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The objective of the study was to determine the growth potential of
alfalfa, potato, Rhodes grass and maize in the irrigated desert of S, Peru, |
as at that production level the highest utilization efficiency of irrigation
water is usually obtained. Important growth—-influencing factors were identi-
fied for each crop., In addition, measured results were compared to results
from simulation models developed in Wageningen.

Maximum annual alfalfa production was 27 t/ha dry forage. Experimental |
evidence suggested that assimilate partitioning favouring the root system, :
was a significant reason why yields were not higher. Other factors amalysed
were N, fixation, NPK fertilization, plant density decline, cultivar differ- :
ences iand weed infestation. Photosynthetis measurements on artificial swards
are also presented.

Potato yields of 80 t/ha were recorded. Very high growth rates of 270
kg/ha.d were obtained with the local andigema cultivar, but growth duration
was shorter and harvest index lower than those obtained In temperate re-
gions. Results of a line source sprinkler irrigation experiment indicated
low transpiration coefficients, but also large irrigation losses due to a
low uptake capacity of the roots. Further data are given on leaf area
development, light interception, cultivar differences, split fertilizer
application, NPK uptake and NO,-N concentration in the petioles. ;

Both C, crops, maize and ﬁhodes grass, demonstrated high growth rates i
during summer, but dramatic declines in the other seasons, probably due to
cold nights. For high production, ample K supply is of paramount importance.
Data concerning NPK concentrations and leaf area index are given for both C
crops. Maize growth was also strongly hampered by mechanical resistance of
sandy desert soils, but on clay loam very high growth rates of 500 kg/ha.d
were reached. Hybrids frem other sources and maize grown in a warmer environ-
ment at sea level, showed slightly higher initial growth but at the expense
of final yield.

The simulation model BACROS predicted the growth of maize and Rhodes
grass during summer very well, but during the other seasons the simulations
were too high as permanent damage to photosynthetic capacity due to low
night temperatures was not taken into account. The very high growth rates of
maize on clay loam could not be simulated by the model eilther. For the
latter phencmenon and for the influence of mechanical soil resistance, model
adaptations are presented and resulting simulations discussed. b

The model PHOTON both under- and over-estimated the photosynthesis
measured on artificial swards of alfalfa,.

The simulation model ARID CROP was adapted to an alfalfa cutting
management model that simulated reasonably accurately above and below-ground
growth and reserve levels measured in S. Peru, at different cutting inter-
vals from 21 to 53 days.

Main factors influencing regional irrigated crop production and useful-
ness of simulation for agriculture in developing countries are discussed.

Keywords: alfalfa, assimilate partitioning, critical comcentration, crop
growth simulation, cutting frequency, low night temperatures, maize, mech-
anical soil resistance, nitrogen, nitrogen fixation, nutrient uptake,
reserves, Rhodes grass, root dry matter, Peru, phosphorus, photosynthesis,
potassium, potato, potential growth, transpiration, water utilization
efficiency.

Cover: Irrigating the crop, Picture by Felipe Guamén Poma de Ayala, Peruvian cromicler, X‘J'Ith century,




STELLINGEN

1.

10.

Simulatiemodellen kunnen als instrument bij landbouwkundig onderzoek in
ontwikkelingslanden in de praktijk pas nut hehben als de simulaties in
het gebied zelf kunnen worden uitgevoerd en het onderzoek zich over
langere termijn uitstrekt.

Dit proefschrift.
Potentiéle, slechte door weersomstandigheden gelimiteerde groei wordt
niet altijd verkregen door een gesloten, gezond en onkruidvrij gewas van
voldoende water en meststoffen te voorzien.

Dit proefschrift.
Het economisch opbrengstpotentieel van luzerne in subtropische gebieden
kan aanzienlijk worden verhoogd door veredeling op een hogere
spruit/wortel verhouding.

Dit proefschrift.

Voor het voorspellen van potentiéle gewascpbrengsten zijn simulatie-
modellen niet nauwkeuriger dan eenvoudige berekeningen.

M.¥. Versteeg & H. van Keulen. Publikatie in voorbereiding.

. De opvatting dat door regulering van de huidmondjesopening door de CO

concentratie in de stomataire holte, de efficientie van het watergebrniik
onder praktijkomstandigheden belangrijk wordt verbeterd, is onjuist.

Penning de Vries, 1982, Agric., Res. Rep. 918: 87-97.

De irrigatieéfficiéntie zal wezenlijk verbeteren als iedere boer moet
betalen veor het water dat hij werkelijk gebruikt.

De boer en/of boerin zullen een aktieve rol dienen te spelen bij zowel
de opzet als de uitvoering van "farming systems research",

Bij onderzoek in ontwikkelingslanden zal bij de inrichting van een
proefveld vaak meer rekening moeten worden gehouden met demonstratieve
aspecten en winder met overwegingen van statistische aard.

Het gebruik van voor-opkomst herbiciden in lage doseringen, dat het
wieden slechts gedeeltelijk vervangt, is veelbelovend voor het vergroten
van de productiviteit van diverse kleinschalige landbouwsystemen in
ontwikkelingsgebieden.

M.N. Versteeg, 1978. PANS 24; 327-332.

Door mensen met een ruime veldervaring in ontwikkelingslanden tijdelijk
in Nederland te stationeren om van hieruit effectief ontwikkelings-
projecten te begeleliden, wordt de uwitvoering van deze projecten sterk
verbeterd en wordt tevens de mogelijkheid voor een loopbaanperspectief
als ontwikkelingsdeskundige vergroot.

BIBLIOTHEEK
DER
LANDBOUWHOGESCHOOL

WAGENINGEN o




-
Door tijdens een periode van baanloosheid van meet af aan hard te werken
aan het verkrijgen van nieuwe of verbeteren van bestaande vaardigheden,
wordt op zijn minst voorkomen dat bij langere duur van zo'n periode da
positie op de arbeidsmarkt wordt verslechterd,

Van herstel van de democratie in Peru hebben tot nu toe vrijwel
uitsluitend de economisch sterkeren geprofiteerd.

De huidige Israelische regeringscoalitie van Arbeiderspartij en Likoed,
de economische crisls in dat land en de toenadering tussen PLO, Jordanid
en Egypte, vormen een uniek gunstige combinatie van factoren om te komen
tot een bevredigende oplossing van het Palestijnse probleem.

Boasen en andere vegetaties dragen niet bij aan de zuurstofvoorzienining
op aarde.

Een goed gezin is het halve werk.

Een Siamese tweeling i1s niet altijd een Siamese tweeling.

L. Versteeg

ctors influencing the productivity of irrigated crops in Southern Peru, in
lation to prediction by simulation models

eningen, 16 januari 1985
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1 INTRODUCTION
1.1 GENERAL

This thesis is the result of field research carried out in Peru,
supplemented with glasshouse and modelling studies in Wageningen, The field
work was part of the FAPROCAF project (Spanish acronym of "factors
influencing food and fodder crop production in the desert areas of Southern
Peru") and started effectively in January 1978, as a continuation of
previous research on the relation between water, nutrient supply and dry
matter production, in a cooperative project between Israel and the
Ketherlands. In this latter project, carried out in Israel between 1970 and
1975, crop growth under optimal supply of water and minerals was thoroughly
studied (Van Keulen, 1973), the aim being to collect data that could be used
for the tmprovement of agricultural practices in developing countries with
similar conditions. In that respect, the dry and flat coastal areas {pampas)
of south-western Peru seemed to be suitable for the following reasons:

- Precipitation is practically zero, but a limited amount of water is
available, because several rivers carry water from the high Andes to the
Pacific through these plains. The valleys of these rivers have been used
for irvigated agriculture for a long time and from the time just before
the Second World War the Peruvian Government has extended the irrigated
area to parts of the pampas.

- Both Israel and the Netherlands were already supporting these irrigation
extensions by means of an animal husbandry improvement program {(The
Netherlands)} and of assistance in planning and implementation of a
sprinkler irrigation system (Israel).

Because of these favourable conditions, a tripartite agricultural
research project between the Wetherlands, Peru and Israel was started. The
project was sponsored by the Directorate Gemeral of International
Cooperation of the Dutch Foreign Office which, in turn passed the
responsability for execution of the project on to the Centre for
Agrobiological Research (CAB0) in Wageningen. The other parties actively
involved in the project were the National Institute for Agriculrural
Research and Extension (INIPA, Peru) and the Faculty of Agriculture of the
Hebrew University (HU, ILsrael).

An important aspect of the research programme was to that in addition
to obtaining results that could be applied for the benefit of the region
itself, the data could be used for the prediction of agrlcultural production
possibilities in comparable areas elsewhere, Therefore, the programme was
geared to obtain additional data that could serve to develop causal
relationships and that could ultimately be used to test and improve existing
simulation models.

For reasons that will be explained below, the field work covered the
crops alfalfa or lucerne {(Medicago satival, potate (Solanum tuberogum),
Rhodes grass (Chlorie gayana) and maize (Zeq mays). Simulation modelling
studies were carried out for the same crops except the potato. Supplementary
data for modelling purposes were obtained from glasshouse experiments with
alfalfa in Wageningen.



1.2 IMPORTANCE OF IRRIGATION IN ARID AND SEMI-ARID REGICNS

Around 36% of the land surface is situated in arid and semi-arid
regilons, excluding ancther 7% of man-made desert (Fig. l.1}. According to
Zonn (1977), 5.9 million km™ ,are extremely arid (annual precipitation less
than 50 mm), 21.5 million km~ arid (precipitation between 50 and 150 mm) and .
2]l million km~ semi-arid (precipitation between 150 and 250 mm). There are
several more criteria to define these areas, but whichever one is chosen, a
low and erratic rainfall is always a major characteristic. S50, in general,
agricultural outputs are highly variable and very low om average. Although
this level can be improved without the use of supplementary irrigation
(Penning de Vries & Djiteye, 1982), high and regular yields can only he
obtained if additional water can be made available. If the latter condition
can be met, potentially high yields can be obtained in many of the most arid.
regions hecause of their inherent environmental characteristics such as high !
solar radiation, favourable temperatures throughout the year and therefore
long growing seasons,

In the last fifty years the total irrigated area in the world has been
trebled and now amounts to approximately 240 million hectares (Malone et :
al., 1981; Holy, 1982), From Table 1.1 it can be calculated that almost half -
the total area of the world under irrigation, (about 114 million ha), is
situated in the arid and semi-arid zone. Although this is only 2% of the
total available land in these climates, on the basis of land in agricultural
use two out of every 15 hectares under cultivation are already being
irrigated. There are considerable differences among the countries involved,
but in the more densely populated areas of Asia more than 25% of the
cultivated area is irrigated, and this area is increasing all the time.
Malone et al. (1981) stated that roughly 40% of the increase in food
production in developing countries over the last decade is the result of
expanded and improved irrigation facilities.

In many countries of the semi-arid and arid areas, water use for
irrigation already represents a substantial proportion of the available
water resources, Especially in periods of severe drought, the amount of
water necessary may exceed the available resources and most of it is lest
from the catchment by evapotranspiration from the irrigated fields.

Although unused fresh water resources in many areas are still
considerable, some arid areas, e.,g. in North Africa and the Middle East,
have few undeveloped water resources left (Holy, 1982). Agricultural
development in these regions should therefore place the emphasis on
production increase per unit of irrigation water.
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Table 1.1 World irrigated lands in the arid and semi-arid zone {(adapted

from Zonn, 1977)

Cultivated areas and
Country areas under perennial

cultivated

crops (l000 ha)

Kuwait
Pakistan
Israel

Iraq
Afganistan
Iran

Lebanon
India

Saudi Arabia
Syria

Yemen Arab Republic
Turkey
Jordan
Total Asia

Egypt

Sudan

Somali
Morocco
Libya
Algeria
Senegal
Tunis

Mali
Botswana
Ethiopia
Republic of South
Africa

Niger

Total Africa

UsA
Mexico
Total USA + Mexico

Australia

USSR

0.6
21700
417
10163
7980
16727
ile
164610
809
5899
1200
26068
1300
257190

2852
7100
957
7900
2521
6792
5564
6000
11600
519
13250

12058
15000
92113
191053
27469
218522
44610

232609

areas (1000 ha)

0.6

12400
173
4000
2800
4360
80

38969%
131
600
100
1724
60
65498

2852
2520
162
680
120
300
119
100
66

2

40

1000
1
7966
21489%%
4200
25689
1581

13437#%*

*Area of irrigated arid land: 16397 thousand ha.

*%Area of irrigated arid land:
#k%Area of irrigated arid land:

17600 thousand ha.
8500 thousand ha,

Annually irrigated areas to be

(%)

100.0
57.1

.
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Actually, about 13% of the world population lives in these arid and
semi~orid regions. From Feyen's data (1979} it can be estimated that the
acreage presently vrder irrigation in this zone alone, could produce enough
food for half the world population. Such a statement is in sharp contrast to
the actual situation of frequent hunger or maloutrition of many of the
inhabitants of these areas, More attention to the development of the
praduction potential of already existing irrigated areas in many countries
seems, therefore, an cbvious strategy for the improvement of the actual
world food situation,

1.3 PRODUCTIVITY PER UNIT AREA

Although Indicative data on agricultural production of different countries
are easily obtained from F.A.0. Yearbooks, there is no separation in yields
obtained with and without irrigation.

To get an impression of the productivity in irrigated agriculture in
various countries in dry regicns, data from Faki (1981), Johl (1980) and
Shalhevet et al. {(1979) were combined with those from the F.A.0Q. Yearbook
1981 (FAQ, 1982) for countrles with a high proportion of irrigated
agriculture and for crops that are normally irrigated. As a reference,
average data on "good yilelds" in irrigated agriculture from Doorenbos &
Kassam (1979) are included {(Table 1.2}.

Table 1.2 Average yields (kg/ha) obtained in some irrigated crops, in
various countries in dry regions
Dem,"good yield"
Egypt Israel Traq Jordan Kuwait Pakistan Sudan Syria Yemen reference*

Wheat 3470 4500 1060 1800 - 1640 1430 2100 1860 5000
Maize 3780 5000 2900 1100 3000 1365 740 1900 2540 7500
Rice 5410 3125 - 2560 1700 5200 4700

Potato 17890 35460 15600 13300 15000 10350 19230 16400 5230 30000
Seed

cotton 2770 3790 1060 - - 1040 1410 2500 1350 4500
Tomate 17400 43900 10800 17010 21070 - 11580 18030 - 55000

Water-
melon 23460 14840 12650 8510 - - 28150 9100 - 30000

*Deduced from Doorenbos & Kassam, 1979.

With the exception of Israel and Egypt, most countries obtain less than
half the "good yield" values. The latter levels are certainly not
exceptionalily high, because experimental yilelds of about twice these values
are reported.

As indicated in Section 1.1, land resources in arid and semi-arid
regions are not in fact the limiting factor, but water. Therefore, more
emphasis should be placed on the production level per unit of water.

1.4 PRODUCTION PER UNIT OF IRRIGATION WATER

Data on production in relation to the amount of irrigation water of
different regions are scarce. In general, a supply between % to 2 liters per
second {1/s) of water is needed to irrigate one hectare, if the amount of
precipitation is insignificant. This equals an annual availability of 16Q0
to 6300 mm of irrigation water.

The efficiency of use of the available irrigation water can be
evaluated in terms of the Water Use Coefficient (WUC), defined as the amount



(kg) of irrigation water applied per kg of dry matter produced and the
Transpiration Coefficient (TRC), defined as the amount of transpired water
per kg of dry matter produced. So the TRC is an indicator of the plant's
physiolegical characteristics with respect to water use effiency in a
certain climatological environment. The WUC also depends on irrigation
techniques and soil charasteristics (Zipori & Valdivia, 1982). From the
difference between WUC and TRC, the magnitude of non-productive water lass
can be calculated.

In the following Section an estimate will be made of the average WUC of
various crops during their linear growth stage (defined as the period of
maximum growth rate when the canopy is closed, green and active) for the
countries listed in Table 1.2. For this purpose total dry matter production
(DM} of various crops was calculated, based on an estimate of the percentage
dry matter (% DMy) in the harvested material and the harvest index (HI), the
ratio between economic yield and total dry matter. From these assumptlons, a
Yield Multiplication Factor (YMF) was calculated, that when applied to the
yields given in Table 1.2, results in the total dry matter production. In
addition, a certain Gross Growth Period (GGP) was assumed for each crop,
defined as the number of days between sowing and harvesting in the case of
direct sowing in the field.

Assuming that the average rate of dry matter accumulation during the
linear growth stage (LGR) is twice the average growth rate, LGR was then
calculated, using the equation: LGR = 2DM/GGP.

A summary of the parameter values Ior the various crops is presented in
Table 1.3.

Table 1.3 Parameter values for various crops, used to estimate the average
Linear Growth Rate (LGR, in kg dry matter/ha.d) of some crops in Irrigated
areas, See text for explanation of abbreviations,

Parameter: 7 DMy HY YMF GGP
(days)
Crop:
Wheat a8 G.44 2.00 110
Maize 88 0.44 2.00 150
Rice 88 Q.44 2.00 140
Potatoes 22 0.80 0,28 120 :
Seed cotton 88 .25 3.52 160
Tomatoes 6 0.35 0.1i7 140

The average linear growth rates estimated on the basis of these
assumptions from the data of Table 1.2 are presented in Table 1.4. From the
average LGR values for each country, the average WUC values are calculated,
assuming a water supply of 1 1/s and absence of precipitation (Table 1.4).




Table 1,4 Linear growth rate {LGR in kg/ha.d) of some crops in irrigated
areas of countries in dry regions, and the resulting average water-use
coefficient (WUC in kg water/kg dry matter) for each country, assuming 1 1l/s
irrigation water supplied to the fields and no precipitation.

Dem. Good yield
Egypt Israel Iraq Jordan Kuwait Pakistan Sudan Syria Yemen reference

Wheat 126 163 38 66 - 60 52 77 67 182
Maize 101 133 77 29 a¢ 36 19 50 67 200
Rice 155 - 89 - - 73 48 148 - 134
Potato 84 166 73 62 70 48 90 77 24 140
Seed-

cotton 122 167 47 - - 46 62 110 39 198
Tomato 42 107 46 41 50 - 28 43 - 133
Average

LGR 105 147 62 50 67 53 50 84 54 165
Average

Wuc 823 588 1394 1728 1290 1630 1728 1029 1600 524

The calculations clearly indicate that in countries with a high crop
production (Israel; '"good yield" reference) only about one third of the
amount of water is used to produce 1 kg of plant biomass than in countries
with a low level of crop production. In other words, in countries with a low
crop production in fact 2/3 of the scarce water is non-productive. This
unused water disappears through direct soil evaporation and drainage below
the root zone. The latter component can sometimes be used again in lower
lying fields or to recharge the groundwater, but often this water is lost
for local crop production altogether. In some cases, it may cause an
undesirable rise of the groundwater table, leading to salinity problems and
subsequent loss of agricultural land (Arnon, 1972). Also, when the WUC
values from Table 1.4 are compared with TRC values obtained in similar
regions, varving from about 150-300 for C, plants to 300-800 for C, plants
(Briggs & Shantz, 1913, 1914, 1917; Meyer, 1972; Breman et al., 19§2;
Valdivia & Zipori, 1982), it is obvious that in many countries large amcunts
of water are not used by the crops.

Especially in regions where available irrigation water is relatively
scarce, this results in a considerable loss of agricultural productivity,
food and prosperity in general.

The options for improving the efficiency of use of applied water may be
deduced from Fig. 1.2, which is a schematic representation of the results of
a maize sprinkler irrigation experiment with maize during a complete growing
period, carried out in Peru by Valdivia et al. (1982). Here, the slope of
the line Tm represents the TRC, whereas the slope of the line U represents
the WUC. In this schematic set—up direct soil evaporation is assumed
constant (0 E = Tm ETm), which is not correct as soil evaporation will
increase when crop growth and hence soil cover is reduced. It is also
assumed that there is sufficient drainage capacity of the soil so that
excess water is rapidly removed without causing aeration problems. Removing
these simplifications would only reinforce the subsequent conclusions .

With an increasing amount of available water, dry matter production
increases linearly until a certain maximum value (DMmax), as showm by De Wit
(1958). The level of the maximum depends on crop species and environmental
conditions. In the azbsence of pests and diseases, without interfering weeds



and with an optimum supply of nutrients throughout, DMmax represents the
potential dry matter production level, as dictated by available irradiance
and ambient temperature regime. Application of water in excess of that
necessary to reach DMmax will not result in higher production but will only
waste water. At a low level of nutrient availability and hence a low level
of DMmax, there is a greater tendency for excess moisture application (water
lost via percolation), a phenomenon reported from many irrigated areas

(Arnmon, 1972; Garuthers & Clark, 1981). '

Comparing line U to line Tm in Fig. 1.2 shows that more than half the
water applied may not be used for transpiration by the plant, but 1s lost by
evaporation from the soil surface and drainage below the root zone.

Especially early in the growing period, when the demand of the crop for
water is low, these losses can be very high. The proportion of water
transpired decreases at applications below and above the amount of water
(Aopt), that is just enough to realize DMmax. Hence, the first step towards
improvement is optimizing the proportion of water transpired within a
certain irrigation system, by the highest possible production with just
enough water to reach that level. This also implies that if only a limited
amount of irrigation water is available, which is insufficient to reach
DMmax on the total available acreage, it is preferable in terms of dry
matter production to irrigate only part of the acreage to Aopt, rather than
to distribute the water evenly over the whole area and reach a lower level
than DMmax and hence suffer greater relative water losses. On the other
hand, several crops (cottom, sorghum, soybean, sunflower etc.) have the
ability to increase the harvest index under water stress (Doorenbos &
Kassam, 1979) and in those cases the distribution of a2 sub-optimal gquantity
of water over a larger area may be more efficient.

A second option to improve the efficiency of irrigation is to curtail
water losses via more efficient application techniques like sprinkler
irrigation and drip irrigation, With very efficient irrigation techniques
WUC will approach TRC. The scope for improvement offered by this option,
depends on the available irrigation system, bearing in mind environmental
conditions such as climate, soil conditions, quality of irrigation water and
topography. A thorough analysis of the irrigation losses, together with a
cost-benefit analysis of possible improvements must be worked out by
hydrologlists or irrigation specialists together with eccnomists, Such an
analysis is beyond the scope of this thesis.

A possible improvement could also be cbtained via plant adaptation so
that a CO,-governed stomatal regulation mechanism is induced. In that way,
the transpiration may be reduced by 40 to 50%. However, dry matter
production is also reduced, but only by 20 to 25%, so that the overall TRC
decreases by 20 to 25% (Penning de Vries, 1982b). Although there is a good
deal of speculation about the impact of such improvements (Spilertz, 1981;
Penning de Vries, 1982b) it can be seen in Fig, 1.2 that the ensuing
improvement in WUC is very small. It would appear that if the loss by direct
soil evaporation exceeds total transpiration, as is common in natural
rangelands as in the Sahel (Stroosnijder & Kon&, 1982), CO, -governed
stomatal regulation 1s not advantageous in terms of total 3ry matter
production. However, the possibilities for survival and seed setting
increase. It may be concluded, therefore, that in areas where water is
scarce, the aim should be to remove all other constraining production \
factors as much as possible. Im such a way, the efficiency of water
utilization can be optimized. The objective of the studies reported here was
to develop efficient methods to produce reliable data necessary to estimate
the highest possible level of production in arid regions with the aim of




optimizing efficilent use of the scarce, and therefore expensive, irrigation
water.

To establish the scope for improvement of irrigated agriculture in arid
regions, it is essential to know the technical options. In addition,
however, there may be other significant constraints that prevent the
realization of these options, such as lack of finance, poor credit
facilities, lack of fertilizers and pesticides at reasonable prices,
insecure marketing perspectives etc. In many cases these constraints must be
eliminated before any technical improvement can be succesfully introduced.
Efficient development planning proceeds from weighing up the different sound
technical options, but it must contain efficient strategies to remove the
non~technical constraints.

1.5 APPLICATION OF SIMULATION MODELS IN THIS RESEARCH PROGRAM

System analysis and simulation found their origin in the engineering
sciences some 30 years ago. The considerable succes obtained with this
methodology in the technical sciences, also Inspired biolegists and
agronomists tc apply the technique in their fields of interest about ten
vears later (Van Keulen, 1982). Simulation may be defined as the building of
a mathematical model and the study of its dynamic behaviour. Models are
simplified representations of systems, where a system is defined as a
coherent part of reality, with well-defined boundaries. A model of a system
can be developed if the relations between the relevant elements of the
system can be described in quantitative terms. Dynamic simulation models of
plant growth permit the analysis of real phenomena with respect to crop
production,

In their analysis of crop growth models, an attractive schematization
of systems of growing vegetations and crops was proposed by De Wit & Penning
de Vries (1982), distinguishing four production situations:

- Production situatlon 1: only irradiance and temperature determine plant
growth, This situation is found in well-managed irrigated agricultural
systems with optimal use of nutrients, disease control, management
practices etc.

~ Production situation 2: as for situation l, but soil moisture avallability
may at times limit growth rate. The water balance of the soil is an
important part of the models describing this productiom situation.

- Production situation 3: as for situation 2, but the availability of
nitrogen may at times also limit growth rate. Here the nitrogen balance of
soils and plants 1s added to the model. .

— Production situation 4: as in situation 3, but low availability of other
nutrient elements, particularly phosphorus, may reduce growth at some
stage.

The extensive knowledge available about the carbon and water balance of
growing crops means that models for production situations 1 and 2 are now
well developed. On the basis of their level of development, these models can
be classified as comprehensive (Penning de Vries, 1982a}, because the
essential elements they describe are thoroughly understood and much of this
knowledge is incorporated. If enough basic data of sufficient quality are
available, the predictions are often good.

As soon as such a level of comprehension was reached, It was possible
to simplify these models into so-called summary models. Here, only the
essential aspects are considered and formulated in less detail. Because of
this, summary models are more accessible to users and may be used on
micro-computers.



Models describing production situations 3 and 4 can be classified as
preliminary. Not all underlying concepts are clearly understood and
therefore thelr explanatory value is limited and not very accurate. The
structure of and data used in these models reflect current scientific
knowledge (Penning de Vries and Van Laar, 1982). A considerable amount of
experimentation is still necessary to develop these models further, Models
at this level of sophistication are therefore more suitable as a research
tool than for application purposes.

In this thesis, results obtained with existing plant growth simulation
models, developed by the Wageningen group (De Wit, 1970; Van Keulen, 1975;
De Wit et al., 1978; Van Keulen et al., 1981; Penning de Vries & Van Laar,
1982) with parameter inputs from the experimental site in San Camilo are
compared with real field data and evaluated in two ways:

1. From the agricultural development planner's point of view, with emphasis
on the ability to obtain quickly accurate predictions, if only a limited
amount of data is available.

2. From the point of view of agricultural research, with emphasis on the
ability to test hypotheses, to indicate major gaps in the knowledge and
to assist in setting priorities for further research efforts.

The models used were the detailed, comprehensive BACROS - and the less
detailed, but still comprehensive ARID CROP model.

The first model, developed by a group of researchers in Wageningen {(De
Wit et al,, 1978), simulates most of the relevant physiological processes of
erops, growing potentially (production level 1) on an hourly basis. It was
used for maize and Rhodes grase in our situation., At the same time, it was
attempted to adapt the model for situations where soil mechanical resistance
interferes with optimal root development of maize.

The second model was developed for situations where only the water
supply may be limiting (production level 2). It was primarily developed for
Mediterranean conditions (Van Keulen, 1975; Van Keulen et al,, 198l) but,
with slight modifications, it appeared also applicable to Sahelian
conditions (Penning de Vries & Djiteye, 1982)., The model is less detailed
than BACROS and simulates crop growth and related processes on a daily
basis. An attemption was made to adapt the model for the simulation of
alfalfa growth under San Camilo conditions, when subject to different
cutting regimes.

Finally, the PHOTON model was used for simulation of canopy
photosynthesis, respiration and transpiration in enclossures, in comparison
to data measured with alfalfa in Wageningen. PHOTON is almost identical to
BACROS, except that it uses time steps of a few minutes (Penning de Vries &
Van Laar, 1982) and can therefore be used for the simulation of these types
of measurements. Similar evalvations of this medel have been carried out
with several crops, in enclosures in the field and in the greenhouse, all in
the Netherlands (Van Laar et al,, 1977; Dayan & Dovrat, 1977; De Wit et al.,
1978; Penning de Vries & Van Laar, 1982},
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2 DESCRIPTION OF THE PROJECT

2,1 THE PRESENT AGRICULTURAL SYSTEM IN THE REGION

As already mentioned, the cutstanding characteristic of the coastal
area of Peru is the shortage of water, which is a major factor constraining
crop production. Rainfall is virtually absent and irrigation water is
obtained from rivers, originating in the high Andes., Traditionally, only
valley areas close to the rivers could be irrigated. In the course of time,
considerable improvement was obtained by the construction of dams, creating
several reservoirs. In this way, the river flow downstream could be
regulated so that areas at a greater distance could also be irrigated. In
addition, water for irrigation was transported out of the canyon thus making
possible the settlement of the desert plains (pampas).

Until recently only gravity irrigation was practised. This system
causes heavy water losses from percelation, due to the sandy-stony
characteristics of most of the pampas soils, For the last ten years,
however, all new settlements have been making use of sprinkler irrigation.

Although the reservoirs in the high Andes are meant to ensure a regular
water supply, the precipitation in the catchment areas shows such
year-to-year variability that still considerable fluctuations occur in the
amount of water available to the farmers.

In the traditional farming systems of the river valleys as well as in
the settlements in the pampas, alfalfa is a mafor crop., Its efficient
nitrogen fixation overcomes the limitations set by the low nitrogen content
of the soil. If enough irrigation water is available, reasonable yields are
cbtained by farmers without the use of significant amounts of fertilizer.
This is probably alsc because the alfalfa is generally grazed, which is less
demanding on minerals than the cutting system. The importance of alfalfa
within this farming system was further increased by the establishment of a
wmilk~processing plant which stabilized farm income. Generally, after 3 to 5
years the alfalfa stand density declines considerably and the fields become
infested with weeds, especially Bermuda grass (Cyrodon daciylon) and Kikuyu
grass (Pemnisetun clandestinum). This necessitates crop rotation, so that
alfalfa is replaced by arable crops, mainly potatoes, maize, onions and
garlic. These crops benefit from the nitrogen accumulated in the soil during
alfalfa cultivation and possibly also from improved soll physical
conditions, due to residual organic material. In addition, the high
financial returns of these crops justifies a labour-intensive management
system aimed at the elimination of weeds. After one or two years, the
rotation cycle is resumed with alfalfa.

The mixed dairy-farming system with alfalfa as a central crop has
proved to be sound from an economic as well as a soil fertility point of
view. Because of the reputation of alfalfa as a high water-consuming crop,
special attention in the FAPROCAF project was given to this aspect in
comparison tc some other crops.

2.2 SCOPE AND OBJECTIVES OF THE PROJECT
2.2.1 CGeneral outline

It follows from the foregoing that the research project was focussed on
the achievement of optimum vields with minimum water consumption., To attain

this goal, two major lines of research were formulated, each being the
responsibility of one guest researcher and his Peruvian counterpart:
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I. Potential production: the study of growth of different crops under
optimal supply of water and nutrients and the determination of the most
important limiting factors to achieve this level. Those mainly
responsible for this research were the present author and Jorge Medina
of INIPA (Peru).

II. Water-soil-plant relationships: the response of crops to water
applications, determirnation of different crop transpiration coefficlents
and the study of water losses in different pampa soils and under several
different crops and irrigation systems. Those mainly responsible for
this work were Isaac Zipori of HU (Israel) and Huber Valdivia of INIPA.

The data obtained in the field were supported by plant-soil-water
analyses, executed in a laboratory that was installed and brought into
operation within the framework of the project. Those mainly responsible for
this task were Martin de Wijs (CABO) and his Peruvian counterpart Egberto
Soto (INIPA),

The team in Peru received professional support from CABO in Wageningen,
the Netherlands, and HU in Israel, via comments on progress reports, annual
short missions and the dispatch of relevant literature, materials that were
difficult to obtain locally, spare parts, etc.

2.2.2 Experimente related to poteniial production

Investigations were mainly focussed on four crops, representing C, and
C, pathways of photosynthesis and annual as well as perennial crops, viz.
aifalfa (C, perennial), Potato (03 annual), Maize (C, annual) and Rhodes
grass {C, perennial). These crops were chosen because of their significance
in the regional agriculture and because of the existing simulation
experience in Wageningen and Israel. Both perennials represented extremes in
this aspect: alfalfa being the very Iimportant regional crop but with
practically no simulation experience available and Rhodes grass with
considerable simulation experience (Dayan & Dovrat, 1977; Dayan et al,,
198la,b), but as vet of no practical value in the region.

To obtain a comparative basis for the relevant crops, first growth
curves under optimal supply of water and nutrients were determined through
periodic harvests. This was done to rapidly detect any unusual growth
behaviour and to produce validation data for future simulation. By NPK
analyses of plants, uptake curves for these elements were determined to
serve for fertilization planning and to test the nutrient status of the
crop. In alfalfa, maize and Rhodes grass fertilizer treatments were also
given to obtain some insight into the soil-availability of NPK for the crop
involved., In maize, an additional peot experiment was carried out to test’
possible micro-~element deficiencies.

During the experiments, periodic measurements of relevant crop
parameters such as leaf area index (LAI), specific leaf area (SLA) and light
interception by the canopy were made. The data were used during validation
and adaptation of existing simulation models,

Because alfalfa is the most important crop in the region and because of
the relative lack of data under comparable conditions, extra emphasis was
given to this crop by means of a crop management experiment, a cutting
frequency experiment and additional pot experiments to determine data on
root development and nitrogen fixation. Parallel to these activities in
Peru, photosynthetis measurements of artifical swards of alfalfa in the
greenhouses of CABC in Wageningen were carried out.
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2.2.3 Water-soil-plant relationshipe

In order to measure crop response to water avallability, experiments
were carried out with alfalfa, maize and potato. This response was partially
measured by means of irrigation experiments with a fixed number (5) of
watering treatments, and partially by means of the so-called line source
technique, in which the quantity of water is negatively correlated with the
distance from a single irrigation line (Hanks et al., 1976). In addition,
transpiration and dry matter production of alfalfa, malze, Rhodes grass and
rye grass, grown in small containers, was measured by weighing.

Several pampa soils were compared in free drainage lysimeters for
water retention capacity, leaching pattern and relative crop productivity.
The leaching requirement of some soils was alsc determined in the field,

2.3 CLIMATE AND SCILS OF THE AREA
2.3.1 Climate

Most of the coastal area of Peru 1s characterized by the virtual
absence of precipitation. If this lack of precipiation can be corrected with
enough irrigation water and if sufficient fertilizer is available, crop
growth 1s only dependent on temperature and irradiance. Along the Peruvian
coast (up to 2000- 2500 m altitude), temperature and Irradiance are mainly
determined by alititude and latitude and do not vary much from year to year.

At the experimental station of San Camilo (16%42'S,71°11'W, altitude
1300 m a.s.1.), where most of the experiﬁents were carried out, irradiance
is Bigh, varying between about 2000 J/cm”.d in winter (June-July)} and 3000
J/m".d in sunmmer (Tecerber-Januaty) (Fig. 2.1b).

During the year, there is little variation in the average daily maximum
temperature, but the fluctuation in minimum temperature is greater as it
varies between 7 °C in winter and 13 °C in summer (Fig. 2.la).

Evaporative demand is high. Class A-pan values of between 6.3 and 8.7
mm/d were measured, which is equivalent to a range between 3,8 and 6.9 mm/d
when calculated according to Penman (1948) (Fig. 2.lc).

The climatological conditions mentioned above are representative of the
pampas of Majes, La Joya and Siguas, where most of the recent and future
irrigation projects in Southern Peru have been planned. In low coastal
regions, temperatures fluctuate somewhat more (depending on the presence of
mist) around a level which is about 5 to 9 °C higher, In the higher Andes
valleys, temperatures are lower and nights with frost are common during
winter.

2.3.2 Soils and irrigation water

The pampa soils at the experimental site can be classified as sand or
loamy sand with a fair amount of stones and gravel, Variability is high,
root penetration is generally quite low. However, the infiltration capacity
iz high (30350 /h). Water retention capacity is low (field capacity is
about 10 em”/em™). Cation exchange capacity (CEC} is very low, because of
the small amount of fine material. Other parts of the pampas have even more
stones, sometimes occupying up to 30 to 40Z of the scil volume and so
lowering the water retention capacity even more, Virgin soils are saline and
must be leached from excessive salts before the first cropping.

These characteristics can be understood from the geological history,
the pampa being a basin that was filled with material, mostly sand, stones
and gravel transported from the Andes (Medina, 1972; Zipori & Mena, 1982).
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The water currents had varying enerpgy levels depending on the rain intensity
in the mountains, causing the formation of differently textured lenses. This
resulted in the large horizomtal and vertical variability of these soils.
Water in the closed basin was mainly lost by evaporation, causing the actual
salinity of virgin soils.

The low root permeability, low water-retention capacity in combinatiom
with a low CEC and a high water infiltratilon rate make these pampa soils
very susceptible to loss of irrigation water and minerals by percolation.
Sub-soiling (to 0.90 m) improves rooting depth and reduces these losses. The
experimental fields in San Camilo, on a stone-free basis, consist on average
of 90% sand, 5% loam and 5% clay and have a pH-KCl of 7.2-7.5. Most
experiments were carried out on soils that had been under cultivation for
more than two years. These solls had, after digestion, a total N content of
0.2 - 0.3 g/kg dry soil (Kjeldahl), an available P content of 5 mg/kg dry
soil {(Olsen extraction) and a K content of 170 mg K/kg dry soil (by
ammonium-acetate extraction).

Valley soils generally contain much more fine material and can be
charactarised as loam to clay loam. The irrigation water in San Canmile
contained on average 4.2 mg N/1, 0.4 mg P/l and 11.8 mg K/1,

2.4 MEASURING TECHNLQUES

- Most CLIMATOLOGICAL DATA were recorded at the station: temperature and
relative humidity with a thermohygrograph, open pan evaporation with a
class A pan, irradiance with a Kipp integrating radiometer and daily
windrun with a cup anemometer. Other characteristics such as dew point and
hours of sunshine were obtained from a meteorological station in San
Isidro, 14 km from the experimental site.

- DRY MATTER PRODUCTEON was obtained from a representative sample (generally
between 5 and 10 m"), that was harvested mechanically, leaving a stubble
of about 5 cm and weighed in the field. Immediately a sub-sample was taken
and put in a paper bag, that was subsequently enclosed in a thick plastic
bag. In the lahoratory, the paper bag and contents were weighed, dried in
an oven at 70 °C, and weighed again to determine dry matter percentage, so
that ultimately the dry matter production of the plots could be
calculated.

- Sometimes, ROOT BIOMASS of alfalfa was deEermined by excavating a complete
s0il column with a cross section of 0.1 m" up to the deepest roots. The
whole column, with the plants, was taken to the laboratory and the soil
carefully washed out. Shoots were then cut at the same level as in the
field and above and below
ground dry weights were determined and the root-shoot ratio calculated.
After multiplying this ratio by the production of the field, the
below-ground biomass was obtained.

- LEAF AREA INDEX (LAI), the ratio of leaf area to soil surface area, was
deternined after measuring the leaf area of plant samples with an
electronic surface meter. The measurement is rather time-consuming and
therefore only small samples, taken from the field within frames of 0.1 or
0.5 m?, could be handled. LAI was then calculated by direct comversiom,
but for some crops like alfalfa and potato, highly variable results were
produced due to the size of the sample, This variability could be obtained
by determining the dry weight of the leaf samples, of which the surfaces
had been measured. The SPECIFIC LEAF AREA (SLA), the ratio between leaf
area and leaf weight, which is much less influenced by the size of the
sample, was then calculated. Using this parameter, the LAI was determined
from the dry weights of the leaves, together with the above-ground dry
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matter production measurements.

- LIGHT EXTINCTION in canopies was measured with a bar of 1 m length, fitted
with photosensitive cells. The value obtalned below the canopy was then
compared with the value of the measurements above it. In this way, the
relative amount of light absorbed bv the canopy was calculated.

- Measurements of PHOTOSYNTHESIS, RESPIRATIGN AND TRANSPIRATION were carried
out with alfalfa of single plants in a static assembly for routine
measurements, as described by Louwerse & Van Oorschot (1969) and on
artificial swards in enclosures by means of mobile equipment, described by
Louwerse & Eikhoudt (1975) and Louwerse (1980). In both assemblies, the
determination of €C, and water vapour exchange rates are based on, with an
infra-red gas analyZer measured differences in, respectively, the CO
concentration and humidity of the incoming and outgoing airstream of the
plant chamber or enclosure, simultanecusly with the measurement of the
corresponding flow rates,

- Laboratory determinations of NITROGEN were carried out according to the
Kjeldahl method; PHOSPHORUS and POTASSIUM in plants were determined after
digestion in a mixture of sulphuric and nitric acid (Schouwenburg &
Walinga, 1978). Potassium in soils was extracted by an ammonium acetate
solution and phosphorus using Olsen's method (Hesse, 1971), Extracts were
then analysed by colorimetric techniques (P) or by flame spectrophotometry
(K).

— IRRIGATICN WATER SUPFLY was measured directly at the beginning of the
irrigation line. In the sprinkler-irrigated fields, additional
observations were obtained from rain gauges. The quantity of irrlgation
water to be supply was determined om the basis of a chosen k FACTOR,
defined as the ratio between water supply and cumulative ClasS A pan
evaporation since the previcus irrigation. The k factor was chosen in
relation to crop and growth stage. an

— S0IL MOISTURE was routinely measured by the neutron meoderation technique
in 30 cm increments up to a depth of 1.20 m. First, the neutron probe was
calibrated, taking soil samples for gravimetric soil moisture
determinations together with simultaneous readings with the neutron probe
at the same depth. From these data a linear regression equation was
calculated, relating soil moisture content to the recordings of the rate
meter. Fig. 2.2 shows the curve obtained for the San Camilo soil. The
regression coefficient of 0.79 is not very impressive because of the high
variability of the soil.

SOIL WATER TENSION was recorded by temnsiometers. The data, however, were

not very reliable because of the sandy-stony character of the soils

impeding contact.

PLANT WATER POTENTIALS were measured using a Scholander pressure pump

which recorded the pressure necessary to extract water from the vessels of
freshly cut leaves (Scholander et al., 1965).

Visual observations of STOMATAL APERTURE wetre obtained from "prints" of a
nixture of silicon rubber and a hardener. A small amount of the mixture

was spread on the leaf in the field. After hardening, the prints were

taken to the laboratory, where positives were made by spreading

transparent quick-drying material upon the prints. After drying, these
transparent positives were observed under the microscope.

Direct TRANSPIRATION measurements with a diffusion porometer were made in
alfalfa and maize. The principle of these measurements is the i
determination of the rate of increase in relative humidity within a ’ I
micro-chamber c¢lamped upon a leaf. Because of severe calibration problems 1
of the instrument, the results could only be used on a very limited scale.
Indirectly, the transpiration of different plant species was determined by
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weighing plants in containers before

and after watering. Evaporation from the soil surface was reduced by a
layer of gravel and further determined from containers without plants.

- IN VITRO DIGESTTBILITY was determined according to the method described by
Tilley & Terry (1963) in some alfalfa, Rhodes grass and weed-samples.
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Fig, 2.2 Calibration curve for the soil of the San Camilo
experimental station,
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3 GHOWNTH DYNAMICS OF ALFALFA

3.1 INTRODUCTICN

Alfalfa is probably the oldest cultivated forage crop; it has been used
for at least 3000 years. Nowadays it is also the most extensively grown
forage crop with about 33 million hectares spread between 60° N and 45° §
latitude, About 2/3 of this area is situated in N and S America, of which
nearly 98% can be found in the USA, Argentina and Canada, Most of the
remaining area lies in Mexice, Peru and Chile (Bolton et al., 1972).

In Peru almost all alfalfa is prown west of the Andes, which is the
cooler and drier part of the country. It is the most important forage in
regions where dairy farming plays a major role, e.g. around Arequipa, where
the majority of milk in Peru is produced, approximately 34000 ha (60% of the
total arable land in the area) 1s cultivated with alfalfa. In the lrrigated
pampas around San Camilo alfalfa occupies even more than 90% of the
agricultural land. Within the framework of the FAPROCAF project, it was
therefore logical to start the research with this forage crop.

_Alfalfa was introduced into Peru from the Mediterranean region by the
Spaniards. They brought cultivars which all belonged to Medicago sativa.
From these introductions, local ecotypes such as San Pedro in the northern
regions and Yaragua, Tambo and Caravelli in the south have been developed.
Boerger (1950) states that the Peruvian ecotypes are considered to be a
special type of M. sativg described as M. sativag var. Polia. These ecotypes
can easily be distinguished from other forms of M. sativa, by the dimensions
of their leaves, which are 3 to 5 times longer than they are wide. Later,
cultivars with genes from M. falocata such as Dupuits and Wairau, were also
introduced. As these genotypes were more cold resistant, the alfalfa area
could extend to higher altitudes such as at Ayacucho and around Puno. In the
pampa region only cultivars of the sativa type are cultivated, so that
during the FAPROCAF project all the research was centred around these
cultivars and only in very few cases comparisons were made with
cold-resistant cultivars.

The Spaniards also introduced the tethering system of the live-stock,
which is still the most common method used by the farmers to ration the
herbage. However, cur investigations mainly referred to cut alfaifa, to
allow comparisons with data from other sources.

The climate in San Camilo is suitable for year round alfalfa growing.
Although not many countries have comparable conditions, there were some
indications that very high dry matter production should be possible. For
example, in Saudi-Arabia, alfalfa forage vields of 37 t/ha.yr of dry matter
were recorded (Farnworth et al,, 1973); in California, over a 250 day
growing season, 32 t/ha was attained (Loomis & Williams, 1963} and in the
Netherlands over a period of six months, 19 t/ha was produced (Sibma,
personal communication). These yield levels suggested that in San Camilo
higher productions than the 20 to 22 t/ha experimental yields, recorded
before the start of the FAPROCAF project, should be possible.

The strategy developed in the present studies was therefore directed in
the first instance towards obtaining data on growth behaviour and the
production potential through growth analyses under conditions of at least
one treatment of high fertilization and sufficient availability of
irrigation water (k = 1,0). Two more experiments were started rather
early, in order to tface possible long-term effects. In the first place,
much attention was paid to the influence of fertilization and to nutrient
uptake, because it has become clear that nutrient availability is the
determining factor governing actual crop production level in many countries
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(Van Keulen & Van Heemst, 1982). A P x K fertilization experiment was
established at the beginning of the project and more trials on P
fertilization followed. Secondly, an experiment on management practices was
set up, because it was deduced from a literature survey that this aspect was
especially important for alfalfa in relation to its persistence and
production.

Based on the results obtained, additional trials, measurements and
cbservations on photosynthesis, N _-fixation, weed competition, growth and
reserve level of roots and stubblé ete. were carried out, to elucidate
questions such as the early decrease in forage production rate despite a
green canopy and the natural capacity for N, fixzation. Modelling studies
both mid-way and at the end of the project, were used to gain more insight
into the problems and for theory-testing (Section 3.5).

3.2 METHODS
3.2.1 Growth curves

In a well-established alfalfa field (cv. Tambo) half of a 24 m x 196 m
area was fertilized with 420 kg N/ha.yr as urea, 280 kg P/ha.yr as triple
super~phosphate and 420 kg K/ha.yr as potassium sulphate, applied in equal
proportions at the start of each of several experimental growth curve
determinations. The other half was not fertilized during the experiment., The
whole field had been fertilized with 40 kg N/ha, 45 kg P/ha (both as
ammonium phosphate) and 65 kg K/ha as potassium—sulphate, when the alfalfa
was planted in virgin desert soil some eighteen months before the start of
the experiment. Each half was divided into four equal blecks, which were
further sub-divided inteo three sub~blocks; each sub-block was used to 2
determine one growth curve based, on cutting eight stripa of about 10 m
each. These cuttings were made at intervals of one week following the
initial general harvest of the total field, except for the first two
cuttings, which were made on days 7 and 11, respectively,

Within a given sub-block, the location of a strip for a certain cut was
chosen at random. After the final sampling at eight weeks, the whole field
was harvested (general harvest) and the next growth curve was determined in
the second sub-block. After the third growth curve, the cycle started again
from first sub-block. This rotation scheme assumes that the effects of
cutting a certain sub-block periodically (on subsequent growth curve
determinations) are negligible after two general harvests, An indication for
the validity of this assumption, came from the coefficient of variation
{7-10%) of the perlodic harvests for different growth curves, which did not
increase after the repetition. Harvesting was done with an Agria power-mower
leaving a stubble of about 5 cm height. All harvested material was removed
from the field immediately after cutting.

The first growth curve measurements started after a general harvest on
September 20th, 1979. Having completed seven cycles on September 30th, 1980,
three more curves were determined, but only on the fertilized half of the
field. Subsequently, in March 1981, the experiment was continued on another
field sown five months before, that had been sub-soiled to a depth of
0.90 m. The design of the experiment was similar to the one described above,
however, instead of the two fertilizer treatments, half the field was sown
with the Californian cultivar Moapa and the other half with Tambo, Initial
and maintenance fertilization were identical to the fertilized half of the
former field, In total, eight growth curves were determined in this field,
ending May 10th, 19%82.
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