ! in south Kivu, Democratic Republic of Congo (CIARC2008). High production
near the Albertine rift is attributed to the relaly young and fertile soils and high
rainfall (> 1400 mm yt') supporting higher plant densities (1800-3300 nhaf$) and
lower pest (nematodes and weevils) and diseasek(lsigatoka) pressure. Rainfall and
soil fertility were higher and pest and diseasesguee near the albertine rift was lower
than what was observed in the field trials thatesmbe basis for the work presented in this
thesis. Farmers in Rwanda, Burundi and DemocragiguRlic of Congo rated banana
production constraints, with declining and low deittility first, drought stress second and
pests and diseases third (CIALCA, 2008). Farmertlganda rated banana production
constraints, with pests first, low soil fertilitgsond, diseases third and drought forth (van
Asten et al., 2009).

Past approaches such as fertilizer starter packk samsidies promoted by
governments, donors and NGOs have had short tepaci® and collapsed when funding
was stopped. In order to attain the Millenium Depehent goals, a target of 6% per
annum agricultural growth has been established gy Mew Partnership for Africa’s
Development (NEPAD) under the comphrensive Africgriailture development
programme. However, despite the current initiativesUganda (such as Plan for
Modernisation of Agriculture — PMA, National Agritural Advisory Services — NAADS,
Soil Fertility Initiative — SFI), agricultural pragtion continues to grow at < 2% per
annum. This raises a number of questions, (i) kaw smallholders farmers intensify
banana production systems?, (ii) do the currentiesl target increased availability and
access to fertilizers and pesticides?, and (iif) ic&reasing access to markets and raising
banana prices trigger re-investments into banamairig?

Experimental results in this study showed thatrtfeximum yield (Mg ha yr?)
with the application of 400N-50P-600K kg har* was about 40% of the calculated
potential bunch DM using the LINTUL Banana modeh&pter 4). This raises questions
regarding the use of mineral fertilizers to cldse yield gaps. The ability of a crop to take
up nutrients depends on factors like moisture afbdity, root exploration of the soil
volume and pests and diseases. Banana root densiggatively correlated to soil bulk
density (Delvaux, 1995). The poor response to nairfertilizers (low recovery fractions)
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at our sites was attributed to soil moisture sires®r root exploitation of the soil, and
low soil organic matter content (Chapter 3). Straygergy between the soil organic
matter content (mulch and manure application) ainteral fertilizers has been reported
by Smithson et al. (2001) in an established bapéaratation, with a yield of 67 Mg R&
yr'! at a density of 700 mats Haat Rubale, southwest Uganda, with a fertilizer
application of 100N-25P-100K kg Hayr*. Addition of organic materials often leads to
a better soil structure, improved water infiltrationcreased root exploration of the soil
(Mclintyre et al., 2000), and increased faunal @gtilOkwakol and Kagole, 1993). This
improves the recovery of applied fertilizer, implgi a smaller amount of fertilizers is
required for a given target yield (Chapter 3).

From the trials, it is evident that mineral fe#drs cannot be singly used to close
the yield gaps in the study region. With irrigatiartually not practiced on banana farms,
the combined application of organic and minerdilfeers is probably a better option for
increasing yields due to the synergetic effectsowever, low quantities of fertilizer
imported, a liberalized market and high transpaatosts from Mombasa to Kampala,
raise the cost of fertilizers, making them unafédrig to farmers. Not suprising, banana
farmers rated constraints to fertilizer adoptiorthwthe cost first, availability in nearby
shops second, and uncertainty about the qualitgrtfizer in the shops (van Asten et al.,
2009). Despite the cost issues, Wairegi (2009)iobtha good and profitable on-farm
response to fertilizers in central Uganda undemé&ar management, with fertilizer
amounts averaging 71N, 8P, 32K kg hgear. Government policies should target
increased availability and access to fertilizersl(pesticides) at affordable prices and the
dissemination of research findings on crop respaadertilization through an extension
service that packages research findings in a fothaatallows adoption (Omamo, 2003).

The profitability of mineral fertilizer use in hitgnd bananas is strongly related to
the distance to the urban market (van Asten eP@08; Bagamba, 2007). This has strong
implications for adoption of mineral fertilizer. Banas from southwest Uganda are
transported to the main urban banana markets keateentral Uganda, and the banana
chain is so fragmented with many actors (farmeicydbe traders — truck traders — truck
transporters — market vendors). As a result, fasmeeeive about 44% of the market price
(PIBID, 2008), which also hinders the adoption ofi@nal fertilizers. Production areas in
central Uganda have a comparative advantage ofrpityxto the market, but production
has reduced and has shifted to southwest Ugandll (&oal., 1999). This could be
attributed to land pressure, labour shortage arsilspand diseases. However, as the
economy develops, populations urbanize (rate ofanidation — 4.4% per annum),
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incomes increase, market infrastructure expandd, agriculture operates on a more
commercial basis. The current degree of urbanizati@s already created urban banana
markets, due to the traditional preferences forowieg, but this demand has not been
translated into investments in crop management (g of mineral fertilizers), probably
due to low banana farm-gate prices and other ptaduconstraints. In order to get better
returns, farmers can be encouraged to form praslua@nd marketing cooperatives for
improved banana marketing especially in southwestrida.

6.6. More suggestions for future research

Most of the research on East Africa highland basameer the last two decades has
focused on pests e.g. banana weevil and nemaitduleso the perception that they were a
major production constraint. Although research ontwlling the pests continues (e.g.
inserting genes into highland banana for diseasistasmce, use of endophytes), farmers in
the region currently recognise that low and deegrsoil fertility and moisture stress are
the most important production constraints. This hasn confirmed from recent farm
surveys carried out under the CIALCA project (RwandBurundi and Democratic
Republic of Congo) and recent farm surveys in Uganihe nutrients limiting banana
production have been identified in field trials t bkie responses to mineral fertilizers are
low. There is a need to understand the factorsttaid interactions determining highland
banana yield across altitude and rainfall gradiestshigher altitude and rainfall levels,
the density and yields (Mg Hayr™) are higher as noted in Kivu, Democratic Repubfic
Congo. There is also a need to explore interactlmetsveen plant density and agro-
ecology.

Results presented in this thesis showed that thenpal yield of East Africa
highland bananas is more than 18 Mg*hHaw. Much as improvements (e.g. through
breeding) in parameters related to leaf area iseread light interception (SLA ahdlare
important, better management of crop (fertilizatiooupled with soil organic matter
management and soil moisture conservation) can aweprthe current yields. With
irrigation, bananas could be cultivated in the lewed areas of East Africa, where rainfall
is lower, but higher average temperatures implyefagrowth, which may or may not
have yield advantages. For regions with dry peritius benefit-cost ratios of irrigation in
order to maintain soil moisture pF < 2.5 need taé®rmined. Bananas generally flower
during the two rainy seasons (March to mid—May &wngjust to December) giving two
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harvest peaks from June to August and Decembeelboubry. However, when grown
under optimal conditions, different banana plantg dlower throughout the year
(Robinson, 1996) and can provide a steady food Igugopd income source. Irrigation
(during the dry periods), sucker selection, andwedge on banana phenology can be
used to target production during periods when pecbdn is low and prices high.

In this thesis, a crop growth model for banangsrésented and used to calculate
potential bunch dry matter. More work should foamsadding modules to the model in
order to simulate water, nitrogen and potassiunitdidnproduction (Chapter 5). However,
the effects of water and nutrient limitations ol dratter partitioning during growth and
LUE in highland banana are not well establishedadidlition, increased moisture and
nutrient stress delays flowering and affects finfiéing. This gap has to be addressed
further when improving the model. The LINTUL BANANAL model has been
parameterized using parameters or coefficientsdtiivar Kisansa, yet over 130 highland
banana cultivars are grown in Uganda. There is ed e determine coefficients or
parameters for more cultivars.

In this thesis, | have taken the first steps towadgvelopment of a growth
simulation model for highland banana. | have ingidahe steps that need to be taken to
expand the capabilities of this model, and itstytds a tool (Chapter 5). | hope in future
the LINTUL BANANA 1 model will assist in the realiion of the full potential of the
highland banana in order to meet the increasing foml income demands of the people
of the Great Lakes Region.
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Appendix 1

Thelisting of LINTUL BANANA 1 model

***Definitions of subroutines and functions.

DEFINE_CALL GLA(INPUT,INPUT,INPUT,INPUT,INPUT,INPUT

INPUT,INPUT,
DEFINE_FUNCTION Fsu2(INPUT,INPUT,INPUT,INPUT)
DEFINE_FUNCTION prt1(INPUT,INPUT,INPUT,INPUT,INPUT,

DEFINE_FUNCTION prt2(INPUT,INPUT,INPUT,INPUT,INPUT,

DEFINE_CALL INTERPOL(STRING,STRING,STRING,STRING,

INPUT_ARRAY,INPUT_ARRAY,INPUT_
INTEGER_INPUT,INPUT,OUTPUT,OUT

***Definitions of Arrays for the functions that are
ARRAY PCOTB(1:K), PSTTB(1:K), PLVTB(1:K), PBUTB(1:K

TI TLE LI NTUL BANANA 1

*LINTUL BANANA 1 is a model for optimal growing con
*simulated as a result of PAR interception and util
*LUE, with dry matter transfers between plants inco

*Crop - East Africa Highland banana (MUSA AAA-EAHB

***Remarks

***This program assumes an established banana plant
***|nitialisation should always be between TSUM1 22
***plant).In that physiological time period, plant
***present, but not yet plant 3 (sucker 2). Thus, o
***and the prejuvenile stage, where it has no funct
***Units used throughout the program are hectare (h
***\J for radiation and days (d).

I'NITI AL

***Parameters that should not be changed.

***The initial parameters TSUMi, LAli, DMi, Wrti,Ws
***and Wbunchl are related because they belong to a
***chosen in coherence.

***Eor example, if TSUM1I would be taken 2423 Cd (a
***should be 0.0, because DML1 is then not supplied

INCON TSUM1lI =2262.

*Initial temperature sum of plant 1 (C d)
INCON TSUM2I = 960.

*Initial temperature sum of plant 2 (C d)
INCON TSUM3I =0.

*Initial temperature sum of plant 3 (C d)

LAILI = Pleafll * SLA1 * Wsh1l * Fleaf_gr
*Initial leaf area index of plant 1 (ha leaf ha-1 s

LAI2I = Pleaf2l * SLA2 * Wsh2l * Fleaf_gr
*Initial leaf area index of plant 2 (ha leaf ha-1 s

LAI3I = Pleaf3| * SLA3 * Wsh3l * Fleaf_gr
*Initial leaf area index of plant 3 (ha leaf ha-1 s

JINPUT,INPUT,...
OUTPUT)

INPUT,INPUT,INPUT)
INPUT)
ARRAY,INPUT_ARRAY ...
PUT,OUTPUT,OUTPUT)

linearly interpolated.

ditions, where dry matter production is
ization with a constant light use efficiency -
rporated.

cv. Kisansa)

ation.
62 and 2423(referring to plant 1 - mother
1 (mother plant) and plant 2 (sucker 1), are
nly plant 3 goes through the juvenile stage
ional leaves yet.
a), kg, degree celcius (C),

hi, Wleafi, Wcormi, Wpsstmi, with i= 1 to 3,
certain development stage and must thus be

nd TSUM2I=1121 and TSUM3I=0), switch SWFSU2
anymore to DM2.

eenl
oil)

een2
oil)

een3d
oil): is always 0.0 at start
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***Dead leaves are hanging along the pseudostem of
***shadow in the plant, and the functional part is
***Thus, also the LAli's are multiplied by the gree

PARAM Fleaf _greenl =0.56

*Fraction of green leaves on plant 1 at initialisat
PARAM Fleaf_green2 =0.75

*Fraction of green leaves on plant 2 at initialisat
PARAM Fleaf_green3 =0.00

*Fraction of green leaves on plant 3 at initialisat
*growth process thus Fleaf_green3 is of no importan

INCON DM1lI =4902.

*Initial total dry matter of plant 1 (kg DM ha-1)
INCON DM2I =1757.

*Initial total dry matter of plant 2 (kg DM ha-1)
INCON DM3I =0.

*Initial total dry matter of plant 3 (kg DM ha-1)
INCON HarvestbM_|I =0.0

*Initial value of the integral keeping track of "ha
*parts

*These contain the dry matter of pseudostem, leaves
*of harvest (3600 C d), plus the pruned dead leaves
*The corm is not harvested

INCON DMmulch_| =10000.0

*Initial amount of mulch (kg DM ha-1)

*Initialised in accordance with an established plan
*appears to start each time around 10000 kg/ha = 1
*the small experiment to assess soil coverage by mu

INCON HarvestWpsstm_| = 0.0

*Initial value of the integral keeping track of "ha
INCON HarvestWLeaf | =0.0

*Initial value of the integral keeping track of "ha
INCON HarvestWLeafD_| = 0.0

*Initial value of the integral keeping track of "ha
INCON HarvestWbunch_I| = 0.0

*Initial value of the integral keeping track of "ha

INCON HarvestDM_prull = 0.0

*Initial value of the integral keeping track of pru
INCON HarvestDM_pru2l = 0.0

*Initial value of the integral keeping track of pru
INCON HarvestDM_pru3l = 0.0

*Initial value of the integral keeping track of pru
*Actually, we assume that leaves of plant 3 do not

*HarvestDM_pruil, added to keep track pruned leaves
*matter of the indivudual plants

*WleafDi is re-set to 0.0 after pruning and Harvest
*harvested leaves

PARAM TSUMSUC =1302.

*Temperature sum referring to physiological time of
PARAM STGRLV = 360.

*Temperature sum for the start of growth of photosy
*TSUM3=360 corresponds to TSUM2=1662 of plant 2
PARAM TSUMendfulldepe = 1662.

*Temperature sum at the end of complete dependence
PARAM TSUMshfhv =2298.

*Temperature sum of plant 2 at harvest of plant 1 (
*be read by TSUM1, whereas before that physiologica
*there called FSU2RED2_1

PARAM TSUMfloinit = 2423.

*Temperature sum at flower initiation of plant 1 (
PARAMETER TSUMflower = 2663.

the plant, they hardly contribute to the
only the green portion of the leaves.
n fraction.
ion (2262 C d)
ion (960 C d)

ion (0 C d). Plant 3 emerges later in the
ce and taken zero

rvested" dry matter of all above ground plant

(both green and dead) and bunch at the moment
,allin (kg DM ha-1)

tation by running the simulation and the mulch
kg/m”2, which is in the order of magnitude of

Ich done

rvested" dry matter of pseudostem

rvested" dry matter of green leaves

rvested" dry matter of dead leaves

rvested" dry matter of bunches

ned leaf dry matter of plant 1
ned leaf dry matter of plant 2

ned leaf dry matter of plant 3
die

of plant i=1-3, to enable balance shoot dry

WLeafD captures the total pruned leaves and
plant 2, when plant 3 starts to grow
nthetically active leaves of plant 3
of plant 3 on plant 2 (C d)
C d). Hereafter, the function FSU2RED2_2 must

| time it was read by TSUM2. Therefore, it is

cd)

154



*Temperature sum at flowering of plant 1 (C d)
PARAM TSUM3stop_exp = 960.

*Temperature sum at which exponential leaf area gro
PARAM LAlstop_exp =0.88

*LAI above which exponential leaf area growth stops

PARAMETER psh_wish =1.0

*Desired partitioning to the roots: psh_wish must s
Wrt3l =0.0

*Initial dry matter of roots of plant 3 (kg DM ha-1
Wsh3l =0.0

*Initial dry matter of shoot of plant 3 (kg DM ha-1

INCON Wcorm1H_I = 0.0

*Initial value of the weight of the corm at harvest
INCON Wcorm1_at_Harvest_| =0.0

*Initial value of the integral keeping track of the
INCON Corm1_to_Wsh1ll =0.0

*Initial amount of dry matter re-distributed from c
*the new plant 1 (kg DM ha-1)

INCON Corml_After_Harvl =0.0

*Initial value of the weight of corm after harvest
INCON Corm1_Lost_After_Harvl = 0.0

*Initial value of the weight of corm lost after har

PARAM Plant_distance = 3.0
*Distance between plants (m) taking a 3*3 spacing t
*indication. This # can easily be compared to field

**The SET variables connect to events, especially
***3, and to accumulation of harvested products.

***The switch SWFSU2 must be taken 1.0, because it
***is produced by plant 1, going to plant 2. This s
***hut since we start just in the middle of crop de
***the "previous" harvest.

***The same holds for SWFrtl, the switch that indic
***petween 360 C d and 2663 (Tsumflower(ing)). Befo
***Because of the initialization timing between 226

***t0 1.0).

SET SWemerg3 =0.0
SET SWstdm3 =0.0
SET SWFSU2 =1.0
SET SWFrtl =1.0
***Balances

INCON ZERO =0.0

***Parameters that can be changed.

PARAM TBASE =14.
*Base temperature for banana growth (degree C)

***General remark: the RGRLI, Ki, LUEi, SLAi, RDRi
***separate names, so that in e.g. a sensitivity an
**principle, however, these parameters are similar

PARAM RGRL1 =0.0077 ; RGRL2 = 0.0077 ; R
*Relative growth rate of leaf area index during the

PARAM K1 =0.7
*Light extinction coefficient for plant 1 (ha soil
PARAM K2 =07
*Light extinction coefficient for plant 2 (ha soil
PARAM K3 =0.7
*Light extinction coefficient for plant 3 (ha soil
LUE1 =3.33*1.E-3
LUE2 =3.33*1.E-3
LUE3 =3.33*1.E-3

wth of plant 3 stops (C d)

. Used in subroutine GLA.

tay 1.0
)
)

weight of corm of plant 1 at harvest

orm of harvested plant to the shoot of

(kg DM ha-1)
vest (kg DM ha-1)
o calculate the # of leaves per plant as an
observations.
to emergence and the start of growth of plant
regulates that there is some dry matter, that
witch is normally set to 1 after the harvest,
velopment it is still on (so it is 1.0) from
ates that Function prt2 should be read

re 360 C d, function prtl is read.
2 and 2423 C d, SWFrtl should be on (so equal

and LWRi, where i = 1,2,3, have been given
alysis, these could be simply adapted. In
fori=1, 2 and 3.

GRL3 =0.0077
exponential growth phase (Cd-1)

ha-1 leaf)
ha-1 leaf)

ha-1 leaf)
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*Light use efficiency for plant 1, 2 and 3 (kg MJ-1
PARAM SLA1 =0.0012 ; SLA2 =0.0012;S
*Specific leaf area of plant 1, 2 and 3 (ha leaf kg

PARAM RDR1 =0.0214

*Relative death rate of leaves of plant 1 (d-1)
PARAM RDR2 =0.0094

*Relative death rate of leaves of plant 2 (d-1)
PARAM RDR3 =0.00

*Relative death rate of leaves of plant 3 (d-1)

*Plant 3 is heavily shaded by plant 1 and 2, theref
*for plant 3 is taken to be zero

PARAM Days_between_prunings = 30.
*Days_between_prunings affects the pruning of leave
*at 30 days

PARAM RDcR =0.0175

*Relative decomposition rate of mulch (d-1)

*Estimated as average of relative decomposition rat
*experiments during the rain season by Lekasi et al
*banana-based cropping systems of Uganda. Biologica

PARAM RDRrtl_After_Harv = 0.051

*Relative death rate of roots of plant 1 after harv
*After 3 months (90 days), only 1% of the roots are
*RDRroots1 = 1n(0.01)/(-90) = 0.051

*Roots of harvested plant 1 will decay, and the roo
*this pool of roots (roots of harvested plant 1 plu

PARAM FSU2max =0.05

*Fraction of DM that goes from plant 1 to plant 2 d
*functional leaves (0<TSUM3<360) and fully obtains
*(kg DM plant-3) / (kg DM plant-2)

***Eynction introduced to capture the effect of wat
***rgots and shoot.
***Eor potential production, there is no water stre

PARAM prt_wish_0 =0.2

**Parameter prt_wish_0 is the assumed rt:sh ratio i
*PARAM prt_wish_high = 0.4

PARAM prt_wish_high = 0.2

*Parameter prt_wish_high represents at the moment t
*This is rudimentary introduced in the start of the
*adapted by the water stress factor, probably TRANR
*A prt_wish = 1.0 would mean that there is as much
*the fraction of the growth rate to be partitioned
*(1/(1+1) = 0.5 and (1-0.5)=0.5). A value of 0.2 me
*the roots. The fraction to be partitioned from the
*0.2/(1+0.2)=1/6 and 1-1/6=5/6 to the shoot

*These calculations are automated in the function r
*roots) and prt2 (reducing DM partitioning to roots

*Desired partitioning to the roots: psh_wish must s
*'not-to-be-changed-section” and here itis, as ar

prt_cal
Frtmax

= prt_wish_0/ (psh_wish + pr
= Factor * prt_cal

*  prt_wish_high=0.4

*prt_wish_0 is introduced because of the initializa
*not) at the beginning of the simulation "_0", and
*over root and shoot. (Technical remark: since prt_
*must be specified , prt_wish_0 was chosen)
*prt_wish_high is the consequence of a maximum stre
*Both prt_wish_0 and prt_wish_high will be controll
*water-limited production

*In fact only prt_wish will be made a function of w
*Frtmax is used to initialize the start of the dry
*adjusted to the different initial TSUM's, using pr
*Parameter Factor was used to test the effect of wa

PAR)
LA3 =0.0012
-1 leaf DM)

ore GDM3 and GWIleaf3 are small,therefore RDR

s and is a management parameter, here set

es of dry leaves and pseudostems from
., 1999. Decomposition of crop residues in
| Agriculture and Horticulture 17,1-10.

est (d-1)
left

ts of the next harvested plant are added to
s roots of new plant 1 harvested)

uring the stage where plant 2 does not have
DM from plant 2 expressed in

er stress on dry matter partitioning over the

ss
f there is no water stress.

he highest rt:sh ratio if water stress occurs.
DYNAMIC section by an INSW, and will be
F later
dry matter in the roots as in the shoot, and
to the roots and shoot is
ans that a fraction of 0.2 of dry matter is in
actual growth rate to the roots is now

outines prtl(increasing DM partitioning to

)

tay 1.0, it is therefore placed in the
eminder placed as a comment

t_wish_0)

tion of prt_cal to mimick the water stress (or
to calculate the initialization of dry matter
wish is dynamically used later, a new name

ss of water during the simulation
ed by water stress, in the versions for

ater stress

matter distribution over the plant organs,
t1 and prt2
ter stress (1 means no stress)
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*PARAM Factor =25

*PARAM Factor =138
*PARAM Factor =14
PARAM Factor =1.0
DummyRt = prtl(TIME,STTIME,prt_wish_0

*Function prtl is called to calculate slope Afixed
*the function, and can be used by function prt2, in

Wrtll = FrtRED1I * DM1I

*Initial dry matter of roots of plant 1 (kg DM ha-1
FrtRED1I = prt2(prt_wish_0,psh_wish,TS
Wrt2| = FrtRED2| * DM2I

*Initial dry matter of roots of plant 2 (kg DM ha-1
FrtRED2I = prt2(prt_wish_0,psh_wish, TS
*Wrt3l =0.0

*Initial dry matter of roots of plant 3 (kg DM ha-1

*Note that this value must always be 0.0. It is the
*section" and here it is, as a reminder, placed as

*Wrt3l is always 0.0, because plant 3 emerges somew
*it is also gone. This does not hold for the roots
*always have some initial positive value, calculate

*The roots from plant 1 at harvest will NOT be harv
*never done in practice).

*Difficult to estimate dead roots, we assume that t
*living roots, because dead roots rot away fast.

INCON Wrt1DI = 0.
*Initial weight of dead roots of plant 1 (kg DM ha-
INCON Wrt2DI = 0.
*Initial weight of dead roots of plant 2 (kg DM ha-
INCON Wrt3DI = 0.
*Initial weight of dead roots of plant 3 (kg DM ha-

INCON Wrtl_After_Harvl = 0.
*Initial weight of dead roots of plant 1 (kg DM ha-

PARAM RDRrt2 = 0.0218

*Relative death rate of roots of plant 2 (d-1)
PARAM RDRrt3 =0.0

*Relative death rate of roots of plant 3 (d-1)

Wsh1l = (1.0 - FrtRED1I) * DM1I
*Initial dry matter of shoot of plant 1 (kg DM ha-1
Wsh2| = (1.0 - FrtRED2I) * DM2|

*Initial dry matter of shoot of plant 2 (kg DM ha-1
*Wsh3l = 0.0

*Initial dry matter of shoot of plant 3 (kg DM ha-1

*Note that this value must always be 0.0. It is the
*section" and here it is, as a reminder placed as a

PARAM RDRCorm1_After_Harv = 0.038

*Relative decomposition rate of the corm after harv
PARAM pcorml_to Wshl =0.5

*Approximate proportion of corm dry matter of harve

*After about 4 months (120 days), 1% of the origina
*RDCRcorm = 1n(0.01)/(-120) = 0.038 d-1
*Assumption: No death of corm during growth

*There is corm-decay and corm redistribution after
*decay rate to control the decrease of the corm as
*fraction "Corm1lDm_transferprop” goes to the
*Corm1Dm_transferprop)" goes to the organic matter

Wcorm1l = Pcormll * Wsh1l

,psh_wish,Frtmax...

STGRLV,TSUM3I,TSUM3I)

that is then placed in the COMMON/SLOPE/ in
which this COMMON is also included

)
UMS3I,STGRLV,TSUM1I, TSUMflower)
)
UMS3I,STGRLV,TSUM2I, TSUMflower)

)
refore placed in the "not-to-be-changed-
a comment.
here in the growth process, so after the shift
and shoots of plant 2 and the plant 1, which
d from the rt:sh ratio.
ested (is just not possible or at least is

here are no dead roots. Most studies report

1
1)

1

1) just after harvest

)
)

)
refore placed in the "not-to-be-changed-
comment
est (d-1)
sted plant 1 re-distributed to the new plant 1

| corm dry matter will be left

harvest of plant 1. If we take the (relative)
a whole (with 1% left after 4 months), the
Wshl, and the remainder "(1 -
of the soil, that is not further specified
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*Initial dry matter of corms of plant 1 (kg DM ha-1

Wpsstm1l = Ppsstm1l * Wsh1l

*Initial dry matter of pseudostem of plant 1 (kg DM
Wileafll = Pleafll * Wshll* Fleaf_g
*Initial dry matter of green leaves of plant 1 (kg
WileafD1l = Pleafll * Wsh1l*(1.0-F
*Initial dry matter of dead leaves of plant 1 (kg D
Whbunch1l = Pbunchll * Wsh1l

*Initial dry matter of the bunch of plant 1 (kg DM

CALL INTERPOL('PCOTB','PSTTB','PLVTB','PBUTB,...
PCOTB ,PSTTB ,PLVTB ,PBUTB ...
K,TSUML1I, Pcormll,Ppsstm1l,Pleafll,P

Wcorm2I =Pcorm2| * Wsh2l

*Initial dry matter of corms of plant 2 (kg DM ha-1
Wpsstm2lI = Ppsstm2] * Wsh2l

*Initial dry matter of pseudostem of plant 2 (kg DM
Wileaf2l = Pleaf2l * Wsh2l * Fleaf_g
*Initial dry matter of green leaves of plant 2 (kg
WileafD2I = Pleaf2l * Wsh2l* (1.0 - F

*Initial dry matter of dead leaves of plant 2 (kg D

CALL INTERPOL('PCOTB','PSTTB','PLVTB','PBUTB,...
PCOTB ,PSTTB ,PLVTB ,PBUTB ...
K, TSUM2I, Pcorm2l,Ppsstm2l,Pleaf2l,D

Wcorma3l =Pcorm3l * Wsh3l

*Initial dry matter of corms of plant 3 (kg DM ha-1
Wpsstma3I = Ppsstm3l * Wsh3l

*Initial dry matter of pseudostem of plant 3 (kg DM
Wileaf3l = Pleaf3l * Wsh3l * Fleaf_g
*Initial dry matter of green leaves of plant 3 (kg
WileafD3I = Pleaf3l * Wsh3l* (1.0 - F

*Initial dry matter of dead leaves of plant 3 (kg D

CALL INTERPOL('PCOTB','PSTTB','PLVTB','PBUTB,...
PCOTB ,PSTTB ,PLVTB ,PBUTB ...
K,TSUM3I, Pcorm3l,Ppsstm3l,Pleaf3I,D

TotWleafD_| = WleafD1l + WleafD2I + Wleaf
*Initial value of the integral collecting the dead
*harvested and becomes mulch. Also prunings come in
ARRAY_SIZE K=20

PARAMETER PCOTB(1:19) = 0.,0.14, 440.,0.14, 1038.,0
2663.,0.03, 2800.,0.00, 313

PARAMETER PSTTB(1:19) = 0.,0.33, 440.,0.33, 1038.,0
2663.,0.47, 2800.,0.00, 313

PARAMETER PLVTB(1:19) = 0.,0.53, 440.,0.53, 1038.,0
2663.,0.43, 2800.,0.00, 313

PARAMETER PBUTB(1:19) = 0.,0.00, 440.,0.00, 1038.,0
2663.,0.07, 2800.,1.00, 313

*The partitioning functions are taken equal for all
*If there are 10 coordinate pairs, there are 20 num
*20 long (K=20)

***Run control. STTIME=1 corresponds to January 1.
***continue for 1200 days

TIMER STTIME = 1.; FINTIM = 1200.; DELT = 0.25; PRD

TRANSLATION_GENERAL DRIVER='RKDRIV'; DELMAX = 0.25

*** Qutput

)

ha-1)

reenl

DM ha-1)
leaf_greenl)
M ha-1)

ha-1)

bunch1ll)

)

ha-1)

reen2

DM ha-1)
leaf_green2)
M ha-1)

ummyPbunch2l)

)

ha-1)

reen3

DM ha-1)
leaf_green3)
M ha-1)

ummyPbunch3l)
D3l

leaves over time. This state is periodically
to this state.

.11, 1434.,0.09, 2168.,0.04, 2423.,0.03,...
2.,0.00, 3600.; PCOTB(20:K)=0.00

.31, 1434.,0.36, 2168.,0.50, 2423.,0.51,...
2.,0.00, 3600.; PSTTB(20:K)=0.00

.58, 1434.,0.55, 2168.,0.46, 2423.,0.46,...
2.,0.00, 3600.; PLVTB(20:K)=0.00

.00, 1434.,0.00, 2168.,0.00, 2423.,0.00,...
2.,1.00, 3600.;PBUTB(20:K)=1.00

plants (plant 1, 2 and 3)
erical values, and the ARRAY must be declared

FINTIM=1200 means that the calculations

EL=1.0
y TRACE=4
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PRINT TSUMZ1,LAI1,DM1,BalDmHIp1,Wcorm1,Wcormll, Wps
Wileafll,Wbunch1,NDM1, NDM2, NDM3, Wbunchl1l,W
WrtD1_Tot,GWrt1,DWrt1, NWrtl, DWleafl,Wcorml
HarvestDM1_Pru,TSUM2,LAI2,DM2,BalDmHIp2,Wcor
Wsh2,WleafD2l,WshPInt2Tot,Wrt2,WrtD2_Tot,DWI
HarvestDM2_Pru, TSUM3,LAI3,DM3,Wcorm3,Wcorm3lI
Wsh3,WleafD3l,WshPInt3Tot,Wrt3,WrtD3_Tot,DWI
BalDmHIp4, TotWrtD, BalDmHIp5, BalRtShHIp1,
HarvestDM, HarvestWLeaf, HarvestWLeafD, Harv
TotWleafD,Wrtl_After_Harv,RtShratiol, RtShra
Corml_Lost_After_Harv, Corm1_to_Wshl

*PRINT HI1,Hloverall, DMTotdm, DMTotRtSh, RtShrati

* FSU2RED2_1, FSU2RED2_2, FrtRED3, FrtRED2, F
* GDM2, G2from2_1, G2from2_2, G2from1, GDM3,

* GWrtl, GWrt2, GWrt3, DTEFF, GLAIL, GLAI2, G

* PARINT1, PARINT2, PARINT3, PARIN1, PARIN2,

DYNAM C

***Environmental data, the driving variables of the

***in kJ m-2 d-1, but come to the FST program in J

WEATHER WTRDIR='"C\SYS\WWEATHER\'; CNTR='"UGA'"; ISTN=
*  Reading weather data from weather file:

RDD Daily global radiation kJ m-2d

TMMN Daily minimum temperature  degree C

TMMX Daily maximum temperature  degree C

VP  Vapour pressure kPa

WN  Wind speed ms-1

RAIN Precipitation mm

* % ok ok % %

DTR = (RDD/1.E+6) * 1.E+4
*To convert daily total radiation as generated from
*Jm-2 d-1to MJ ha-1 d-1

DAVTMP =0.5* (TMMN + TMMX)
*Daily average temperature (degree C)
DTEFF = MAX (0., DAVTMP-TBASE)

*Daily effective temperature

***\Water stress is now introduced (as if) by defini

***getting.

***|n this main program the INSW will be replaced b
prt_wish = INSW(TSUM3-180.0,prt_wish_0,prt_w
***Balances

***For Dry Matter DM:

*All BalDmHIp1/2/4/5 should be 0.0000

*BalDmHIp5 is relative to BaIDmHIp3

*BalDmHIpl and 2 check the rates after and before s
*BalDmHIp3 accumulates all principal rates of dry m
*summed DMi's. BalDmHIp4 is the absolute difference
*to the total (BalIDmHIp3)

BalDmHIp1 = G2from1 + GDM1 - GDM1HLP
BalDmHIp2 = G2from2_1 + G2from2_2 + G3from2_1
*DM1+DM2+DM3=DMTotdm should equal of the integral o
BalDmHIp3 = INTGRL(ZERO, GDMTOT)

GDMTOT = GDM1HLP + GDM2HLP + G3Photos
BalDmHIp4 = ((DMTotdm) + (TotWrtD) + (TotWle

(HarvestDM1_Pru-HarvestDM_Prull)
(BalDmHIp3) - (DM11+DM21+DM3I) +

BalDmHIp5 = BalDmHIp4 / NOTNUL(BalDmHIp3)
***BalDmHIp3 must also be reset at harvest, but onl
***This part should be subtracted, because that is

stm1,Wpsstmll,PARINT1,Wleafl,Leafnum_plantl,...
sh1,GWsh1l,WleafD1l,WshPInt1Tot,Wrtl,...

H, Corml_to_Wsh1,BalRtShHIp1,BalShHIp1,...
m2,Wcorm2l, Wpsstm2,Wpsstm2l, Wleaf2,Wleaf2l,...
eaf2,GWsh2,WleafD2,BalRtShHIp2,BalShHIp2,...

, Wpsstm3,Wpsstm3I, Wleaf3,Wleaf3l,...
eaf3,GWsh3,WleafD3,BalRtShHIp3,BalShHIp3,...
BalRtShHIp2,BalRtShHIp3, BalRtShHIp4,...
estWpsstm, WleafD1,HarvestWbunch, DMmulich,...
tio2, RtShratio3, Corm1_After Harv,...

0All, SWemerg3, SWstdm3, SWFSU2,SWFrtl,...
rtRED1, FrtGR, GDM1HLP, GDM1, GDM2HLP,...
G3from2_1, G3from2_2, G3Photos,...

LAI3,...

PARIN3, PAROUT1, PAROUT2, PAROUT3

system. Note: RDD in the weather file are
m-2 d-1.
2; IYEAR=2006

-1

the weather system in

ng prt_wish as different from the initial

y e.g. the TRANRF function.
ish_high)

plitting these over the plants
atter production, which are compared to the
; BalDmHIp5 is the absolute balance relative

+ G3from2_2 - GDM2HLP
f GDM1HLP+GDM2HLP+G3Photos

afD - TotWleafD_I) + ...
+ (HarvestbM2_Pru-HarvestDM_Pru2l)) - ...
(HarvestWleafD-HarvestWleafD_I)

y with respect to the shoot part (DM1-Wrt1)
harvested
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***This is implemented in the EVENT section as (HEL

***Balances for Root and Shoot Dry Matter:
*BalRtShHIp1, 2 and 3 are individual balances with
*3, respectively. BalRtShHIp4 is the overall balanc
*calculation.

*BalRtShHIp4 is the balance calculated relative to
*All balances should be 0.0000.

BalRtShHIp1 = ( (Wrtl+Wsh1+Corml1_to_Wsh1) - (Wrtll
BalRtShHIp2 = ( (Wrt2+Wsh2) - (Wrt2l+Wsh2l)) - (DM
BalRtShHIp3 = ( (Wrt3+Wsh3) - (Wrt31+Wsh3l)) - (DM

BalRtShHIp4 = ( (DMTotRtSh - (Wrt1I+Wrt21+Wrt3I) +
(DMTotdm - (DM1I+DM2I+DM3I) - (

***BalRtShHIp1 and BalRtShHIp4 were around zero bef
***different parts was done. Reason: before the spl

***3 whole, and this was obvious from the line "NEW
***Wsh1l is replaced by Wsh2 (at that moment contain
***splitting up in corm, psstm, leaves and bunch, t

***|t js remaining in the soil, instead. Therefore,

***not working properly anymore. This could only be

***that also represents Wshl as a whole. This has n
***BalRtShHIp4 are not correct anymore after the in

***Balances for Shoot dry Matter partitioning:
*BalShHIp1, 2 and 3 are individual shoot balances w

*All balances should be 0.0000.

BalShHIp1 =( ((Wcorml + Wpsstml + Wleafl + Wbun
(Wcorm1l+Wpsstml1l+Wleafll+Wbunch1ll
( (Wsh1l - Wsh1l) + (WleafD1-WleafD

Wsh1

BalShHIp2 = ( ((Wcorm2 + Wpsstm2 + Wleaf2 + Wlea
(Wcorm2l+Wpsstm2l+Wleaf2l+WleafD2I
( (Wsh2-Wsh2l) + (WleafD2-WleafD2I

BalShHIp3 = ( ((Wcorm3 + Wpsstm3 + Wleaf3 + Wlea
(Wcorm3I+Wpsstm3l+Wleaf3l+WleafD3lI
( (Wsh3-Wsh3I)+(WleafD3-WleafD3l)+
NOTNUL(Wsh3)

*** Crop development is temperature-sum driven
TSUM1 = INTGRL(TSUML1I, RTSUM12)
*Temperature sum of plant 1 (C d)

TSUM2 = INTGRL(TSUM2I, RTSUM12)
*Temperature sum of plant 2 (C d)

TSUM3 = INTGRL(TSUMS3I, RTSUM3)
*Temperature sum of plant 3 (C d)

RTSUM12 = DTEFF

*Rate of change of temperature sum for plant 1 and

*an emergence, because we start with an established
RTSUM3 = DTEFF * SWemerg3

*Rate of change of temperature sum for plant 3

*This temperature sum starts to accumulate at emerg

*|t is triggered by TSUM2 - TSUMSUC, where TSUMSUC

EVENT
ZEROCONDITION TSUM2 - TSUMSUC
***Switch to indicate emergence of plant 3
NEWVALUE SWemerg3 =1.0
ENDEVENT

PDM1-HELPWIt1)

respect to the motherplant, plant 2 and plant
e check, including all 3 plant parts in one

the total DM production

+Wsh1l+Corml_to_Wsh1l)) - (DM1 - DM1l) ) / DM1
2 -DM2l) )/ DM2
3-DM3I) )/ NOTNUL(DM3)

(Wsh1l+Wsh2I+Wsh3l)))-...
Corml_to_Wsh1-Corm1l_to_Wshll)) ) / DMTotdm

ore the splitting of the shoot into its
itting up in parts the shoot was harvested as
VALUE Wsh1l = HELPWsh2",where the whole of the
ed in the variable HELPWsh2). But after the
he corm is not harvested.
the balances BalRtShHIp1 and BalRtShHIp4 are
changed if a helpvariable would be introduced
ot been done, however, so BalRtShHIp1 and
troduction of the different shoot parts.

ith respect to plant 1, plant 2 and plant 3

chl + WleafD1 + Corm1_to_Wshl) - ...
+WleafD1l+Corm1_to_Wshll)) - ...
11) + (HarvestDM1_Pru-HarvestDM_Prull)) )/

D2) - ...

) - ..
) + (HarvestDM2_Pru-HarvestDM_Pru2l) ) ) / Wsh2

fD3) - ...

) - ..
(HarvestDM3_Pru-HarvestDM_Pru3l) ) )/

2. These rates of change are not triggered by
banana crop consisting of plant 1 and 2

ence of plant 3, as indicated by SWemerg3
is taken as 1302 C d
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*** | eaf area calculations and light interception
LAI1 = INTGRL(LAILI, NLAI1)

*LAI1 - leaf area index of plant 1 (ha leaf ha-1 so
LAI2 = INTGRL(LAI2I, NLAI2)

*LAI2 - leaf area index of plant 2 (ha leaf ha-1 so
LAI3 = INTGRL(LAI3I, NLAI3)

*LAI3 - leaf area index of plant 3 (ha leaf ha-1 so

***Net increase of Leaf area index

NLAI1 = GLAI1 - DLAI1

*Daily net rate of change of LAI for plant 1 (ha le
NLAI2 = GLAI2 - DLAI2

*Daily net rate of change of LAI for plant 2 (ha le
NLAI3 = GLAI3 - DLAI3

*Daily net rate of change of LAI for plant 3 (ha le

***Death rates of Leaf area index

DLAI1 = LAI1 * RDR1

*Death rate of leaf area index of plant 1 (ha leaf
DLAI2 = LAI2 * RDR2

*Death rate of leaf area index of plant 2 (ha leaf
DLAI3 =LAI3 * RDR3

*Death rate of leaf area index of plant 3 (ha leaf
*RDR3=0, no death of leaves for plant 3

CALL GLA(SLA1L,Pleafl,GWsh1,SWstdm3,TSUM1,TSUM
LAlstop_exp,RGRL1,DTEFF,
*Growth rate of LAl plant 1 (ha leaf ha-1 soil d-1)
CALL GLA(SLA2,Pleaf2,GWsh2,SWstdm3,TSUM2,TSUM
LAlstop_exp,RGRL2,DTEFF,
*Growth rate of LAI plant 2 (ha leaf ha-1 soil d-1)
CALL GLA(SLA3,Pleaf3,GWsh3,SWstdm3,TSUM3,TSUM
LAIstop_exp,RGRL3,DTEFF,
*The growth of the leaves for plant 3 due to photos
*but is retarded by a temperature sum (STGRLV) whic
*Plant 3 emerges with no functional leaves, and obt
*(and leaf area growth, ha leaf ha-1 soil d-1) from

EVENT
ZEROCONDITION TSUM3-STGRLV
NEWVALUE SWstdm3 =1.0
***|n this event section, the dry matter SWitch is
***plant 2 to plant 3. Switch SWstdm3 also indicate
***contribution of DM of plant 2 to plant 3, and th
***STGRLV is 360 C d
ENDEVENT

***|_jght interception by the banana canopy (three |
PARIN1 =0.5*DTR

*Total PAR incident for plant 1 (MJ ha-1 d-1)

*PAR is 50% of DTR, expressed in MJ ha-1 d-1. This
*(Sinclair & Muchow, 1999) and therefore hard-coded
*Sinclair, T.R., Muchow, R.C., 1999. Radiation use
PAROUT1 = PARIN1 * EXP(-K1*LAI1)

*Total PAR transmitted by plant 1 (MJ ha-1 d-1)
PARINT1 = PARIN1 - PAROUT1

*Total PAR intercepted by plant 1 (MJ ha-1 d-1)

PARIN2 = PAROUT1

*Total PAR incident for plant 2 (MJ ha-1 d-1)
PAROUT2 = PARIN2 * EXP(-K2*LAI2)
*Total PAR transmitted by plant 2 (MJ ha-1 d-1)
PARINT2 = PARIN2 - PAROUT2

*Total PAR intercepted by plant 2 (MJ ha-1 d-1)

PARIN3 =PAROUT2
*Total PAR incident for plant 3 (MJ ha-1 d-1)
PAROUT3 = PARIN3 * EXP(-K3*LAI3)

il
il

af ha-1 soil d-1)
af ha-1 soil d-1)

af ha-1 soil d-1)

ha-1 soil d-1)
ha-1 soil d-1)

ha-1 soil d-1)

3stop_exp,LAIL,...
GLAI1)

3stop_exp,LAI2,...
GLAI2)

3stop_exp,LAIS,...
GLAI3)
ynthesis does not directly start at emergence,
h corresponds with 360 C d (about two months).
ains the necessary DM to establish its weight
plant 2 up to STGRLV=360 C d

set to indicate the end of the full support of
s the start of the linear decrease of the
e start of photosynthesis of plant 3

evels - plants 1, 2 and 3)

fraction of 0.5 is well established

efficiency. Adv. Agron. 11, 215-265.
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*Total PAR transmitted by plant 3 (MJ ha-1 d-1)
PARINT3 = PARIN3 - PAROUT3
*Total PAR intercepted by plant 3 (MJ ha-1 d-1)

***Crop growth or dry matter production
DM1 = INTGRL (DM1I, NDM1)
*Total dry matter of plant 1 (kg DM ha-1)
DM2 = INTGRL (DM2I, NDM2)
*Total dry matter of plant 2 (kg DM ha-1)
DM3 = INTGRL (DM3I, NDM3)
*Total dry matter of plant 3 (kg DM ha-1)
DMTotdm =DM1 + DM2 + DM3

HarvestDM = INTGRL(HarvestDM_| , RHarvestD
*HarvestDM - "harvested" dry matter: contains the w
*the pseudostem, the leaves (both green and dead) a
*This state variable is shockwise filled by dead le

*filled instantaneously by the pseudostem material,
*harvest. Because of the shockwise additions, the c

*to zero.

RHarvestDM =0.0

*Cumulative weight of leaves of plant 1 pruned (kg
HarvestDM1_Pru = INTGRL(HarvestDM_pruill
RHarvestDM1_pru  =0.0

*Cumulative weight of leaves of plant 2 pruned (kg
HarvestDM2_Pru = INTGRL(HarvestDM_pru2l
RHarvestDM2_pru  =0.0

*Cumulative weight of leaves of plant 3 pruned (kg
*Actually no leaves die, used to help with the re-s
HarvestDM3_Pru = INTGRL(HarvestDM_pru3l
RHarvestDM3_pru  =0.0

DMmulch = INTGRL(DMmuich_I, DcRDMmulch)
*DMmulich - "harvested" dry matter (kg DM ha-1)

*|t contains the shoot part that is not of economic
*(both green and dead)

*Harvest occurs at (TSUM1=3600 C d) and it is used

*This state variable is more or less dynamically fi
*prunings, and filled instantaneously by the pseudo

*and green) at harvest of only plant 1 (so no dead

*Since the prunings take place at regular time inte
*DMmulch is filled shockwise. Dead leaves are gathe
*'TotWleafD", which is WleafD1 + WleafD2 + WleafD3

DcRDMmuich = - RDcR * DMmulch

*Decomposition rate of mulch (kg ha-1 d-1) is take
*(exponential decay). This means that the assumptio
*leaves, harvested green and dead leaves and pseudo
*rate. The RDcR could be redefined later as a funct

EVENT
ZEROCONDITION TSUM1-TSUMfloinit
NEWVALUE SWFSU2 =0.0
***Switch SWFSU?2 is put to 0 at flower initiation o
***At this physiological time the support of plant

ENDEVENT

***Net rates of change of the weights of the dry ma
***To calculate this, the death rate of the leaf we

NDM1 = GDM1 - DWDM1
NDM2 = GDM2 - DWDM2
NDM3 = GDM3 - DWDM3

M)
hole of the shoot part that is harvested, so
nd the bunch, Plus the pruned dead leaves.
af weight material, usually from prunings, and
green and dead leaves of plant 1 and bunch at
ontinuous day-to-day rate (RHarvestDM) is set

DM ha-1)
RHarvestDM1_pru)

DM ha-1)
RHarvestDM2_pru)

DM ha-1)
ettings
RHarvestDM3_pru)

interest, so the pseudostem and the leaves
for mulching the soil

lled by dead leaf weight material,usually from
stem material and all remaining leaves (dead
leaves from plant 1 and 2 at harvest)
rvals, usually each month, the state variable
red in an extra state variable called

proportional to the amount present

n is that the different materials (pruned dead
stem) have a comparable relative decomposition
ion of moisture content and temperature

f plant 1 (at TSUM1=TSUMfloinit=2423 C d)
1 to plant 2 is completely stopped

tter due to the death of the leaves and roots
ights are directly used
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DWDM1 =DWIleafl + DWrtl
DWDM2 =DWIleaf2 + DWrt2
DWDM3 = DWIleaf3 + DWrt3

*DWDMIi is the sum of the death rates of leaves - kg
*planti = 1-3

***Plant 1

GDM1HLP = PARINT1 * LUE1

*Total production of plant 1 (kg DM ha-1 d-1), from
*LUE (kg MJ-1 PAR), of which a part, indicated by t
*(that is substituted in the variable FSU2RED2_2),
*The remainder (1.0 - FSU2RED2_2) goes to plant 1 v

GDM1 = (1.0 - FSU2RED2_2 ) * GDM1HLP
***Plant 2
GDM2HLP = PARINT2 * LUE2

*Since plant 2 fully feeds plant 3 during a "period

*plant 2 (defined in the help-variable GDM2HLP)is d

*This period starts, however, when emergence of pla
*becomes 1.0, if TSUM2 > TSUMSUC(=1302 C d)

*The part of GMD2HLP that goes to plant 3 is ( SWem
*remainder goes to GDM2 itself: {1-( SWemerg3*(1.0-

*Since, however, either G2from2_1 or G2from2_2 shou
*SWitched on with SWstdm3, whereas G2from2_1 must t
*That makes it subsequently superfluous to also mul

*{1-( SWemerg3*(1.0-SWstdm3) * FSU2max )}, and ther

G2from2_1 = (1.0-SWstdm3)*( 1.0 - SWemerg3*FS
G2from2_2 =  SWstdm3 *( 1.0 - FSU2
G2froml = FSU2

GDM2 = G2from2_1 + G2from2_2 + G2from1

* Total rate of increase in weight of plant 2 (kg D
***Plant 3

G3from2_1 = ( SWemerg3 *(1.0-SWstdm3) * FSU2m
G3from2_2 = FSU2RE

G3Photos = SWstdm3 * (PARINT3 * LUE3)
GDM3 = G3from2_1 + G3from2_2 + G3Photos

*Total rate of increase in weight of plant 3 (kg DM
*(i)DM partitioning from plant 2 to plant 3 (G3from
*'no functional leaves" (0.0 < TSUM3 < 360),

*(ii)due to a decreasing amount of supply from plan
*has photosynthesis but is still supported (G3from2
*(iii)due to photosynthesis of plant 3 itself. Sinc
*TSUM3 > 360 C d, it is put on with SWstdm3. Note t
*onwards, and that LAI3 also increases and will int
*plant 2, but it is functionally not working

FSU2RED2_1 = SWstdm3 * FSU2(FSU2max, TSUMfloini
FSU2RED2_2 =SWFSU2 * FSU2(FSU2max,TSUMfloini
*FSU2RED2_1 is the function that takes care of the
*produced DM2, so given by GDM2HLP, that is supplie
*plant 2 is not yet shifted to the status of plant

*The function is then read by TSUM2 and it is a fra

*After the shift, at TSUM2=TSUMshfhv=2298 C d (coin
*function is read by TSUM1, because plant 2 has bec
*matter up to its flower initiation at 2423 C d

*However, the dry matter now goes to plant 2 (previ

*plant 2). Thus, the rates have to be differently f
*programming part.

*During the period TSUM2=1662 to 2298 C d, SWstdm3
*During the period TSUM1=2298 to 2423 C d, SWFSU2 i
*SWemerg3= 1 after TSUM2=1302, up to the harvest

***Crop total dry matter produced is divided over r

ha-1 d-1(DWIeafi) and roots (DWrti) for

intercepted PAR(MJ ha-1 d-1) and a constant
he result of function-subroutine FSU2

goes to plant 2

ia GDM1

" from 0-360 C d, the total DM produced by
ivided over plant 2 and 3 during that "period"
nt 3 takes place, indicated by SWemerg3 that

erg3*(1.0-SWstdm3) * FSU2max ) and the
SWstdm3) * FSU2max )}
Id be active in rate GDM2, G2from2_2 must be
hen be SWitched off by (1.0-SWstdm3)
tiply by (1.0-SWstdm3) in the expression
efore this has been removed

U2max ) * GDM2HLP

RED2_1)* GDM2HLP
RED2_2 * GDM1HLP

M ha-1 d-1)

ax ) * GDM2HLP
D2_1* GDM2HLP

ha-1 d-1) due to
2_1) in the period of

t 2 to plant 3 in the period that plant 3
_2),and

e this should start only after

hat GLAI3 will have a value from emergence
ercept light, because it is supported by

t,TSUMendfulldepe, TSUM2)
t,TSUMendfulldepe, TSUM1)
linear decrease of the amount of newly
d by plant 2 to plant 3 in the period that

ction between FSU2max and 0.0
ciding with TSUM1=TSUMHARV=3600 C d), the
ome plant 1, and will continue to supply dry

ous plant 3) and comes from plant 1 (previous
ormulated, and that has been done in the above

is 1, otherwise, it is 0
s 1, otherwise, it is 0

oot and shoot
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***Crop root growth or dry matter production of roo

Wrtl = INTGRL (Wrtll, NWrtl)

*Dry matter of roots of plant 1 (kg DM ha-1)
Wrt2 = INTGRL (Wrt2l, NWrt2)

*Dry matter of roots of plant 2 (kg DM ha-1)
Wrt3 = INTGRL (Wrt3l, NWrt3)

*Dry matter of roots of plant 3 (kg DM ha-1)
WrtTot = Wrtl + Wrt2 + Wrt3

*Total dry matter of roots of the whole of the bana

***Crop shoot growth or dry matter production of sh

Wsh1 = INTGRL (Wsh1l, NWsh1)
*Dry matter of shoot of plant 1 (kg DM ha-1)
Wsh2 = INTGRL (Wsh2l, NWsh2)
*Dry matter of shoot of plant 2 (kg DM ha-1)
Wsh3 = INTGRL (Wsh3l, NWsh3)
*Dry matter of shoot of plant 3 (kg DM ha-1)
WshTot = Wshl + Wsh2 + Wsh3

*Total dry matter of shoot of the whole of the bana

RtShratiol = Wrtl /NOTNUL(Wsh1)
RtShratio2  =Wrt2 /NOTNUL(Wsh2)
RtShratio3 = Wrt3 /NOTNUL(Wsh3)
RtShratioAll = WrtTot/NOTNUL(WshTot)

DMTotRtSh = WrtTot + WshTot

EVENT
ZEROCONDITION TSUM1-TSUMflower
NEWVALUE SWFrtl =0.0
***Switch SWFrt is put to 0 at flowering of plant 1
***At this physiological time root formation of pla
***Eor the plant 1, that is initialized after 360 C
***ands at 3600 C d, this switch is the only import
***Eor Sucker 1, that is initialized after 360 C d
**%2298 C d (and then continues to be plant 1), thi

ENDEVENT
***Net rates of change of the weights of the shoot

***Tqo calculate this the death rate of the leaf wei
***Below Part of corm1 goes to Wsh1 after harvest

NWsh1 = GWsh1l - DWshl + dCorm1_to_Wshl
NWsh2 = GWSsh2 - DWsh2

NWsh3 = GWSsh3 - DWsh3

DWsh1l = DWIleafl

DWsh2 = DWIleaf2

DWsh3 = DWIleaf3

dCorml_to Wshl =pcorml_to_Wshl * dCorm1_After Har
*A help variable
Corml_to_Wshl =INTGRL( Corml_to_Wsh1ll, dCorml_to

*Integral to keep track of weight of the corm of pl

Wcorm1H = INTGRL(Wcorm1H_I, RWcorm1H)
RWcorm1H =0.0

***Net rates of change of the weights of the living
Nwrtl = GWrtl - DWrtl1

NWrt2 = GWrt2 - DWrt2

NWrt3 = GWrt3 - DWrt3

***Growth rates of the different plants 1, 2 and 3.
*Plant 1

GWrtl = FItRED1 * GDM1
GWsh1 = (1.0 - FtRED1 ) * GDM1
FrtRED1 = SWFrt1*prt2(prt_wish,psh_wish, TSU

ts

na plant (kg DM ha-1)

oots

na plant (kg DM ha-1)

(at TSUM1=TSUMflower=2663 C d)
nt 1 is assumed to completely stop
d (in fact between 2262 and 2423 C d) and
ant one
(in fact between 960 and 1121 C d)and ends at
s switch is also the only important one

due to the death of the leaves
ghts are directly used

_Wsh1l)

ant 1 at harvest

roots due to death of the roots(kg ha-1 d-1).

M3I,STGRLV,TSUM1,TSUMflower)
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***Plant 2

GWrt2 = FtRED2 * GDM2

GWsh2 =(1.0- FtRED2 ) * GDM2

FrtRED2 = SWFrt1*prt2(prt_wish,psh_wish, TSU
*Plant 3

GWrt3 = (FrtGR + FrtRED3) * GDM
GWsh3 =(1.0- (FrtGR + FrtRED3) ) * GDM

*The dry matter that is either given to sucker 2 or
*the roots and shoot. This is done by 2 functions:
*Function FrtGR is either increasing or constant be
*Function FtRED3 decreases from where function Frt
*TSUMflower (2663 C d). For plant 3 function FrtRED
*shift. Function FrtGR is only used by plant 3, bec
*zero.

FrtGR = ( SWemerg3 * (1.0-SWstdm3) ) * ..
prtl(TIME,STTIME,prt_wish,psh_wis
FrtRED3 = SWstdm3* ...

prt2(prt_wish,psh_wish,TSUM3I,STG

**Death of roots

*Based on experimentation by Moreau et al.1963. Amo

*months on a parent banana plant (Gros Michel), 102
*therefore maximum lifespan is about 4 months
*Moreau, B., Le Bourdelles, J., 1963. Etude du syst
*Equateur. Fruits 18, 71-74.

*After about 4 months (120 days), 7.3% of the origi
*RDRrt = 1n(0.073)/(-120) = 0.0218 d-1

*RDRrt2 = 0.0218 d-1 (plant 2)

*RDRrt3 = 0.0218 d-1 (plant 3) - start after 360

*The roots present at flowering remain alive during
*decrease of about 8% (Blomme, 2000).

*Blomme, G., 2000. The interdependence of root and
*field conditions and the influence of different bi
*thesis. Katholieke Universiteit Leuven, Leuven, Be
*Duration from flowering to harvest at Ntungamo (15
*RDRrtl = 1n(0.92)/(-150) = 0.000556

DWrtl = RDRrtl * Wrtl
DWrt2 = RDRrt2 * Wrt2
DWrt3 = RDRrt3 * Wrt3

*Total weight of dead roots for plant 1 (kg DM ha-1
WrtD1_Tot = INTGRL(WTrt1DI, dWrtl_plantl)
dwrtl_plantl = DWrtl

*Total weight of dead roots for plant 2 (kg DM ha-1
WrtD2_Tot = INTGRL(Wrt2DI, dWrt2_plant2)
dwWrt2_plant2 = DWrt2

*To calculate the total weight of dead roots for pl
WrtD3_Tot = INTGRL(Wrt3DI, dWrt3_plant3)
dwrt3_plant3 = DWrt3

TotWrtD =WrtD1_Tot + WrtD2_Tot + WrtD3_Tot
*Total weight of roots dead for plant 1, 2 and 3 (k

RDRrtl = AFGEN (RDRrt1TB, TSUM1)

FUNCTION RDRrtl1TB = 2262.,0.0218, 2663.,0.0218, 27

*Function to cater for reduced root senescence afte

Wrtl_After_Harv = INTGRL(Wrtl_After_Harvl , dWrtl_
*Weight of roots after harvest of plant 1 (kg ha-1)

*The amount in this state "Wrt1_After Harv"is in f
*There is a positive flow of material from the Corm
*can perhaps not be added here directly, because of

M3I,STGRLV,TSUM2,TSUMflower)

3
3
produced by sucker 2 is also distributed over
FrtGR and FrtRED3
tween 0 < TSUM3 < 360 Cd (STGRLV)
GR ends (so at STGRLV), down to zero at
3is read up to TSUM3 =996 C d, so up to the
ause of the initialization of this plant 3 as

.h,FrtmaX,STGRLV,TSUM3I,TSUM3)

RLV,TSUM3,TSUMflower)

ng 110 roots produced during the first 3
roots had dissappeared / died at 7 months,

eéme racinaire du bananier 'Gros Michel' en

nal root dry matter will be left

Cd
the reproductive phase, with a moderate
shoot development in banana (Musa spp) under
ophysical factors on this relationship. PhD

Igium.
0 days)

ant 3 (kg DM ha-1)

g DM ha-1)

00.,5.56E-4, 3600.,5.56E-4
r flowering

After_Harv)
act SOM that decays

1 that is going to the SOM as well, but that
other decay rates
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dWrtl_After_Harv = - RDRrtl_After_Harv * Wrt1_After
*in HARVEST-event: Wrtl_After_Harv = Wrtl_After_Har
*Death rate of roots after harvest of plant 1 (kg h

***Crop above ground dry matter produced is divided
**The bunch appears on plant 1, so Pbunch2 and Pbu
***named DummyPbunch2 and DummyPbunch3.

***They are calculated to maintain the same calcula
***Explanation about the dead leaves:

***\Weights of dead leaves of the individual plants
***|leaves and decrease by pruning (time-event) and

Wcorm1 = INTGRL (Wcorm1l , GWcorm1)
*Dry matter of corms of plant 1 (kg DM ha-1)
Wpsstm1l = INTGRL (Wpsstm1l, GWpsstm1)
*Dry matter of pseudostem of plant 1 (kg DM ha-1)
Wileafl = INTGRL (Wleafll , NWleafl )

*Dry matter of leaves of plant 1 (kg DM ha-1)
WileafD1 = INTGRL (WleafD1l, DWleafl)

*Weight of dry leaves for plant 1 (kg DM ha-1)
Whbunchl = INTGRL (Wbunchll, GWbunch1l)
*Dry matter of the bunch of plant 1 (kg DM ha-1)

*Further Corm1 dynamics. After harvest "Corm1" deca
*The remainder is going to a state "Corm1_Lost_Afte
*(for balances for example, also similar to Wcorm1H
*The "Corm1_Lost_After_Harv" is in fact soil organi

Corm1_After_Harv
dCorm1_After_Harv

= INTGRL( Corm1_After_Har
=- RDRCorml_After_Harv *
Corml_Lost_After_Harv = INTGRL( Corm1_Lost_Af
dCorml_Lost_After Harv = (1.0 - pcorm1_to_Wsh1l

WshPIntlTot =Wcorml + Wpsstm1 + Wleafl + Wleaf
*Total dry matter of the above ground plant 1 (kg D
LWR1 = WIleafl/DM1

*LeafWeightRatio as calculated from the program

***Harvests

HarvestWpsstm = INTGRL(HarvestWpsstm_|, RHarvestW
*HarvestWpsstm - "harvested" pseudostems
RHarvestWpsstm = 0.0

HarvestWLeaf = INTGRL(HarvestWLeaf |, RHarvestWL
*New comment: HarvestWLeaf - "harvested" green leav
*These are done only at harvest (and only for the p
*only dead leaves are taken away (but then for plan
*shockwise, the day-to-day continuous inflowrate is

RHarvestWLeaf =0.0

HarvestWLeafD = INTGRL(HarvestWLeafD_l, RHarvestW
*HarvestWLeafD - "harvested" dead leaves in terms o
*by a daily rate, and by the harvests.

RHarvestWLeafD =0.0

*The "RHarvestWLeafD" could represent the decomposi
*been harvested. It obviously NOT only concerns the
*also the decomposition of the pruned leaves of all

*DMmulch constitutes leaves and pseudostems. So, TH
*affect the rain interception and runoff when the m
*This "HarvestWLeafD" state variable therefore only

HarvestWbunch = INTGRL(HarvestWbunch_l, RHarvestW
*HarvestWbunch - harvested bunches.

RHarvestWbunch =0.0

*The "RHarvestWbunch" will always be 0.0, because t

*in the model, and the bunches will via the harvest

*In fact, implicitly i assume that there are no har

_Harv
v+ Wrtl
a-1d-1)

over corm, pseudostem,green leaves and bunch
nch3 are not meaningful; they are therefore

tional structure, but they not used

(WleafDi) increase with the dying of green
harvesting (state-event)

ys and partially feeds Wsh1.
r_Harv", which is an accumulator only

)

C matter

vl, dCorm1_After Harv)
Corm1_After_Harv

ter_Harvl , dCorm1_Lost_After_Harv)
) * dCorm1_After_Harv

D1 +Wbunchl
M ha-1)

psstm)

eaf)
es in terms of weight.
lant 1), not by the prunings, because then
t 1, 2 and 3) since the accumulation is
taken zero

LeafD)
f weight. These are done by prunings, so not

tion rate of the dead leaves that have just
dead leaves of the harvested plant 1, but
three plants (1, 2 and 3)

AT state variable will decompose and will
odel is combined with the water balance
accumulates dead leaf weight

bunch)
here is no decomposition of the economic yield

come into the state variable
vest losses of the bunches.
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Wcorm2 = INTGRL (Wcorm2l , GWcorm2)
*Dry matter of corms of plant 2 (kg DM ha-1)
Wpsstm2 = INTGRL (Wpsstm2l, GWpsstm2)
*Dry matter of pseudostem of plant 2 (kg DM ha-1)
Wileaf2 = INTGRL (Wleaf2l , NWleaf2 )

*Dry matter of leaves of plant 2 (kg DM ha-1)
WileafD2 = INTGRL (WleafD2I, DWleaf2 )
*Weight of dry leaves for plant 2 (kg DM ha-1)
WshPInt2Tot = Wcorm2 + Wpsstm2 + Wleaf2 + Wleaf
*Total dry matter of the above ground plant 2 (kg D
LWR2 = Wleaf2/DM2

*LeafWeightRatio as calculated from the program

Wcorm3 = INTGRL (Wcorm3l , GWcorm3)

*Dry matter of corms of plant 3 (kg DM ha-1)

Wpsstm3 = INTGRL (Wpsstm3l, GWpsstm3)

*Dry matter of pseudostem of plant 3 (kg DM ha-1)
Wileaf3 = INTGRL (Wleaf3l , NWleaf3)

*Dry matter of leaves of plant 3 (kg DM ha-1)

WleafD3 = INTGRL (WleafD3I, DWleaf3)

*Weight of dry leaves for plant 3 (kg DM ha-1)
WshPInt3Tot = Wcorm3 + Wpsstm3 + Wleaf3 + Wleaf
*Total dry matter of the above ground sucker 2 (kg

LWR3 = Wleaf3/NOTNUL(DM3)
*LeafWeightRatio as calculated from the program

*** The sum of the three plants should equal WshTot
*** Balance
WshTotPlants = WshPInt1Tot + WshPInt2Tot + WshPI

*To calculate the approximate number of green leave
*is reasonable.

Leafnum_plantl = (LAIZ/MLAH1) / ((100./Plant_dista
*Number of green leaves for plant 1
Leafnum_plant2 = (LAI2/MLAH2) / ((100./Plant_dista
*Number of green leaves for plant 2

MLAH1 = AFGEN (MLAHTB, TSUM1)
MLAH2 = AFGEN (MLAHTB, TSUM2)

FUNCTION MLAHTB = 0.,0. ,360.,0. ,96
2262.,1.14E-4, 2663.,1.45E-4, 36
*Middle leaf area (MLA) was calculated as a functio

**Total weight of dead leaves of all plants is dyn
***DWleafi) and, moreover, this state variable is h
***The states WleafDi and TotWleafD at pruning is t
***for dead leaves, HarvestWleafD, is incremented b
TotWleafD = INTGRL (TotWleafD_l, DWIeafTot)
*Total weight of dry leaves of plant 1, 2 and 3 (kg
DWileafTot = DWleafl + DWleaf2 + DWIleaf3

***Net rates of change of the weights of leaves

NWileafl = GWIleafl - DWIleafl
NWIleaf2 = GWIleaf2 - DWleaf2
NWIleaf3 = GWIleaf3 - DWleaf3

***Growth rates of the different plants 1, 2 and 3.
***Plant 1

GWcorm1l =Pcorml * GWshl
GWopsstm1 = Ppsstml1 * GWsh1l
GWiIeafl =Pleafl * GWshl
GWhbunchl = Pbunchl * GWsh1

CALL INTERPOL('PCOTB','PSTTB','PLVTB','PBUTB,...
PCOTB ,PSTTB ,PLVTB ,PBUTB ...
K,TSUM1, Pcorml,Ppsstm1,Pleafl,Pbun

***Plant 2

GWcorm2 =Pcorm2 * GWsh2

D2
M ha-1)

D3
DM ha-1)

, and is used in the
nt3Tot

s per plant to have an idea whether the number

nce)**2)

nce)**2)

0.,0.4864E-4, 1500.,0.7652E-4, ...
00.,1.42E-4
n of the temperature sum

amically calculated (by integrating rate
arvested regularly by pruning (below)
hen set back to zero, while the harvest state
y the WleafDi withi=1,2,3

DM ha-1)

chl)
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GWpsstm2 = Ppsstm2 * GWsh2
GWleaf2 = Pleaf2 * GWsh2

CALL INTERPOL('PCOTB','PSTTB','PLVTB','PBUTB,...

PCOTB ,PSTTB ,PLVTB ,PBUTB ...
K,TSUM2, Pcorm2,Ppsstm2,Pleaf2,Dumm

***Plant 3

GWcorm3 =Pcorm3 * GWsh3
GWpsstm3 = Ppsstm3 * GWsh3
GWiIeaf3 = Pleaf3 * GWsh3

CALL INTERPOL('PCOTB','PSTTB','PLVTB','PBUTB,...

PCOTB ,PSTTB ,PLVTB ,PBUTB ...
K,TSUM3, Pcorm3,Ppsstm3,Pleaf3,Dumm

***The summations of the fractions can be taken out
***fractions of the partitioning functions has been

Psuml = Pcorml + Ppsstm1 + Pleafl + Pbunc
Psum?2 = Pcorm2 + Ppsstm2 + Pleaf2 + Dummy
Psum3 = Pcorm3 + Ppsstm3 + Pleaf3 + Dummy

***Death rates of the leaves of the different plant
DWileafl = Wleafl * RDR1
*Death of leaves of the plant 1 (kg DM ha-1 d-1)
DWileaf2 = Wleaf2 * RDR2
*Death of leaves of the plant 2 (kg DM ha-1 d-1)
DWileaf3 = Wleaf3 * RDR3
*Death of leaves of the plant 3 (kg DM ha-1 d-1)

EVENT
***Pruning TIME event

*The first pruning should take place at 30 days aft
*Since it is an established plantation, DMmulch mus

***To take care of the pruning of dead leaves
***The dead leaves of plant 1, 2 and 3 (WleafDi, an
***'Days_between_prunings”, usually taken as 30 day
***Technical remark: because StTime is at least the
***pruning is put to StTime-1. + Days_between_pruni
***90, etc. days, instead of 31, 61, 91, etc.
FIRSTTIME StTime-1. + Days_between_prunings
***Days_between_prunings affects the pruning of lea
***30 days.

NEXTTIME Time + Days_between_prunings

*In principle dead leaf area for the three separate
*a state variable for dead leaf area.

*The reason that there are no state variables for t
*that the dead leaves hang along the stem and thus

*Dead leaf weight for the three separate plants is
*TotWleafD (= SUM(WIeafDi) ) is added to the mulch
*Technical remark 1: the "i"'s in the variables HEL
*variables from the ones in the Harvest section, so

HELPWIeafD1i = WleafD1
HELPWIeafD2i = WleafD2
HELPWIeafD3i = WleafD3
HELPTotWleafDi = TotWleafD
HELPDMmulchi = DMmulch

HELPHarvestDM1_Prui
HELPHarvestbM2_Prui
HELPHarvestDM3_Prui

HarvestDM1_Pru
HarvestbM2_Pru
HarvestbM3_Pru

NEWVALUE WileafD1 =0.0
NEWVALUE WileafD2 =0.0
NEWVALUE WileafD3 =0.0

NEWVALUE TotWleafD  =0.0

yPbunch2)

yPbunch3)

as soon as the check on the sum of
implemented in the INITIAL

hl
Pbunch2
Pbunch3

sl,2and 3

er the onset of the simulation.
t have a certain value

d TotWleafD) are pruned at

intervals and is applied as muilch
first day of the year, so StTime=1, the first
ngs, so that we arrive at prunings at 30, 60,

ves and is a management parameter here set at

plants is pruned. However, we did not include

he dead leaf area's, is that it is assumed
do not take away light.

pruned. So, WleafDi must be reset to 0.0, and
at prunings.

PWileafD1i are introduced to distinguish these
just to make them unique
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NEWVALUE DMmuich

NEWVALUE HarvestDM1_Pru
NEWVALUE HarvestDM2_Pru
NEWVALUE HarvestDM3_Pru

= HELPDMmulchi

+HELPT

HELPHarvestDM1_Prui
HELPHarvestDM2_Prui
HELPHarvestDM3_Prui

*The Dry Matter of the plants is affected by the pr
*plants. So, WleafDi must be subtracted from the DM

HELPDM1i =DM1
HELPDM2i =DM2
HELPDM3i =DM3
NEWVALUE DM1 = HELPDM1i - HELPW
NEWVALUE DM2 = HELPDM2i - HELPW
NEWVALUE DM3 = HELPDMS3i - HELPW

*The Shoot Dry Matter of the plants is also affecte
*separate plants. So, WleafDi must be subtracted fr

HELPWsh1i =Wsh1l

HELPWsh2i =Wsh2

HELPWsh3i =Wsh3

NEWVALUE Wshl =HELPWshli - HELPW
NEWVALUE Wsh2 = HELPWsh2i - HELPW
NEWVALUE Wsh3 = HELPWsh3i - HELPW
HELPHarvestDMi = HarvestDM

NEWVALUE HarvestDM

= HELPHarvestDMi + HELPW

HELPW
*Here in HarvestDM the dead leaves from the pruning
*harvested parts are collected (pseudostem, green |

HELPHarvestWLeafDi

H

= HarvestWLeafD
NEWVALUE HarvestWLeafD = HELPHarvestWLeafDi + H

*In HarvestWLeafD the dead leaves from the prunings
*harvest the dead leaves from plant 1

**END Pruning TIME event
ENDEVENT

***|f 3 certain temperature sum has been reached fo
***plant 2 becomes the plant 1 and plant 3 becomes
***Eurthermore, harvested leaves, in terms of weigh
***accumulated in a state variable to be used as mu
***Technically, the parameters TSUMi, LAli and DMi,
*xagain. TSUM(i) = TSUM(i+1); LAI() = LAI(i+1); D
***i5 reset to its initial values, namely 0.

***Einally the SWitches (SWemerg3 and SWstdm3) shou

**TSUMHARY is the temperature sum at harvest

EVENT

ZEROCONDITION TSUM1 - TSUMHARV
=3600.0

PARAMETER TSUMHARV
***Balance section

HELPBalDmHIp3
NEWVALUE BalDmHIp3

= BalDmHIp3
= HELPBalDmHIp3 -

***Development section (Temperature sum)

HELPTSUM2 =TSUM2
HELPTSUM3 =TSUM3
NEWVALUE TSUM1 =HELPTSUM2
NEWVALUE TSUM2 =HELPTSUM3
NEWVALUE TSUM3 =0.0

NEWVALUE SWemerg3

=0.0

***State variables section (Leaf area index, dry ma
***pseudostems, leaves, bunches, ...)

otWleafDi

+ HELPWIleafD1i
+ HELPWIeafD2i
+ HELPWIeafD3i

uned dead leaf weight for the three separate
states as well

leafD1i
leafD2i
leafD3i

d by the pruned dead leaf weight for the three
om the Wsh states as well

leafD1i
leafD2i
leafD3i

leafD1i + HELPWIeafD2i + ...
leafD3i

s are collected; in the harvest part all
eaves, dead leaves and bunch of plant 1

ELPWIleafD1i + ...
ELPWIeafD2i + HELPWIeafD3i
are collected for the 3 plants, and at

r plant 1, the harvest of bunches takes place,
the new plant 2
t, and the dry matter of the stems are
Ich
with i 1 to 3, have to be reinitialized
M1(i) = DM1(i+1) and i=1 is harvested and i=3

Id be reset to 0.0.

(HELPDM1 - (HELPWIt1+HELPWcorm1))

tter, roots and shoot, shoot parts, corms,
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*Leaf area for the three separate plants

HELPLAI1 =LAl
HELPLAI2 =LAI2
HELPLAI3 =LAI3
NEWVALUE LAI1 =HELPLAI2
NEWVALUE LAI2 =HELPLAI3
NEWVALUE LAI3 = LAI3I

*Total dry matter for the three separate plants: th
*harvested, but stay in the soil. Therefore, the ne
*of plant 2 but keeps its own roots and corm

HELPDM1 =DM1
HELPDM2 =DM2
HELPDM3 =DM3

***DM adapted because Wrtl and Wcom1 are apart
NEWVALUE DM1 = HELPDM2
NEWVALUE DM2 = HELPDM3
NEWVALUE DM3 =DM3I

*Total dry matter for the three separate plants is
*Root

HELPWIt1 =Wrtl
HELPWIt2 =Wrt2
HELPWIt3 =Wrt3

HELPWIrtl_After_Harv = Wrtl_After_Harv

*At harvest the plants, including their roots are s
*The roots of plant 1 will decay after the harvest
*HELPWItl goes to a new state, called: "Wrtl_after_

NEWVALUE Wrtl = HELPWIt2
NEWVALUE Wrt2 = HELPWIt3
NEWVALUE Wrt3 = Wrt3l
NEWVALUE Wrtl_After_Harv= HELPWTrt1_After_Harv +
* Shoot
HELPWSsh1 =Wshl
HELPWsh2 = Wsh2
HELPWsh3 = Wsh3
NEWVALUE Wsh1l = HELPWSsh2
NEWVALUE Wsh2 = HELPWsh3
NEWVALUE Wsh3 = Wsh3l

*Total SHOOT dry matter for the three separate plan
*leaves and bunches. There is also dead leaves, but
*The bunch, of course, only applies to the plant 1.

*First all HELP variables are defined

HELPWcorm1 =Wcorm1l
HELPWcorm2 =Wcorm2
HELPWcorm3 =Wcorm3
HELPWcorm1H =Wcorml

HELPCorml1_After_Harv = Corm1_After_Harv
HELPCorm1_to_Wsh1l =Corm1_to_Wsh1l

HELPWpsstm1 = Wpsstm1l
HELPWpsstm2 = Wpsstm2
HELPWpsstm3 = Wpsstm3
HELPWIeafl = Wleafl
HELPWIeaf2 = Wleaf2
HELPWIeaf3 = Wleaf3
HELPWIleafD1 = WleafD1
HELPWIleafD2 = WleafD2
HELPWIeafD3 = WleafD3
HELPTotWleafD = TotWleafD

e corm and the roots of the plants are not
w value of DM1 is not only taking over the DM

split into roots and shoot

hifted.
So, NEWVALUE Wrtl = HELPWIt2, and
Harvest",

HELPWIt1

ts is split into corms, pseudostems, green
these come from the green leaves that died.
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HELPWbunch1 =Whbunchl

HELPWIrtD1_Tot =WrtD1_Tot
HELPWItD2_Tot =WrtD2_Tot
HELPWItD3_Tot =WrtD3_Tot

NEWVALUE Corm1_to_Wshl = 0.0
NEWVALUE WrtD1_Tot = HELPWItD2_Tot
NEWVALUE WrtD2_Tot = HELPWItD3_Tot
NEWVALUE WrtD3_Tot =0.0

*Then all resettings are arranged. Corm is not harv ested.

NEWVALUE Wcorm1 = HELPWcorm2
**Corml_After_Harv = Corm1_After_Harv + Wcorm1, via the HELP construction

NEWVALUE Corm1_After_Harv = HELPCorm1_After Harv + HELPWcorm1

NEWVALUE Wcorm2 = HELPWcorm3

NEWVALUE Wcorm3 =Wcorm3l

NEWVALUE Wpsstm1 = HELPWpsstm2

NEWVALUE Wpsstm2 = HELPWpsstm3

NEWVALUE Wpsstm3 = Wpsstma3l

NEWVALUE WIleafl = HELPWIeaf2

NEWVALUE WIleaf2 = HELPWIeaf3

NEWVALUE WIleaf3 = WIleaf3l

NEWVALUE WIleafD1 = HELPWIeafD2

NEWVALUE WIleafD2 = HELPWIeafD3

NEWVALUE WIleafD3 = WleafD3l

NEWVALUE Wcorm1H =HELPWcorm1H

NEWVALUE TotWleafD = HELPWIeafD2 + HELPWIlea fD3 + WleafD3I

NEWVALUE Wbunchl = Wbunch1l
*Calculating the Harvest Index at the moment of har vesting

HI1 = HELPWbunch1/HELPWsh1
**The harvest index as calculated from only the mo therplant

Hloverall = HELPWbunch1/WshTot
***The harvest index as calculated from the whole o f the mat, so plant 1 + plant 2 + plant 3.
*Harvesting section (for later use as muich). Also DM1 and Wsh1 will be involved
*The part of DM1 that is no doubt involved is the s hoot part (Wsh1). This amount will have to be
*corrected for the the bunch weight

HELPHarvestDM = HarvestDM

HELPDMmuich = DMmulch

HELPHarvestWpsstm = HarvestWpsstm

HELPHarvestWLeaf = HarvestWLeaf

HELPHarvestWLeafD = HarvestWLeafD

HELPHarvestWbunch = HarvestWbunch

NEWVALUE HarvestDM = HELPHarvestDM + (HELPWpsstm1 + HELPWIeafl + ...

HELPWIeafD1 + HELPWbunch1)

*Prunings shifted to allow proper balancing of indi vidual plant shoots

HELPHarvestDM1_Pru
HELPHarvestDM2_Pru
HELPHarvestDM3_Pru

HarvestDM1_Pru
HarvestDM2_Pru
HarvestbDM3_Pru

NEWVALUE HarvestDM1_Pru = HELPHarvestbDM2_Pru
NEWVALUE HarvestbDM2_Pru = HELPHarvestbM3_Pru
NEWVALUE HarvestDM3_Pru = HarvestDM_pru3l

*In HarvestDM all harvested parts are contained, so pseudostem, green leaves, dead leaves
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*and bunch of plant 1 and the dead leaves from the
NEWVALUE HarvestWlLeaf = HELPHarvestWLeaf +

*Also HELPWIleafD2 and HELPWIleafD3 must be added to
*during the dynamic part of the simulation

NEWVALUE HarvestWpsstm = HELPHarvestWpsstm +
NEWVALUE HarvestWbunch = HELPHarvestWbunch +

*Having available these three separate harvested co
*enables us to introduce their own decomposition ra
*model

NEWVALUE HarvestWLeafD = HELPHarvestWLeafD +

NEWVALUE DMmulch = HELPDMmulch +
(HELPWpsstm1 + HELPWIe
*In DMmulch all harvested parts of plant 1 accumula
*leavesl and dead leavesl
*Note that at harvest to the DMmulch is added the W
*WleafD2 and WleafD3. These are only added (togethe

*The Mulch Area Index (MAI) can be calculated for i

2004 and used in retarding the evaporation of water

*Also a certain amount of water will be intercepted
*surface

*Scopel, E., Macena, F., Corbeels, M., Affholder, F
*mulching effects on water use and production of ma
*conditions. Agronomie 24, 1-13.

*Resetting the switches

NEWVALUE SWstdm3 =00
NEWVALUE SWFSU2 =10
NEWVALUE SWFrt1 =1.0
ENDEVENT
END
STOP
*
* SUBROUTINE GLA
* Purpose: This subroutine computes daily increase
* (haleaf ha-1 ground d-1)
*

SUBROUTINE GLA(SLA,Pleaf,GWsh,SWstdm3,TSUM, TS
$ LAlstop_exp,RGRL,DTEFF,

IMPLICIT REAL (A-Z)

INTEGER I1SWstdm3

SAVE

*---- Growth during pre-juvenile stage and during m
*---- GLAI=SLA*Pleaf*GWsh.

*---- Note that (only)GDM3 can be calculated by two
*.--- 1(pre-juvenile stage) or due to its own photo
*---- The photosynthesis part (in fact only DM prod
--- the support from plant 2 is described in the ma
*---- Below, GLAI is always first calculated from s
*.--- are present this value is over written by the

GLAI =SLA * Pleaf * GWsh

ISWstdm3 = NINT(SWstdm3)
*---- ISWstdm3 is introduced to prevent numerical p
*---- comparison in the below IF-statement.
*---- Growth during the juvenile stage (at the mome
*---- TSUM3stop_exp = 960.).
*---- Juvenile growth is exponential: dLAI/dt=Rgr x

prunings
HELPWIeafl
the HarvestWLeaf, but that should be done
HELPWpsstm1
HELPWbunchl
mponents (psstm, green leaves,dead leaves)

tes (if desired), but one rate is used in this

HELPWleafD1

afl + HELPWleafD1)
te, so the (chopped) pseudosteml, green

psstml, Wleafl and WleafD1, but not the
r with WleafD1) at the prunings

nstance according to the paper of Scopel et *al.
from the soil.
by this mulch, thus not reaching the soil

., Maraux, F., 2004. Modelling crop residue
ize under semi-arid and humid tropical

of leaf area index *

UM3stop_exp,LAl,
GLAI)

aturation stage is given by:

different processes (DM coming from plant
synthesis)

uction) is taken care of in this subroutine, *-
in program.

hoot dry matter, and if juvenile conditions
GLAI calculated in the IF condition.

roblems in the .EQ.
nt, the value of which is

LAI, with Rgr=RGRL x DTEFF.
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*---- Technical remark: the differential equation f
--- equation, because DELT occurs in the analytical

*---- This might give problems at the TSUM-events w

*---- this adaptation would not be correctly implem
*---- would give erroneous results.

*---- The time coefficient, 1/Rgr = 1/(RGRL * DTEFF
--- it is around 1/(0.0077 Cd x 20 C)= 6.5 days, so

-- 6.5/10=0.65 days: it is, however, 1 day, so a li
*--—- still acceptable.

*---- A closer investigation, however, yielded that
*---- did not give converging results and it was de
*---- integrate the rates, with a time step of 0.25

IF ((ISWstdm3 .EQ. 1) .AND. (TSUM .LT. TSUM3

$ (LAl .LT.LAlstop_exp))
$ GLAI = (RGRL * DTEFF) * LAI

RETURN
END

*,
*,
*,
*,
*,
*,
*,

FUNCTION Fsu2(FSU2max, TSUMfloinit, TSUMendfull

IMPLICIT REAL (A-2)
SAVE

---- This function represents a straight line defi
---- sucker 2 by sucker 1 during the physiological
---- (corresponds with TSUM3=360 C d) to

---- TSUM2 = 2298, where harvesting and shifting t

---- After that physiological moment of 2298 C d,
---- plant 2, and the support of (now) plant 2 con
---- new plant 1 at 2423 C d.

Fsu2 =-FSU2max/(TSUMfloinit-TSUMendfulld

Return
END FUNCTION Fsu2

*,

FUNCTION prt1(TIME,STTIME,prt_wish,psh_wish,F

IMPLICIT REAL (A-2)
COMMON /SLOPE/ Afixed
SAVE

prt_cal = prt_wish / (psh_wish + prt_wish)
---- prt_cal is the average amount of the newly gr

--- calculated from the rt:sh ratio that is given i
*---- psh_wish. Since the total crop is the sum of

--- shown.

*,
*,
*,
*,
*,
*,
*,
*,
*,
*,

IF ( Frtmax .GT. (1.81*prt_cal) ) CALL FATALE
& (‘prtl','Frtmax > prt_cal’)

---- The below function, prtl = A* TSUM3 + B, is
---- the average value prt_cal. This average value
---- reached at the end of the 360 C d period and
---- however, that during the 0-360 C d period the
---- So, if a known average need to be reached at

---- should start with a lower value and should en
---- Therefore, the reference values of the functi

---- 0-360 C d, so at 180 C d, because in the midd

---- end of the period of 360 C d, where the value

---- Obviously, Frtmax should not be larger than 2

-- of the function would be lower than 0.0. Theref

---- FATALERR was introduced in this routine and w

---- Frtmax > 2.0*prt_cal. It may be clear that Fr

---- The value of 2.0* appears to give (very small
---- Therefore, the more practical value of 1.81 i

*,
*,
*-——- prt_cal <= Frtmax <= (2 * prt_cal).
*,
*,
*,

---- allowed to be reached by prt_cal. The 0.01 in

orm is chosen instead of the analytical rate *-
formulation.

here the time step necessarily is adapted. If
ented in the analytical rate equation, this

), also allows to use the differential form: *-
the time step should be less or equal than *--
ttle worse that the rule of thumb, but

this time step, in combination with Euler,
cided to use the Runge-Kutta method to

stop_exp) .AND.

depe, TSUM)

ning the linear decrease of the support of
time period of sucker 1 from TSUM2 = 1662

akes place.

plant 2 is plant 1 and plant 3 has become
tinues up to flower initiation of (now) the

epe) * (TSUM - TSUMfloinit)

rtmax,STGRLV,TSUM3I, TSUM3)

own dry matter that goes to the roots. It is *-
n the main program from prt_wish and
the root and shoot, prt_cal is calculated as *-

RR

a straight line that is calculated "around"

is the root:shoot ratio that is wished to be
coincides with measured data. It was found,

root:shoot ratio of plant 3 plant increases.
the end of the 360 C d period, the function
d with a higher value than the average.

on were taken in the middle of the trajectory
le the coordinates (x,y) are known, and at the
is called Frtmax.
*prt_cal, because in that case the the start *-
ore, the
orks under the condition:
tmax may be:

) negative values (10”-9), due to rounding of.
s taken, instead of 2.0, as maximum that is
1.81 was apparently needed for rounding
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*---- purposes, because a Factor of 1.8 gave proble

IF (NINT(TIME) .EQ. NINT(STTIME) ) THEN
Afixed = (Frtmax-prt_cal) / (STGRLV-(STGR
ENDIF
*---- Afixed defines slope A of the line prtl = A *
*---- should be possible to shift the line parallel
*---- beyond its starting position) as a function o
--- shift is effected via intercept B, thatis a li

B = prt_cal - (Afixed * (STGRLV-TSUM3I
prtl = Afixed * TSUM3 + B

Return
END FUNCTION prtl

FUNCTION prt2 (prt_wish,psh_wish, TSUM3I,STGRL

IMPLICIT REAL (A-2)
COMMON /SLOPE/ Afixed
SAVE

prt_cal = prt_wish / (psh_wish + prt_wish)

B = prt_cal - (Afixed * (STGRLV-TSUM3I
*---- The function prt2 should start at the same va
*---- Function prtl ends at the intercept value B o
--- the distance between the start of function prt2
- and the beginning of prt1, so (STGRLV-TSUM3I).
*--—- In prtl the slope was fixed by calculating Af
--- end point must be fixed (at TSUMflower partitio
- be dynamically adapted by making Frtmax at the en
*---- TSUM3I) }, where B is dynamic through prt_cal
*.--- variable Afixed from function prtl to prt2.

prt2  =-1.0%(B + Afixed*(STGRLV-TSUM3I))/
$ (T

Return
END FUNCTION prt2

SUBROUTINE INTERPOL(Namel,Name2,Name3,Name4,

$ TABLE1,TABLE2, TABLE3, TABL
$ N, TIME, Y1,Y2,Y3,
IMPLICIT NONE

CHARACTER(LEN=*) :: Namel,Name2,Name3,Name

INTEGER o N
REAL, DIMENSION(N) :: TABLE1,TABLE2,TABLE3, T
REAL = TIME, Y1, Y2,Y3,Y4
* local
REAL :: LINT2

Y1 =LINT2 (Namel,TABLEL,N, TIME)
Y2 = LINT2 (Name2,TABLE2,N, TIME)
Y3 = LINT2 (Name3,TABLE3,N, TIME)
Y4 = LINT2 (Name4,TABLE4,N, TIME)

RETURN
END

ENDJOB

ms.

LV-TSUM3I)/2.0)

TSUMS + B. It is called Afixed because it

to its starting position up and down (but not
f water stress. The dynamics of the parallel *-
near function of prt_cal:

)/2.0)

V, TSUM, TSUMflower)

)/2.0)

lue as function prtl ends.

f prtl plus the slope of prtl (Afixed) times *-
(is the same as the end of function prtl) *---

ixed once at time = 0. In function prt2, the *-
ning to roots is zero), and the slope must *---
d of prtl equal to { B + Afixed*(STGRLV-

. The labelled COMMON/SLOPE/ transfers

(TSUMflower-STGRLV)*
SUM-TSUMflower)

E4,
Y4)

ABLE4
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Appendix 2

List of abbreviations used in LINTUL BANANA 1 model

Abbreviation Explanation Unit

Initial

TSUMIl Initial temperature sum of plant= 1-3 °Cd

LAIil Initial leaf area index of plant,= 1-3 ha leaf ha

soll

DMil Initial dry matter of planti = 1-3 kg DM ha

Wrtil Initial dry matter of roots of plant,= 1-3 kg DM ha

Wshil Initial dry matter of shoot of plant,= 1-3. kg DM ha*
Sucker emerges later (at TSUM2=13@2d).

Wcormil Initial dry matter of the corm of planf,= 1-3 kg DM ha*

Wpsstnil Initial dry matter of the pseudostem of plant, kg DM ha*
=1-3

Wileatfil Initial dry matter of the leaves of plants 1-3 kg DM ha'

Whbunch1l Initial dry matter of the bunch of plantohly kg DM ha*
plant 1 produces a bunch

WileafDil Initial dry weight of the dead leaves of plaint, kg DM ha*
=1-3

WrtiDlI Initial dry weight of the dead roots of plant kg DM ha'
1-3

TotWleafD_| Initial total dry weight of dead leavesplant kg DM ha'
1,2 and 3

Pcorml Initial proportion of dry matter in corm for -
plant,i = 1-3

Ppsstm Initial proportion of dry matter in pseudostem -
for planti = 1-3

Pleafl Initial proportion of dry matter in leaves for -
planti = 1-3

Pbunchil Initial proportion of dry matter in bunicn -
plant 1

DummyPbuncH Initial proportion of dry matter in bunch -
‘dummy’ for plant,i = 2-3.

HarvestWpsstm_| Initial value of the integral keweptrack of kg DM ha*
harvested pseudostem dry matter

HarvestWleaf | Initial value of the integral keegittack of kg DM ha*
harvested leaves dry matter

HarvestWbunch_| Initial value of the integral keeptrack of kg DM ha*
harvested bunch dry matter

FrtREDII Initial fraction of reducing dry matter to the -
roots of plantj = 1-3.

DMmulch_| Initial amount of mulch on the soll kgvbha*

HarvestDM_| Initial value of the integral of prunkghves kg DM ha*

and non-economic biomass at harvest
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Appendix 2 continued

Abbreviation Explanation Unit
HarvestDM_Pru Initial value of integral keeping track of prunedkg DM ha'
leaf dry matter of plant,= 1-2
Corml1_After_Harvl Initial weight of the corm of pial at harvest kg DM Ra
Corml1_Lost_After_Harvl Initial weight of the cornfiplant 1 re- kg DM ha'
distributed to new plant 1

Corml_to_Wsh1l Initial value of the dry matter bé&tcorm of kg DM ha'
plant 1 after harvest re-distributed to the new
plant 1

Wrtl_After_Harvl Initial value of the roots of plamh after harvest kg DM R&

Dry matter partitioning
and subroutines

Prt_wish_0 Dry matter partitioning to the root used -
initialize Prt_cal if there is no water stress
Prt_wish Desired dry matter partitioning to thetroo -
Psh_wish Desired dry matter partitioning to theasho -
Prt_cal Average value of the root:shoot ratio that -
wished to be reached at 38D d
Prtl Function subroutine used to calculate increpst
dry matter partitioning to the roots 0-380 d
for plant 3
Prt2 Function subroutine used to calculate -

decreasing dry matter partitioning to the roots
360-2663°C d for plants 1, 2 and 3

Afixed Slope of line prtl. Fixed to enable parglle -
shifts up and down due to water stress

FSU2 Function subroutine used to calculate dryenatt
partitioning to the suckers

FSU2RED2 1 Function for the linear decrease ohtheunt -

of newly produced DM2, so given by GDM2,
that is supplied by sucker 1 to sucker 2 in the
period that sucker 2 is not yet shifted to the
status of plant 1

FSU2RED2_2 Function for the linear decrease ohtheunt -
of newly produced DM2, after sucker 1 has
become motherplant, and will continue to
supply dry matter up to its flower initiation at

2423°Cd

FrtGR Increasing fraction of dry matter allocated t -
roots of plant 3 for the period 0-38Gd

FrtRED Reducing fraction of dry matter allocated to -

roots of plantj = 1-2
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Appendix 2 continued

Abbreviation Explanation Unit

‘PCOTB’ Character string for partitioning to corabte -

‘PSTTB’ Character string for partitioning to psegtem -
table

‘PLVTB’ Character string for partitioning to leavéable -

‘PBUTB’ Character string for partitioning to buntdble -

PCOTB Dry matter partitioning to corm table -

PSTTB Dry matter partitioning to pseudostem table -

PLVTB Dry matter partitioning to leaves table -

PBUTB Dry matter partitioning to bunch table -

Psum Sum of the proportions of dry matter in the -
corm, pseudostem, leaves and bunch for pilant,
=1-3

Pcorm Proportion of dry matter in corm for plant -
1-3

Ppsstm Proportion of dry matter in pseudostem for -
plant,i = 1-3

Pleaf Proportion of dry matter in leaf for plamt: -
1-3

Pbunchl Proportion of dry matter in bunch for plant -

DummyPbunch Proportion of dry matter in bunch for plantg -
2-3

Switches

SWemerg3 Switch to indicate emergence of planu8k@er -
2)

SWstdm3 Switch to indicate the start of dry matter -
production through photosynthesis of plant 3
(sucker 2)

ISWstdm3 Switch to indicate the start of dry matter -
production through photosynthesis of plant 3
(sucker 2). Used to prevent numerical problems
in the EQ comparison in IF statement

SWFSU2 Switch to activate the function-subroutine -
FSU2 from the moment of harvest of
motherplant 1 and shift of sucker 1 to the status
of motherplant, until flower initiation (TSUM1
=2423C d)

SWFrtl Switch indicating the start of the reducing -

partitioning to the roots, read between
360-2663C d
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Appendix 2continued

Abbreviation Explanation Unit
Parameters
SLAI Specific leaf area for plant= 1-3 ha leaf kg
LUEI Light Use Efficiency for plant,= 1-3 kg MJ* PAR
ki Light extinction coefficient for plant,= 1-3 ha soil ha
leaf
TBASE Base temperature °C
TSUMSUC Temperature sum for the start of growth for °C d
plant 3
STGRLV Temperature sum for the start of growth of °Cd
photosynthetically active leaves plant 3
TSUMS3stop_exp Temperature sum above which expaaenti °Cd
growth of leaf area stops
LAlstop_exp Leaf area index above which exponeeiai ha leaf ha'
area growth stops soil
TSUMendfulldepe Temperature sum at the end ofdefiendence °C d
of plant 3 (sucker 2) on plant 2 (sucker 1)
TSUMfloinit Temperature sum at flower initiation °Cd
TSUMflower Temperature sum at flowering °Cd
TSUMHARV Temperature sum at harvest °Cd
RGRL Relative growth rate of leaves during the °cd*
juvenile stage
FSU2max Maximum fraction of dry matter that goesrir (kg DM
sucker 1 to sucker 2 in the stage where suckesacker 2) / (kg
does not have functional leaves DM sucker 1)
Fleaf_green Fraction of green leaves for plant 1-3 -
RDRrt Relative death rate of roots of plant 1-3 d*
RDRi Relative death rate of leaves of plant,1-3 dt
RDcR Relative decomposition rate of mulch d
RDRrtl_After Harv Relative decomposition rate aftmof plant1 d™*

after harvest

RDRCorml1_After_Harv Relative decomposition rateafm of plant1  d*
after harvest

pcorml_to_Wshl Proportion of corm dry matter ofveated
plant re-distributed to the new plant 1

Radiation interception

PARINi Total PAR incident for plantj = 1-3 MJ hat d*
PAROUTI Total PAR transmitted by plarit= 1-3 MJ hat d*
PARINTI Total PAR intercepted by plaritz 1-3 MJ hat d?*
Weather and simulation

control

CNTR Country code for weather file -
DAVTMP Daily average temperature °C

DELT Time step of integration d
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Appendix 2continued

Abbreviation Explanation Unit
RKDRIV Runge-Kutta DRIVer, with a variable time pte -
TRACE Used to instruct the driver to produce aiteda -
integration report including state event
iterations (set at 4.0)
DELMAX Upper limit to the time step d
DTEFF Daily effective temperature °C
DTR Daily total radiation MJ had™
ISTN Weather station number -
IYEAR Year -
FINTIM Finish time of simulation run d
STTIME Start time of the simulation run d
PRDEL Time interval for printing d
RDD Daily global radiation (weather file) KJfrd*
RTSUM12 Rate of increase of temperature sum oftdan °C
and 2
RTSUM3 Rate of increase of temperature sum of [Bant °C d
TMMN Daily minimum temperature (weather file) °C
TMMX Daily maximum temperature (weather file) °C
WTRDIR Weather directory -

State and time events
EVENT

HELP

ZEROCONDITION

NEWVALUE

END EVENT
Rates
GLAI

NLAIi

DLAII

Used to indicate interruptions in simulatidme -
to events like emergence, start of growth of
functional leaves, flowering and harvest

HELP is used to calculate a setting variable -
(state) during an event e.g. HELPDMi = DM1
Condition that must be reached foeaantto -
take place e.g. sucker emergence, flowering and
harvest

Statement that re-defines the value ofdtede -
variable after the event. Enables uses of old
values and assignment of new values e.g.
NEWVALUE DM1 = HELPDMi

Statement that ends the event -

Growth rate of leaf area index calculatedlie t ha leaf ha'
subroutine GLA. Function of temperature in thsoil d™*
juvenile stage and GDM and SLA in the

maturation stage

Net daily increase of leaf area index for plant, ha leaf ha'

=1-3 soil d*
Death rate of leaf area index for plant, 1-3 ha leaf hd
soil d*
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Appendix 2 continued

Abbreviation Explanation Unit

NWsh Net change of the weight of shoot dry mattekg DM ha* d™*
due to death of leaves for plant 1-3

DWshi Death rate of shoot (leaves) for plant, i = 1&g DM ha'd™

NWrti Net change of the weight of dry matter of kg DM ha'd™
roots due to death of plamt: 1-3

GWrti Growth rate of roots of plant= 1-3 kg DM ha' d*

GWshi Growth rate of shoot of plarit= 1-3 kg DM ha' d*

NWileaf Net change of the weight of dry matter of kg DM ha'd™
leaves for plant,= 1-3

DWIleaf Death rate of leaves of plant 1-3 kg DM hatd™

DWIleafTot Total death rate of leaves of plant 5@ 3~ kg DM hatd™

GWecorni Growth rate of corm of planit= 1-3 kg DM ha' d*

GWopsstni Growth rate of pseudostem of plants 1-3 kg DM ha! d*

GWileaf Growth rate of leaves of plant= 1-3 kg DM ha' d*

NDMi Net change of the weight of dry matter due teg DM ha'd™
death of leaves and roots of plarnt, 1-3

DWDMi Sum of the death rates of leaves and roots feg DM ha’d™
plant,i = 1-3

GWbunchl Growth rate of bunch of plant 1 kg DM*hd*

GDMi Growth rate of total dry matter of plant kg DM ha*d™
1-3

GDMTOT Sum of the growth of dry matter due to kg DM ha*d*
photosynthetically active radiation
interception for plants 1, 2 and 3

DWrti Death rate of roots of plantz 1-2 kg DM ha d*

GDMiHLP Growth rate of total dry matter of plant kg DM ha'd™
1-3 from intercepted PAR

G2from2_1 Dry matter increase of plant 2 during the kg DM ha'd™*
period when plant 3 has no functional leaves
(0-360°Cd)

G2from2_2 Dry matter increase of plant 2 during the kg DM ha'd™*
period when plant 3 it is still supported before
the shift. Read with TSUM2

G2from1 Dry matter increase of plant 2 due to suppokg DM ha'd*
from plant 1. Read with TSUM1

G3from2_1 Dry matter partitioning from sucker 1apl kg DM ha'd™
2) to sucker 2 (plant 3) during the period
when plant 3 has no functional leaves

G3from2_2 Dry matter increase of plant 3duetoa kg DM hatd™
decreasing supply from plant 2 during the
period when it is still supported

G3Photos Dry matter increase of plant 3 due tovits kg DM ha'd™

photosynthesis
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Appendix 2continued

Abbreviation

Explanation Unit

DcRDMmulch
d Corml_to_Wsh1l

dWrtl_After_Harv

States

TSUMI

Wrti

WrtTot

Wsh
WshPIniTot
WshTotPlants
DMTotRtSh

Wcormi

Wpsstni

Wileat

TotWleafD

DMi

WrtiTot

DMTotdm
Whbunchl
DMmulch
Corml1_After_Harv

Corml_Lost_After_Harv

Corml_to_Wshl
HarvestDM_Pru

HarvestDM

Absolute decomposition rate of mulch Mg ha * d*
Absolute rate of corm dry mattesrdiarvest kg DM ha'd™
re-distributed to the new plant 1

Absolute death rate of the rodtglant 1 kg DM ha'd™

after harvest

Temperature sum of plantz 1-3 °Cd

Weight of roots of plani,= 1-3 kg DM ha'

Total weight of roots of plant 1, 2 and 3 Ryl ha’

Weight of shoot of plant,= 1-3 kg DM ha'

Total weight of shoot of planit= 1-3 kg DM ha'
Total weight of shoot of plant 1, & 8n kg DM ha'

Total dry matter of the root and shooplaint kg DM ha*
1,2and 3

Weight of corm of plani, = 1-3 kg DM ha
Weight of pseudostem of plant: 1-3 kg DM ha'
Weight of leaves of plant,= 1-3 kg DM ha
Total weight of dead leaves of plant,1-3 kg DM ha
Total dry matter of plant,= 1-3 kg DM ha'
Total weight of dead roots for plant: 1-3 kg DM ha'
Total dry matter of plant 1, 2 and 3 kg D
Dry weight of bunch of plant 1 kg DM ha
Mulch dry matter of the soil surface kg D
Weight of the corm of plant 1 aftearvest kg DM hd

Weight of the corm of plantetdistributed to kg DM ha*
new plant 1

Weight of the corm of plant 1 aftendest re- kg DM ha*
distributed to the shoot of new plant 1
Integral keeping track of pruned leaf dry
matter of plantj = 1-3

Harvested shoot dry matter (pruned leaves kg DM ha*
pseudostem and leaves)

kg DM ha*

Wrtl_After_Harv Weight of the roots of plant 1 aftearvest kg DM hd
Ratios
RtShratio Root shoot ratio of plant,= 1-3 -
LWRI Leaf weight ratio of plantj = 1-3 kg leaf kg DM
Balances
BalDmHIpi Balance for dry matter production of plant; -
1-2.
BalDmHIp3 Balance that accumulates all the principa -
rates of dry matter production, for the three
plants
BalDmHIp4 Balance that gives the absolute diffeeenc -
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Appendix 2continued

Abbreviation Explanation Unit
BalDmHIp5 Balance of the absolute balance reldtivine -

total dry matter production (BalDmHIp3)
BalRtShHIp Root-shoot balance for the plant, i = 1-3. -
BalRtShHIp4 Overall root-shoot balance with alll8nts in -

one calculation relative to the total DM

production
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Summary

The poor yield of East Africa highland banansisigaspp, AAA-EAHB) on smallholder
farms has been attributed to problems of poor feutility, soil moisture stress, pests
(particularly banana weevil Cosmopolites sordidugsnd the burrowing nematode
Radopholus similis diseases and reduced crop husbandry. In omemprove
production, knowledge on highland banana crop mihggy, growth patterns and response
to fertilization is important. The goal of this #e was to (i) understand banana crop
growth, (ii) quantify potential production of Eafrica highland banana, and (iii) explore
options for closing the yield gaps between potéata actual yields.

Banana plant morphological characteristics, raglminterception, and biomass (by
destructive harvesting) were measured in experiahdiglds in central and southwest
Uganda. The results presented in Chapter 2 shawrtbgohological traits such as height
and pseudostem girth can be used to estimatezbetthe middle leaf area, which when
multiplied by the number of functional leaves catfiably be used to estimate the total
plant leaf area. Measurements are easy to perfadnage non-destructive. They allow
rapid plant growth assessments in the field. Howeglae to the diversity in highland
banana cultivars, these relationships have to bgetkand assessed for each cultivar or
cloneset. Intercepted photosynthetically activeatawh (PAR) data by the banana canopy
from measurements over the entire day was usedeterrdine the light extinction
coefficient,k. Thek value obtained for highland banana cultivar Kisawss 0.7. Regular
destructive sampling results showed that banandpfaartitioned more dry matter (DM)
to the leaves during the first phase of developm@io of total DM), with the
pseudostem becoming the dominant sink at flowef&o of total DM), and the bunch
being the dominant sink at harvest (53% of total )DNlhe allometric relationship
between above-ground biomass (AGB in kg DM) anthgit base (cm) followed a power
function during the vegetative phase (AGB = 0.0Qgitth)*>%. Measurements of girth at
base proved to be an accurate estimater of abawendrbiomass during the vegetative
phase. The changes in dry matter partitioning dudevelopment resulted in different
exponential functions at flowering (AGB = 0.338% @™ and at harvest (AGB =
0.06989%8E™) ' Results showed that girth was an important molggical trait strongly
related to the size of the inflorescence at flongpri

Trials were conducted to assess the effects of malintertilizers on crop
performance at two sites over two to three croplesydollowing the application of
fertilizers at rates of ON-50P-600K, 150N-50P-608BON-0P-600K, 400N-50P-0K,
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400N-50P-250K and 400N-50P-600K kg hgr . All fields, with the exception of the
controls, were given the following mix of micro-eients: 60Mg-6Zn—-0.5Mo-1B kg
ha'® yr'. Yield increases above the control (5.5 kg buhend 7.9 Mg hd yr?) at
Ntungamo (two crop cycles) were larger (rangingd326.0 kg buncH, average for all
treatments 14.7 kg bunch and 7.0-29.5 Mg ha yr'*, average for all treatments 17.9
Mg ha* yr'') as compared with Kawanda (three crop cycles)fran3.1-6.2 kg bunch,
average for all treatments 11.5 kg burclkand 2.2-11.2 Mg Ra yr, average for all
treatments 15.8 Mg Rayr™), where the yield for control was 8.8 kg bufidnd 13.0 Mg
ha' yr''. The limiting nutrients at both sites were in treler K>P>N. Drought stress
seemed to play an important role in the crop respdo fertilizer input at Kawanda. It
appeared to affect sink filling (weight per fingenpre than sink size (number of fingers
per bunch). | summarised the results from the Ntumg site by use of the static nutrient
response model QUEFTS. Calibration results were(R&i= 0.57, RMSE = 648 kg ¥,
and the calibrated model predicted yields wBfl £ 0.68, RMSE = 562 kg % using
data from Mbarara, southwest Uganda. The QUEFTSoaph was used to calculate
fertilizer recommendations for highland banana,gmdr fertilizer recovery rates resulted
in high quantities of fertilizers required for ardat yield, hence reducing the
attractiveness of fertilizer application for smallher farmers.

A new radiation and temperature-driven growth mpd&®\TUL BANANA 1 for
potential production was developed to developedf@r 4). The model considers (i) the
physiology of the highland banana crop; (ii) thearpl dynamics (i.e. three plant
generations, Plant 1, 2 and 3 at different stagegaw~th constituting a mat), growing
over a duration of more than one year; and (iieéhcanopy levels formed by the leaves
of the three plant generations. Biomass produasomodelled as the product of light
interception and a constant light use efficienoy lJ " PAR). Partitioning coefficients
are defined as a function of the phenological dgwalent stage of the banana plant. Dry
matter transfers between Plants 1 and 2, and bet@ead 3 are captured in the model.
At physiological maturity, harvest of the buncha(ftl 1) takes place, Plant 2 becomes the
new Plant 1 and Plant 3 becomes the new PlanttB,thhe new sucker (Plant 3) emerging
later in the growth process. Average computed pialebunch dry and fresh matter for
five harvests was slightly larger at Ntungamo (2@ ka' DW; 111 Mg ha" FW),
compared with Kawanda (18.25 Mg h®W; 100 Mg ha' FW), and values compared
well with banana yields under optimal situationscamparable leaf area index values
(20.3 Mg ha' DW; 113 Mg ha' FW). Differences between the sites were attribtioed
longer growth period (lower temperature due to &rgaltitude and thus the plant has

184



more time to accumulate the physiological tempeeasum) resulting into more radiation
interception and leaf duration. Sensitivity anadysias done to assess the effects of
changes in parameters (light use efficiencyE; the light extinction coefficientk;
specific leaf areaSLA relative death rate of leavasg; and initial dry matter values) on
bunch dry matter, leaf dry matter and leaf are@xnl) at flowering. Sensitivity results
for Kawanda and Ntungamo sites showed that chandddE1 (where 1 refers to Plant 1)
resulted in a more than proportional increase imchuDM (1.30 and 1.36), a higher leaf
DM (0.60 and 0.67) and a higher LAI at flowering6d0 and 0.67). Changes in the
photosynthetic capacity of the plant due to de&tkaves (41 values) reduced bunch DM,
leaf DM andL at flowering. Leaf DM andL at flowering were reduced by changesxin
but only leaf DM was reduced as a result of changeSLA1 at both sites. Initial dry
matter values had a small effect (sensitivity <263) on bunch DM, leaf DM and at
flowering.

As a contribution of the model to experiment mamaget and crop development,
factors affecting light use efficiency (LUE) andateve death rate of leavegy) have to
be considered in designing and managing experim8etssitivity analysis showed that a
higher light extinction coefficientk resulted in increased bunch DM (Chapter 4).
Morphological improvements through breeding banplaats with more horizontal and
broad leaves could increase radiation interceptsnlting in higher banana yields. With
knowledge on genotypic variation in specific lesfa(SLA) in highland banana cultivars,
targeted selection and breeding could focus ontglaith higher SLA and reduced.
The comparison of the potential and actual yietdthe region revealed large yield gaps.
In the fertilizer trials, the maximum yield (Mg Hayr™) obtained was about 40% of the
calculated potential bunch DM. Fertilizer recovérgctions were low, compared with
values reported in banana plantations in south A@eit is important to improve the
recovery of applied fertilizer, either through tbembined use of organic and mineral
fertilizers or the use of irrigation.
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Samenvatting

De lage opbrengst van Oost-Afrikaanse hooglandEmg@viusaspp, AAA-EAHB) op
kleinschalige boerenbedrijven wordt toegeschrevam &age bodemvruchtbaarheid,
droogtestress, plagen (de bananensnuitke@asmopolites sordidusn wortelnematode
Radopholus Simil)s ziekten en verminderde aandacht voor een goed@syerzorging.
Teneinde de produktie te verbeteren is kennis veagelasfysiologie, de groeipatronen
en de reactie op bemesting van de hooglandbanakamgbigk. Het doel van dit
proefschrift was (i) het begrijpen van de groei amaan, (i) het kwantificeren van de
potentiéle produktie van de Oost-Afrikaanse hoadiiemaan, en (iii) het zoeken naar
mogelijkheden om het gat tussen potentiéle en Ectybrengsten te dichten.
Morfologische karakteristieken, lichtonderscheppamgbiomassa (door middel van
oogsten) van de bananenplant werden in veldexpetengemeten in centraal en in zuid-
west Oeganda. De resultaten die in Hoofdstuk 2 ermordepresenteerd laten zien dat
morfologische eigenschappen als hoogte en pseudostaek kunnen worden gebruikt
om het bladoppervlak van het middelste blad te tsehaWanneer deze laatste wordt
vermenigvuldigd met het aantal functionele bladekam met vertrouwen het totale
bladopperviak van de plant worden geschat. Dezengeet zijn eenvoudig uit te voeren,
niet-destruktief en zij geven de mogelijkheid omgdeeitoestand van de plant snel vast te
stellen. Vanwege de diversiteit van hooglandbanaaéteiten dienen deze relaties echter
te worden vastgesteld voor elke variéteit. De Ulighbvingscoéfficient,k, voor het
fotosynthetisch actieve deel van het lichtspectr{ingels: photosynthetically active
radiation, PAR) werd afgeleid uit de lichtondergmhieg door het banaangewas, welke
gedurende de gehele dag werd gemeten. De waard&k vawor de hooglandbanaan
bedroeg 0.7. Resultaten van periodieke destruktibgmonstering lieten zien dat
bananenplanten gedurende de eerste fase van oatmikkmeer droge stof (DM)
toedeelden aan de bladeren (47% van de totale O&t)de pseudostam bij bloei de
belangrijkste put werd (58% van de totale DM), ah dk tros bij de oogst tenslotte 53%
van de totale droge stof bevatte. De allometrigeltatie tussen bovengrondse biomassa
(AGB in kg droge stof) en omtrek aan de basis (eolyde een machtsfunctie gedurende
de vegetatieve groeifase (AGB = 0.0001 (gfrff)) De meting van de omtrek aan de basis
bleek een nauwkeurige schatter te zijn voor de hgnendse biomassa gedurende de
vegetatieve fase. De verandering in drogestoftasglejedurende de plantontwikkeling
resulteerde in verschillende exponentiéle fundtigbloei (AGB = 0.325&%3%@™) en bjj
de oogst (AGB = 0.0688%E™) Resultaten lieten zien dat de bloemkaraktekstie
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tijdens de bloei en de tros bij de oogst sterk lgagzerd zijn met de omtrek aan de basis
van de plant.

Er werden experimenten opgezet om het effect vasstéllen van minerale
meststoffen op het gewas op twee locaties gedurémde tot drie gewascycli. De
mestgiften waren ON-50P-600K, 150N-50P-600K, 400N-@D0K, 400N-50P-0K,
400N-50P-250K en 400N-50P-600K kg “hayr™. Met uitzondering van de
controlevelden, ontvingen alle velden ook 60Mg-6@5Mo-1B kg ha' yr* aan spore-
elementen. In Ntungamo waren opbrengsttoenamesnbdeecontrolewaardes (5.5 kg
tros* en 7.9 Mg hd yr™) groter (varierend van 12.4-16.0 kg fipsnet een gemiddelde
voor alle behandelingen van 14.7 kg ffoen 7.0-29.5 Mg ha yr *, met een gemiddelde
voor alle behandelingen van 17.9 Mg'hgr ) dan in Kawanda (varierend van 3.1-6.2
kg tros’, met een gemiddelde voor alle behandelingen vahKdltros"; en 2.2-11.2 Mg
ha' yr!, met een gemiddelde voor alle behandelingen vad W ha' yr''), waar de
opbrengsten van de controlewaardes 8.8 kg'tess 13.0 Mg hd yr* bedroegen. De
beperking van voedingsstoffen op beide lokatigs Vian K (meest beperkend) via P naar
N (minst beperkend). Droogtestress leek een bajkagol te spelen in de gewasreactie
op meststoffen in Kawanda. Het bleek vooral putmglite beinvioeden (gewicht per
individuele banaan) en niet zozeer de omvang vaputi¢aantal individuele bananen per
tros). De resultaten van de lokatie in Ntungama znet behulp van het statische
nutriéntenresponsmodel QUEFTS samengevat. Kalivestiltaten waren redelijie{ =
0.57, RMSE = 648 kg h3, en het gekalibreerde model voorspelde opbrenggied R
= 0.68, RMSE = 562 kg h§ waarbij onafhankelijke gegevens werden gebruikt u
Mbarara, in zuid-west Oeganda. De QUEFTS benadenvgyd gebruikt om
bemestingsadviezen voor hooglandbanaan te berekemsar de lage verhouding van
meststofopname ten opzichte van de meststofgitiiteesde in hoge aanbevelingen van
de hoeveelheid meststoffen welke benodigd zoudgnvdor een bepaalde gewenste
opbrengst. Hierdoor wordt het minder aantrekkehgor kleineboeren om meststoffen
toe te dienen.

De opgedane kennis werd vervolgens gebruikt ormesiw groeimodel (LINTUL
BANANA 1) te ontwikkelen voor banaan op basis vaohtonderschepping en
temperatuur gestuurde ontwikkeling voor potentmeduktie (Hoofdstuk 4). Het model
omvat (i) de fysiologie van de hooglandbanaan; de) groei van de plant (d.w.z. drie
plant generaties, de onderling verbonden Plantdn 3, in verschillende groeistadia die
samen een plantcluster vormen) gedurende meer dan jear, en (iii) drie
bladerdekniveaus van de drie generaties van det. pBiomassaproduktie wordt
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gemodelleerd als het product van lichtinterceptien eeen constante
lichtbenuttingsefficiéntie (kg M3 PAR). Toedelingscoéfficiénten van droge stof hange
af van het fenologische ontwikkelingsstadium varbdaanenplant. Drogestofoverdracht
van Plant 1 naar 2 en van Plant 2 naar 3 zijn tmiedel opgenomen. De tros (Plant 1)
wordt geoogst als deze fysiologisch rijp is. Op meiment van oogsten wordt Plant 2 de
nieuwe Plant 1 en Plant 3 de nieuwe Plant 2, tedginieuwe scheut (Plant 3) later in het
groeiproces verschijnt. Berekende gemiddelde péfentiroog- en versgewichten van de
tros over 5 oogsten waren een beetje hoger in Mdmog20 Mg ha drooggewicht; 111
Mg ha* versgewicht) vergeleken met Kawanda (18.25 Md deboggewicht; 100 Mg
ha' versgewicht), en deze waardes kwamen goed oveneebanaanopbrengsten onder
optimale omstandigheden bij vergelijkbare bladopieéindexwaardes (20.3 Mg Ha
drooggewicht or 113 Mg h&versgewicht). Verschillen tussen de lokaties werden
toegeschreven aan een langere groeiperiode (eesrelagmperatuur door grotere
hoogteligging verlengt de periode voordat de geaxdeerde fysiologische
temperatuursom is bereikt) en bladlevensduur, éieeéb meer lichtonderschepping tot
gevolg hebben. Een gevoeligheidsanalyse werd wtyev om de effecten van
veranderingen in parameters (lichtbenuttingseffitg LUE; de
lichtuitdovingscoéfficiéntk; specifiek bladopperviakSLA relatieve sterftesnelheid van
de bladerentg; initi€le waardes van de droge stof) op de drdagéwan de tros, het blad
en de Dbladopperviakindex LY bij bloei vast te stellen. Resultaten van de
gevoeligheidsanalyse voor de locaties bij Kawanda Ndungamo lieten zien dat
veranderingen irLUE1 (waarbij 1 refereert aan Plant 1) een meer dapgtionele
toename in drogestofgewicht van de tros (1.30 &6)1tot gevolg had, en tevens een
hoger drooggewicht van blad (0.60 en 0.67) en lgpdovlakindex (0.60 en 0.67) bij
bloei veroorzaakte. Een vermindering van de fottdssecapaciteit van de plant door het
afsterven van bladereng{ waardes) verminderde de hoeveelheid droge stotieatros,
bladeren, en bladopperviakindex bij bloei. Het @sigfgewicht van het blad en de
bladopperviakindex bij bloei verminderden door weleringen inkl, maar alleen
bladdrooggewicht verminderde als gevolg van eeangering in specifiek bladopperviak
van Plant 1 op beide lokaties. Initiéle drogestaiwdas hadden een klein effect
(gevoeligheid < 0.0263) op het drogestofgewicht dantros, het blad eb tijdens de
bloei.

Het model maakt duidelijk dat factoren welke détienuttingsefficientie (LUE)
en de relatieve sterftesnelheid van de bladergnbginvioeden beschouwd dienen te
worden bij het opzetten en uitvoeren van experigrenDe gevoeligheidsanalyse liet zien
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dat een hogere lichtuitdovingscoéfficiérit, resulteerde in een toename van het
drogestofgewicht van de tros (Hoofdstuk 4). Morépszhe verbeteringen door middel
van het veredelen van bananenplanten teneinde noeigontale en grotere bladeren te
verkrijgen zouden de lichtonderschepping kunnerhagen en daarmee tot hogere
opbrengsten kunnen leiden. Met behulp van kennigemingenotypische variatie in het
specifiek bladopppervliak (SLA) in hooglandbanaarétaiten, zouden doelgerichte
selectie en veredeling gericht moeten zijn op elamhet hogere SLA en gereduceergde
De vergeliiking van de potentiéle en actuele oppséan in de regio lieten grote
opbrengstverschillen zien (yield gaps). Uit de bstimgsexperimenten bleek dat de
maximale opbrengsten van de drogestofgewichterdeamos (in Mg h@ yr') ongeveer
40% bedroegen van de berekende potentiéle opbrddigsietekent dat het van belang is
om de verhouding van meststofopname ten opzichte dea meststofgift te verhogen,
ofwel door gecombineerd gebruik van organische @rerale meststoffen, ofwel door
middel van irrigatie.
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- Statistics, maths and modelling (2008)

PE&RC Annual Meetings, Seminars and the PE&RC Weeked (1.8 ECTS)

- Perennial rye grass for dairy cows (2005)
- PE&RC Days (2005 and 2008)
- PE&RC Weekend (2008)

International Symposia, Workshops and Conference$(7 ECTS)

- AfricaNUANCES Workshop (2005)
- AfricaNUANCES Workshop (2007)
- Banana2008 Conference (2008)

196






The research described in this thesis was findg@apported by:
European Union (AfricaNUANCES project - Contract no. INCO-CT-26003729) and
thellTA (International Institute for Tropical Agriculturelganda.
| thank theDr. Judith Zwartz Foundation and theLEB fonds for their contributions to
the costs of printing the thesis.



