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Abstract, Management of crop—fallow rotations should sirike a batance between explosation,
during eropping, and restoration of soil fertlity dunng the Tlow periad. The “Trenbath’ maodel
doseribes butld-up of so1l feetility during a fallow peciod by woe paramelers (s maximum level
and a half-recovery time) and declime during cropping @5 a simple proportion. The mode] can
be ysed Lo prediet porentsl crop production for o large number of mamigement aptions con-
sisting of length of cropping period sad dustion of fallow, o salviae the equations, the model
can be restricted to “snstuinable’ systems, whete fallow length is suifTicient o restare sail ler-
tiliey to its vaboe al the start of the previous cropping period. The model suicome saggests il
the Bighest vields per unil of land can I obtained by starting o new cropping poriod witer soil
fertility has recovered o 30-60% of s maxamum value. This prediction is virually indepen-
dent of the growth mte of the Gllow veaetation. The nature of the fallow vegetalion (natural
pegrowth, plimted trees, ve cover crops) maindy influences the crop vield by modifying the
vequired durstios of Tallow periods. Intensification of land use by shoremmyg Gallow periods
will initially merease returns per umit land af the likely cosis of retims per unt fabor, When
falloves no longer restone soil Fertifig o 505 ol the masimum. overall productivity will decline
hath per unit land and per unil [abor, onless extermal inpots replace the soil Terlility restonng
funmctisns of a Cudlow,

Introduction

Fallows ¢an be defined as land that is not currently c¢ropped, but will be
cropped in the futore, Such a definition emphasizes annual food crops as the
main output of land use. In practice. however, non-cropped land is rarely
wle. Tt can be used, for example, as graving land and for producing firewood,
honey, and thatching material, The first step in farmer management of fallow
lands is usually the retention or promotion of certain plant species, which
appear spontaneously either from native vegetation or as neaphyles in the
Fallow und are considered to be of value for one of the several Tunctions of
a fallow, During further intensification, however, choices among the multiple
functions may he necessary. Figure | indicates three pathways for intensifi-
cution of undifferentiated, multi-purpose fallows: one leading 1o systems where
the value is increasingly derived from tree products, one where it is based on
fodder value, and one leading to increased cropping intensity,

The elassical agronomic view on intensification of upland cropping systems
{Ruthenherg, 1976) is that a higher cumulative output per ha, and therefore
a higher human “carrying capacity’, can be obtained hy increasing the cropping
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Figure £ Indigenous approaches 1o modifying fallow’ vegetation that emphasize the e,
fodder. or subseguent crop production s main functions (muedified from Caims and Garrity,
1990,

intensity (Figure 2, the upward sloping diagonal). An increase in produc-
tivity per unit land may be accompanied by a reduction in productivity per
unit lahor, unless (1} mechamzation replaces the labor needs of managing
inereased weed pressure, reduced soil structure. und mereased pest pressures
that are the consequence of a loss of fallow functions and (2} fertilizers replace
the soil fertility restoration function. Fallow rotation systems, in the defini-
tion of Ruthenberg (1976), are an intermediate stage hetween “shifting culti-
vaton” or ‘long-rotation fallow systems’ where land 15 cropped for less than
one-third of the tme (R < (.33} and “continuous cropping” where land is
cropped more than two-thirds of the time (R = 0.67) The R value of
Ruthenberg (19767 is the Traction of tme (or land arci) used for annoal food
eraps as part of the wtal cropping evele (area), The equivalence of time and
arci only applies in “steady state” conditions of land-use intensity,

Maore intensive land use (higher R values) requires that the soil-restoring
functions of a fallow must be obtained in less time. by a so-called improved
{more effective) fallow, or that these soil-restoring functions must be Tully
integrated into the cropping system. In practice there is u danger of ‘over-
intensification’ leading to degradation (Trenbath, 1989 Van Noordwijk el
al., 19970, Imperata [fmperata cvlindrica (L) Racuschel] fallows may on one
hand prevenl complete soil degradation. but they are not praductive, do litle
to restore soil fertibity, and may lead to land abandonment (Figure 2, trend
towards lower left corncr).
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When management of a fallow aims 1o increase its direct production value,
suuch as tree products and herbaceous legume fodders. the fallow is referred
to as ‘enfiched’ imore productive), Fallows that start from very low man-
agement intensities can be both “improved” and ‘ennched’, but conflicts will
arise at @ certain intensity of land use becavse improved fallows will be of
rather short duration and many of the elements of enriched fallows require
longer maturation periods. As shown in Figure 2, it is necessary to choose
between more effective Tallows with Food-crop based production systems
(irend towards the upper night) or more productive fallows with a redoced
importance of food crops (trend o the upper left), Land-use systems such us
the rubber agroforests of Sumatrs (Gouyon et al., 1993 have evolved from
‘enriched” llows into land-use systems where the tree fallow dominates and
the food-crop peried has become a minor element in the total land-use syslem.
This paper will only focus on models of Stimproved” fallows, emphasizing
effects of fullows on subsequent crop production,

The usual connotation of a fallow is that of restoring the productive poten-
tal of a soil. and one generally expects higher crop production per season
after o Fallow than it would have been under continuous cropping, There are
many reasons why crop productivity declines during continuous cropping in
a particular site, and there are therefore many potential functions of fallows
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and potential parameters w be used as yardsticks of success (Van Noordwijk
et al.. 1996b), Fallows can only be ‘improved” for a given location if the
improvements address the eritical problem for that location. A site-specific
disgnosis is thus needed of the decline in crop productivity to evaluate the
biophysical effectiveness of fallows and thus predict the limits of extrapo-
lating results of fullow experiments (Table 1) A site-specific diagnosis is also
needed to choose the techmical ulternatives to which Tallows can be compared
in an evaluation of their financial attractiveness to smallholders,

The R value of Ruthenberg (19763 suggests that the ratio of fallow length
and cropping period, rather than the absolute length of both, is important, This
would be true if both the decline of productivity during cropping periods and
the restoration during a fallow are linear processes, independent of the current
fertility status of the soil. In practice, however, the decling of productivity is
expancential rather than linear, Literature reviewed by Ruthenberg (1976 illus-
trated thut a linear model of productivity decline easily leads to negative
yields, whereas real datn show an asymptotic approach of zero yield. The
restoration of preductivity will not continue indefinitely. but may follow some
form of saturation curve (Nyve and Greenlund, 1960). Models of organic marter
dynamics in relation to land use, such as Century (Parton et al., 1992) and
Rotate (Robertson. 1994; Mobbs and Cannell, 1995) predict non-linear
dynumics. This means that the absolute duration of both fallow and cropping
periods remuin important at given land-use intensity, and that the B value only
gives a first indication,

Muodels of fallow rotations at different temporal and spatial scales should
potentiully address the wide range of lallow functions listed m Table 1. Yet,
the major part of specific research efforts (empirical and modeling) has
focussed an the decline and build-up of soil organic matier during cropping
and fullow periods and its role in the N supply of subsequent crops, with
secondary attention to P and other nutrients,

Trenbath (1984 1989 formulated o simple model of restoration and
depletion of *soil fertility” durmg fallow and cropping periods, respectively.
“Soil fertility” i1s here taken to be a complex of effective nutrient supply and
biological factors (diseases, weeds) affecting crop vield. In the following
puges, L will explore the consequences of a “sustainability” constraint on this
moedel and use it o explore how key munazement choices can best be made
by farmers. depending on whether they want 1o maximize productivity per
unit lund or per unit labor.

Trenbath model of fallow rotations

Yields and decline of soil feriility during cropping

Crop yvield in the model of Trenbath (1984 1989) is assumed (o he direetly
proportional to an (unspecified) ‘soil fertility” complex, During a cropping
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period, soil fertility declines with a fraction D per crop. Soil fertility during
the cropping period is (Figure 3A)%

E.= Fg (1=Dyu-1 il
where:

F, = sotl fernlity ol time § (vears);

I = soil fertility at start of cropping period,

= number of crops per year during cropping period:

D = reduction factor ol sl fertlity per crop.

Cumulative vield for a cropping cycle s

Vo= fy ¥ (F D)~ (2)
where:

¢ = conversion efficiency of sail lertility to crop yicld;
i. = length of cropping peniod in vears,

Festoring soil fervility during fallow periods

During a fallow peried soil fertility {or more correctly. the ability w support
future crop yields) can be restored (re-created) with an asymptotic approach
o maxnmum value (Figure 3C).

F = Flll.l‘- !r {_1]
Ko+ 1
where:
F o= soil lerility at end of fallow period, assuming a value of zero at

the start of the fallow;
K, = ‘half-recovery time” or time needed to halve the difference between
current and maximum soil lertility:
F. . = maximum fertility, reached after an infinitely long Fallow period;
i, = length of fallow period in vears.

The shape of this curve is similar w2 Michaelis-Menten equation. The
increment in soil fertility during one year of fallow depends on the initial
soil fertility, F,, which can be expressed as an “apparent fallow time’, 1,

K F
et e (4
I { ]

i

F=
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Soil fertihty recovery during an interval from { 1o ¢ + | equals:

e , ] _ (Fi ) (5)

Fuss = Fy= P Foll + K) = F,

LK + 1+ T K3 i

The equation shows that soil Tertility retums dircetly o its maximum viloe
il K= 0. The length of the fallow period (£) depends on the “cropping inten-
sity” factor # based on Ruthenberg { 1976):

[ = f|11IE—R? (6}

where:

R=1t/if. =+ )= relative length of the cropping period (or relative area
cropped b any lme ina steady-state situation).

Oeriving model purameders (v expevinental deai

The model thus contains two parameters that depend on soil, climate, und
fallow vegetation (F,, depends on soil type, K depends an fallow vegeta-
tom and climatic conditions) and two that depend on the cropping practice
([} depends for example on soil tillage, ¢ depends on crop genotype and crop
nlil'li:l.gl_‘l'l"ll.:ﬂ'll, Fﬂ'IL'.\GC |-II]|.J]' ]'.lll]'EiIiI:L'll.I!'.‘i dC[L:FE'lIiI]L' |.|.'II..' FL:.\'.-T]UILSC IJ.UI['IE’III'I 'u'r']il]]]'l
which the farmer operates. Farmer management choices are then the number
of veurs of cropping (.}, the number of crops per vear (n), and the cropping
inteasity (R,

Results of experiments or of more detailed models can be used 1o oblain
the two key parameters, D and K. as follows. To estimate [, o time course
al crop yields under continuous cropping is needed, for a given soil and
climate, as cguation (L) leads o

log og Fy—nlog il =0+ rulogil -1

g =M+ bhi (7

If the parameters ¢ and & are denived by a regression of log F on ¢ (Figure
3B, we can dertvie:

F. =expla) il
and

= | — expidhin [th)
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The [allow recovery parameter K, can be obtained from a linear regression
of 1/AF against 1/¢ Tor fallows of different length (Figure 30, as:

‘,l: _ ‘LL . %( Ff“r J (10)

mox

Fean not normally be measured directly during a Fallow growth and a time
serics of F must be obtained by growing crops after fallows of different
duration. Because crop yields are used as indirect measures of £, it s prefer-
able to use data from fallows established at different points in time and
crapped in the same growing season.

Adding a snstaingbility constraing

We can take the model of Trenbath a step further, by constraining solutions
1o subset that is "sustainable’, in the sense that there is no change i yiclds
between subsequent fallow—crop cyeles. The relative change of soil ferility
aver one crop + lallow cycle is defined as §:

E Jr:;l' — -F.ll
8= IE]H—-FT“-- -
oy
= i [ 1 = e Eo Ut 1 (12)
Foi (K w24 1,
with
| K F, (1 -0y
. 3
Irl FIIII' _-‘r:‘.ﬂ':I _-”JH' ‘l.:l

The required length of fallow (7)) for an equilibrium situation (5 = 0) can then
be caleubned from;

po_ K- -Dy

(O R R R ST (F)

where (= F_/F ., indicates the relative fertility at which the fallow vegeta-
tion is replaced by the first crop. The required fallow length is directly pro-
portional to K. amd thus inversely proportional o the efficicney of the fallow

in recreating soil fertility,
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Muaximizing vield per wnir foand

Average yvield over the cropping vears (V,,/t0 follows directly From equation
(2} and is propoartional to £ and thus to /0 Average erop yield over the whole
fallow + cropping cyele, under the restriction of a non-degrading svstem, can

be obtained by combining equations (2} and {145

FLL—F) L i Gy =

.= Vool Vs _ ' (15
T T 4T, Til=-fi+KM

with
s | ={I = Dy"

| = =Dy%

! (16)
the term M may be close to | for realistic parameter values, and with this
simplification we can derive the value £, that will give the highest relative
yield per unit land by equating the derivitive dv.df 1o zern;

=B -VE B with B=1+ f_ (17

Results and discussion

Equittion (173 suggests that not the & or . valoes themselyves, but only their
ritio is mmportant i determining the opimum tme for slushing the fallow
vegetation. For K, = (b we obtain (= |. but such instantaneous fertility
recovery 1s only possible by psing external nutrient inputs {organic or
morganmict und not by on-site fallow vegetation. For even the best “improved
fallow’, the Kt ratio will be at least (0.5, and this leads to f, = 0.63 a5 o
likely upper limit of initial fertility for maximizing yvields. The lower limit is
fi = 050 which is asymptotically approached for high K4 ratios (Figure 4).

Without the approgimation used in derving equation (175 numerical resulls
alse show a maxunum yield, averaged over the whole crop + Tallow cvele,
for relative fernlity £ (at the starl of a cropping cyele) just above (1.5 (Figure
5D). Halving the K, value causes a slight shift o higher f value (Figure 58
versus 50, and shorter cropping cyeles (smaller 1) will shift f, o slightly
lower values (Figure 5B and 500,

IT Babor is the muin limitation, yields should be expressed per eropping
period and then clearly the higher the initial fertilicy the higher the yields. The
required fallow length may be abour 100 vears, however, Depending on the
labor costs in-a second, thind, or subsequent vear compared to thit Tor clearing
the initial plot, the lower average yields for longer cropping cycles can still
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maximizes yiekl per unit kind Tor ceop + Gallow evele, as o function of [allew half-recover
timse (K and length of crapping poriced (1.

be acceptable. The cropping mtensity & can be less than (1. and in
Ruthenberg's definition these are true shiftine cultivation systems.

If Land is the main limitation, however, vields should be expressed per total
amount of Tamd under the fallow rotation system und then the best vields are
apparently ohiained where the soil fertility is allowed to recover up w about
0% of the maximum value. Longer cropping periods only give o moderate
incresse intolal yield per unit area up to o« of three years and hardly anything
bevond this vilue. Typical cropping intensities & for ¢ of one o three vears
are (L1=0.2 for a K, value of 11 years (Trenbath, 1989). or (.2-0.3 fora K,
ob 5.5 years, This latter value brings the system just on the edee of ‘fallow
rotation” systems in Ruthenberg’s classification. A fallow half-recovery time
of < 3 years is required 1w allow crapping intensites of more than 0,2 without
degrading the sol.

Il the cropping intensity 15 increased bevond this eritical value, the ol
yields will drop. This hus been described as the ‘crashing” of the system: as
the “normal’ farmer response of opening Fallows at a lower initial fertilicy
level suddenly becomes counter-productive — whereas it was an effective way
of increasing yield per unit area up to f . Declining yields may not allow the
required fallow length o be maintiined. Within the assumptions of this simple
madel, “sustainability” in the sense of no long-term degradation does not
require that fallows restore soil fertility up to the level of the original forest
or long-term fallow, Up 1o about half of thar ferriliey. fallow rottions cun be
sustainable and reasonably productive. Yields per unit labor (F we assuine
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labor to be directly linked to the cropping period only) will reduce by about
S0%. however. if total yield per unit area is maximized. Where both land and
lubor restrictions are felt, the optimum solutions will operate at o relative
fertility at the start of cropping of 0.6 to (L9 times the maximum fertility,
This choice hardly depends on the efficiency of the fallow vegetation in
restoring soil fertility, as reflected in K. The yields obrainable per unit area
{theugh not per unit labor), however, do merease with smaller K, values (more
effective fallows),

The highest crop yields obtainable in sustainable versions of fallow rota-
tions are only 5-9% of the maximum yields per umt area, which could be
obtained if the maximum fertility of a long-term fallow could be permanently
maimntained without fallowing. Inputs from outside the plot may be needed to
sustain higher producnon levels.

As Trenbuath (1989) remarked. the most critical assumption of this simple
model may be the shape of the function describing restoration of soil fer-
tility. In reality the regrowth of a fallow vegetation may be impeded if
cropping lins reduced soil fertility too far 1F the fertility restoration curve is
sigmotdal rather than hyperbolic, vields obtainable for high cropping inten-
sities — operating at low nitial soil fertility tevels — will be further reduced.
With the hyperbolic fallow recreation function, the model suggesied, however,
that solutions operating at / values of Iess than 0.5 or 1 values of more than
three were likely 1o be sub-optimal anyway,

So far “soil fertlity” was treated as a purely empirical term — the ability
of a soi1l to support a good crop development and yield, Dechine as well as
restoration (recreation) of fertility may be based on a range of factors,
including the supply of NoF. and other nutrients and the prevalence of specific
soil-borne diseases. Two categories of situations can be distinguished: one
where the decrease of fertility is a side-effect of growing crops — but not a
necessary condition. and one where growth of the crop is direetly linked 1o
the decrease of soil fertility (e.g.. by mineralization of organic matter),
Examples of the lirst category may be the build-up of populations of soil-
borne diseases or the role of organic matter in detoxifying Al or occupying
P sarplion sites and thus making soil P reserves more eastly availuble, This
is in fuct what the Trenbath model deseribes in its current form: For the second
cittegory, the factor I indicates the “rate of consumption” of the limiting soil
resource; and we may hink yield o 2+F rather than wo /., This introduces D°

¢ Figeere 50 Crop yield per crop petiod (parts A and Choand per crop + fallow cyele (parts E
ard G, crop ntensity 8 (parts B oand TH. and required Gallow length (parts Foand Hy for
sustaimable Tallow ratations (withoot sail degradstion from cyele w eveled gs o function of the
soil fettility at the starl of & cropping penisd — relative o the maximum soil Fertility after an
infinitely long Tallow period, Results are given for wo values of the fallow hali-recovery time
ARG Tor five cropping period (0, for o reduction Tactor of soil Fertility per crop 000 of 0.3, and
for one crop pee year (= 1), The K, valoe of 11 years approximales o ‘natural’ faflew, und the
value of 3.5 years coull reflect an ‘improved”™ fallow,
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rather than D in equation (1). Increasing [ (e.g.. by soil tillage speeding up
mincralization ol soil oreanic matter) will in this case increase vields on the
short lerm, but speed up soil degradation and increase the duration of restora-
tion fallow periods. With £° rather than D in the equations, the yields per
unit aresd become mdeed relatively msensitive o 2, as shown i Figare 6. The
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Figoeee o0 Influence of o reduction tactor of soil fertility per crop (0 and cropping period 11,
o el per unit arca. Lines of £ =003 00 pant A are the sume as in Foore 3B, and pan B
presents o modificd model in which erop vield is proportional (o dechine in fertiliny (g by
mineclizotion of soil orgamc matier) during & crop season.
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gains n short-term productivity are balanced by the longer Fallow periods
required at more rapid depletion of soil fertility.

Conclusions

The Trenbath model suggests that “improved Fallows™ with o reduced ‘half
recovery lime” can indeed lead to increased cumulative crop vield per unit
land area because lallow periods can be shortened. The improved fallows
can ilso be used w obtain higher yiclds in cropping vears, if the fallow perind
15 net reduced, The options for benefiting by both higher vields per unit land
fcumulative yield) as well as per unit labor (yield in cropping years) are,
however, limited.
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