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Abstract

Studies of net primary production in four contrasting tropical grasstands show that when full account is
taken of losses of plant organs above- and below-ground these ecosystems are far more productive than
earlier suggested. Previous values have mainly been provided by the International Biological Programme
(IBP), where estimates of production were based on a change in vegetation mass alone and would not
necessarily have taken full account of organ losses and turnover. Calculation at three of our sites based on
established methodology using changes in plant mass alone (i.e. that used by the International Biological
Programme, IBP) proved to be serious underestimates of when account was taken of losses simultaneously
with measurement of change in plant mass. Accounting for the turnover of material at these three sites
resulted in productivities up to five times higher than were obtained using the standard IBP procedure. An
emergent C, grass stand at a fourth site in the Amazon achieved a productivity which approached the
maximum recorded for agricultural crops. In this case, productivity values, when organ losses were taken
ino account, only slightly exceeded that obtained with IBP methods. The findings reported here have wider
implications, in prediction of global carbon cycling, remote sensing of plant productivity and impact
assessment of conversion to arable cropping systems.

Introduction tion. Troptcal grasslands, excluding wetlands, occ-
upy 15 million square kilometres and, in terms of
The needs of many of the developing countries of both land area and biomass, are second only to
the world to increase food production both for tropical forests in importance (Lieth, 1978). In
home consumption and for export cash crops are, addition, periodically inundated grasslands, a form
to varying extents and in the short term prospect, of wetland ecosystem, occupy 0.7-1.0 million
satisfied by destruction of natural ecosystems and square kilometres in South America alone, of
replacement by agroecosystems. Although destruc- which one-third is in the Amazon basin (W. J.
tion of rainforest for agricultural expansion is well Junk, pers. comm.).
known, other communities of the tropics are also Cursory examination of productivity figures for
being lost. Indeed the areas with the most pressing arable and natural grassland systems of the tropics
needs for increasing arable food pl’OdUC[iOl’! are not mlght suggest that conversion of land to arable
the tropica] rainforest Z0nes, but the semi-arid would grea[]y increase total dry_mat[er productiv_
tropics where grasslands form the natural vegeta- ity (Buringh, 1980; Lieth, 1978). Knowledge of
155 | _ooeso oc eostamaousoos |
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these natural ecosystems is based mainly on the
International Biological Programme (IBP) studies.
As we outline below, the methodology used in these
studies may have lead to a serious and variable
underestimation of production and turnover of
plant biomass in these communities.

A comment, on previous productivity studies

Net primary production (P,) is the total
photosynthetic gain, less respiratory losses, of plant
matter by vegetation occupying a unit area of
ground (Cooper, 1975; Coupland, 1979; Jordan,
1981; Lieth, 1978; Linhurst and Reimold, 1978;
Milner and Hughes, 1968; Roberts et al., 1985).
Over any one period, this must equal the change in
plant mass (AW) plus any losses through death (L),
both above- and below-ground (Roberts et al.,
1985):

P, = AW + L (1)

Essentially, P, is the measure of the amount of
plant matter available to consumer orgamsms.
Previously, Bourliére and Hadley (1970) repor-
ted net above ground production for 22 tropical
grasslands. Their values were based on peak stand-
ing dry matter alone, whilst below-ground produc-
tion was not considered. The most extensive data
on the productivity of tropical grasslands is
provided by the IBP studies, reviewed by Singh and
Joshi (1979). They considered 21 studies (8 publish-
ed) of net primary production in tropical grass-
lands of India and Africa. The few estimates of
below ground net primary production (BP,)
provided by these studies were obtained by ‘trough-
peak analysis’ of the changes in underground bio-
mass with time (Singh and Joshi, 1979). Essentially,
this is a method proposed by Milnzr and Hughes
(1968) for the IBP, and will be referred to as the
‘IBP standard method’. In this method, when bio-
mass (W) per unit area was found to increase bet-
ween harvest intervals, BP, over the interval was
considered to equal the increase, but where W de-
creases or remains unchanged over an interval bet-
ween harvests, BP, is assumed to be 0. The annual
BP, is then obtained by summing the estimates for
each harvest interval, i.e. the positive increments
are summed. For this method to yield a value equal

to the actual production, formation of new plant
material and death must be separated in time -any
overlap of the two processes will {ead to underes-
timation of BP,. Above-ground net primary
production {AP,} of these tropical grasslands was
estimated mainly by ‘trough-peak analysis’ of live
and standing dead maternial (Singh and Joshi,
1979). This is an elaboration of the ‘IBP standard
method’, where AP, is determined via a decision
matrix {Singh et al., 1975). Positive increments in
biomass are summed, as in the ‘IBP standard meth-
od’, but where positive increments in the amount of
standing dead coincide with positive increments in
biomass, these are also added to the total. This
procedure would correct for amounts of material
lost through death during periods of biomass in-
crease, if no decomposition occurs — however, since
this is unlikely the method will again lead to un-
derestimation. Three assumptions which could
seriously influence the estimate of production
therefore underlie the procedures used in the IBP
studies of tropical grasslands:

1) That during any interval between harvests
death of material does not occur if production is
occurring and vice versa, i.e. formation of new
organs or parts of organs must not overlap with loss
through death of organs or parts of organs. In mixed
grasslands this assumption will fail to take account
of the different cycles of growth and death in dif-
ferent species, thus a species which is most produc-
tive at the time when total biomass is declining
would be ignored. Even in monotypic stands this is
obviously a gross over-simplification, since sequen-
tial sepescence of leaves and tillering patterns mean
that old leaves and stems will be dying as new ones
form.

2) That P, cannot be negative, either above- or
below-ground, since only positive increments are con-
sidered. Since these grasslands are dominated by
perennials with underground or surface storage

organs significant transfers of assimilate between
above- and below-ground components will be ex-
pected. For example, as dry or cold seasons ap-
proach translocation of matter from the shoots to
below-ground storage organs can occur. During
this period the above-ground biomass will decline
and the below-ground biomass rise. The computa-
tional procedures used in the IBP studies would
give a positive BP, and zero AP,, and therefore a

|
I
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positive total P, even though in reality no new
material is formed, but existing material reallo-
cated.

3) That all increases in biomass represent P,.
Variability in biomass over the study sites will
mean that the average biomass recorded on dif-
ferent dates may vary simply because of random
fluctuations in the samples obtained. An apparent
positive increment in biomass between two dates
could result simply by random chance and al-
though over the year these random fluctuations
may be self-cancelling, selection of only positive
increments in calculating P,, will mean that the
greater the variability between the samples the
greater the overestimation of production {Singh. et
al, 1984). Singh et al. (1975) in their analyses of the
US-IBP grassland productivity studies suggest that
this error may be compensated for by only includ-
ing positive increments where the biomass on one
sampling date is significantly greater (p < 0.1)
than on the previous sampling date. However, this
will mean that small, but real increases in biomass
may go undetected. In a relatively uniform natural
coastal grassland, Hussey and Long (1982) found
that harvests of 40 quadrats, of the optimum sam-
pling size, placed by a randomised design were
necessary to provide a mean estimate of biomass
with a standard error within 10% of the mean.
Thus, even at this level of sampling a 25% increase
in biomass between two dates would not be statis-
tically significant. In the IBP tropical grassland
studies sample numbers were considerably lower,
e.g. 10 guadrats per harvest {Singh and Yadava,
1974).

Assumption 1 would therefore lead to underes-
timation of P, assumption 2 to overestimation and
assumption 3 without statistical restraints would
also lead to overestimation, but with statistical
restraints could lead to substantial underestima-
tion. However, despite these theoretical objections
Singh and Joshi (1975) in an analysis of some 30
methods of computing P, as applied to the data
gathered for U.S. grasslands in the IBP studies,
concluded that the ‘trough-peak’ analyses used in
calculating P, in the tropical grassland studies, and
many other IBP grassland sites, were among the
best procedures. Determination of actual net
primary production would require correction of
change in biomass for losses due to death, as

-
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defined in Equation 1. Losses (L) may be measured
by correcting the change in dead vegetation mass
between sampling intervals by the amount lost due
to decomposition measured by use of litter bags or
labelling of dead material (Roberts et al., 1985) or
by direct observation of organ death (Jackson et
al., 1986). Methods based on simultaneous
measurement of AW and L of Eqn. | make none of
the assumptions made in the IBP standard method
and other ‘trough-peak’ analyses. No such method
was included in the comparisons made by Singh et
al. (1975) who only considered methods in which it
was assumed that production could be estimated
from changes.in vegetation mass alone. Methods
were evaluated on their ability to discriminate
between different grasslands and although ‘trough-
peak’ analysis methods were favoured, it was noted
that all methods were closely correlated and that a
constant correction factor could be used to relate
different methods. For example, multiplication of
P, estimated from the peak biomass method by 1.41
would give P, as measured by the ‘IBP standard
method’. Linthurst and Reimold (1978) compared
P, estimated for three U.S. coastal grasslands
obtained from peak biomass, as used by Bourliére
and Hadley (1971), and from the ‘peak-trough
analysis’, as used by Singh and Joshi (1975), with a
method in which P, was calculated from change in
biomass corrected for simultaneous losses through
death. Two important conclusions can be reached
from this work. 1) That P, estimated by both use of
peak biomass and ‘trough-peak’ analysis seriously
underestimated P,. by 50%-85% and by 10%-
70%, respectively. 2) That the degree of underes-
timation varied markedly with location and with
species composition and that there was no constant
conversion factor. This conclusion is in sharp
contrast to that of Singh e al. (1975), but unsur-
prising in view of the fact that the errors accruing
from the three assumptions underlying the IBP
methods will vary independently. Similar con-
clusions may be drawn from other comparisons of
methods made in temperate grasslands (Hofstra

and Bradbury, 1976; Long and Mason, 1983).
These findings bring the IBP estimates of primary
production in tropical grasslands into question, not
only may these be serious underestimates, but they
may even fail to rank grasslands correctly in terms
of their actual productivity. Although the potential
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errors in the methods used in most of the IBP
studies of grassland P, were well recognised
(Cooper, 1975; Coupland, 1979) the degree of un-
derestimation was not quantified; this would
require application of the IBP standard methods
and methods correcting for losses on the same
vegetation. Overestimation of P, further affects un-
derstanding of ecosystem functioning in tropical
grasslands, since the estimates of P, provided the
basis for the extrapolation to rates of vegetation
death and decomposition in the IBP syntheses of
tropical grasslands (Singh et al., 1979).

This study determines productivity using
methods which allow correction for simultaneous
losses of biomass through death, both above- and
below-ground (Roberts et al, 1985) in four tropical
grasslands and pravides.a. basis for examining.the
extent to which previous methodology may have
underestimated production.

Study sites

Details of the four study sites are summarised in
Table 1.

Site 1. Kenya .

This site was typical dry savannah grassland
within the Nairobi National Park. Rainfall is bi-
modal with the major rains falling in May and a
secondary peak of rainfall in October. Growing
seasons .are .nermally. May-August -and October-
December. However, in 1984 (immediately pre-
ceeding this study) the May rains failed. The site
was protected by an exclosure, but would normally
be lightly grazed hy wildebeest and other game
animals. Similar land in Kenya is currently being
ploughed for sorghum, cotton and pineapple
production.

Site 2: Thailand

Measurements were made at the Prince of Song-
khla University field site at Klong Hoi Khong,
about 40 km from Hat Yai. The climate here is wet
monsoonal, with maximum rainfall in October-
December and a brief dry season in February/

March. The site is a semi-natural humid grassland
with occasional stands of dipterocarp trees, typical
of grassland found throughout southern Thailand.
A grass community is maintained by periodic burn-
ing. To avoid complications in determining
productivity, the site was protected by a fire-break
for the duration of this study. This site 1s now a
relict of the original grassland, the surrounding
land having been cleared for production of rice,
sorghum and a variety of other arable crops.

Site 3. Mexico

The site was a saline grassiand at the Colegio de
Postgraduados field site, Montecillos (about 50 km

.. .from Mexico.City). The.climate is-dry sub-humid,

with maximum rainfall in July/August and a dry
season from December to February. The study area
contained an almost pure stand of a halophytic
grass. The grass community is maintained by burn-
ing, every 2-3 years.

Site 4: Brazil

The study site was a stand of emergent ma-
crophyte vegetation on the island of Marchantaria,
about 40km from Manaus. This has a tropical
rainforest climate, uniformly warm, with heavy
rainfall except during a short drier season from
August to September. Seasonality of vegetation
growth is determined predominantly by the river

- .levet rather-than by climate, -the growing -season

coinciding with the period of inundation. Many of
these sites are now burnt in the dry season and
planted to arable crops which can be harvested
before the sites are flooded during the next wet
season.

Methods

Sites 1, 2 and 3

To determine P,, following the definition of
Equation 1, changes in biomass were measured at
monthly intervals. Dry weight of both live and dead
vegetation present at each site was determined
monthly by clipping to ground level, sets of 20
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Table 1. Site descriptions

Terrestrial 1. Montecitlos 2. National Park 3. Klong Hoi Kong 4. Marchantaria
grasslands Chapingo Nairobi Hatya Manaus
Mexico Kenya Thailand Brazil
Location 19°28'N 98 55'W  1°0.5°5 36 49°E 6°0°'N 100 56'E 03°20'3 60°00'W
Elevation (m) 2220 1500 100 20
Precipitation (mm yr~!) 700 950 2100 3130

Average monthly
temperatures (°C):

Minimum 12 (January) 12 (July) 27 (December) 26 (February)
Maximum 19 (May) 19 (Feb.) 29 (June) 28 (August)
Solar radiation 6810 6500 5970 6410
(MJm2yr")
Soil type Solonet Black clay vertisol Humic gley Alluvial deposits
Grassiand type Saline Dry Savanna Humid ‘Savanna’ Emergent macrophyte
Dominant species Distichlis Pennisetum Eulalia Echinochloa
spicata mezianum Lecke trispicata Henr. polystachya Hitche
(L.) Greene Themeda Lophopogon
triandra Forsk intermedius A. cam.
Common crops on Pasture Sorghum Sorghum Maize
conversion o Pineapple Rice

agricultural use

quadrats (0.25 x 1.0m) located by a randomised
block design. Soil cores were removed from the
centre of 5-20 of these quadrats, to a depth of
15¢cm, and organic material extracted by washing
over a sieve of 2mm mesh. Use of I mm and 0.5 mm
mesh sizes did not recover significantly greater (t,
p > 0.05) quantities of live root, but the increased
capture of dead matter greatly increased the time
required for the sorting of samples. For dead mat-
erial, ability to pass through a 2 mm mesh sieve was
used throughout as the arbitrary division between
recognisable dead vegetation and particulate or-

ganic matter. Preliminary studies suggested that =

extraction of soil cores to 15Sc¢m depth was ade-
quate to remove more than 90% of the root system
by weight. Above-ground material was sub-
sampled 1o approximately 100 g fresh weight before
sorting. Below-ground material was divided into
fine roots {ca. < 1mm dia.) and coarser material.
Fine root matter was sub-sampled to 1.0 g and the
coarser material sorted entirely.

Live leaves were separated from dead on the
basis of tissue necrosis, dead portions being
removed from otherwise green leaves. Stems were
sorted likewise, taking care to remove dead sheaths
from living stems. Roots were divided on a similar
basis, using vital staining (tetrazolium salts) where
visual discrimination was not otherwise possible.

Tetrazolium staining was cross-checked by micros-
copic examination of cut root tissues where the
results of surface staining were ambiguous. The
sorted plant material was then thoroughly washed
and dried to constant weight at ca. 90°C (Roberts
et al., 1985). )

Losses of live and dead plant material, L in Eqn.
(1), were assumed to be by death and decom-
position in situ, respectively. Large herbivores were
excluded from each site by a fence, where necess-
ary. Thus total loss of material (L) equals the
change in dead matter (AD) plus the loss due to
decomposition (A):

L = AD + A 2)

The quantity AD was estimated every month from
the harvested samples. Decomposition losses (A)
were determined monthly by litter bags. Decom-
position of dead shoot material was measured at
the ground surface, whilst for roots and rhizomes
the litter bags were inserted 5 cm below the ground,
with the soil carefuily replaced above the bag to
minimise disturbance. A portion of dead material
obtained at random from each harvest (approx 2 g)
was placed in each of 20 litter bags of 2 mm nylon
mesh, 8.0cm x 6.0cm, and recovered after one
month from the field. Contents were washed overa
sieve of 2mm mesh and dried to constant weight.




160  Long et al.

Tuble 2. Quantities of vegetation and rates of its decomposition recorded at monthly intervals

Terrestrial Montecillos National Park Klong Hoi Kong Marchantaria
grasslands Chapingo Nairobi Hatyai Manaus
Mexico Kenya Thailand Brazil
Shoots Roots/ Shoots Roots/ Shoots Roots/ Shoots Roots
thizomes rhizomes rhizomes
Biomass (gm™?)
Max 430 568 337 195 442 520 6840 460
Mean 279 389 222 109 338 340 4450 218
Min 161 229 R ol 244 205 540 40
Dead vegetation (gm™2)
Max 821 896 525 218 1048 188 1140 -
Mean 586 573 352 167 782 109 575 -
Min 273 306 66 128 634 70 40 -
Decomposition rates
(gg~'mo™")

- Max 0.28 0.16 0.18 0.32 0.21 0.46 -
Mean 0.09 0.10 0.12 0.21 0.14 0.27 -
Min 0.01 0.03 0.05 0.08 0.07 0.14 -

Total decomposition '
(gm~yr") 606 686 454 433 1340 414 -

The loss of material from the bags is a measure of
the rate at which a random sample of the dead
vegetation at the site at the start of each interval
between harvests would decompose over the
month. Controls in which the litter bags were filled,
taken to the field and then immediately returned
and processed showed no significant loss of
material.

Relative rates of decomposition were expressed
as the proportion of initial dry weight lost within
the month. In the gontext of this study decom-.
position represents loss of dead material due to
leaching, breakdown to small particles (<2mm
dia.) and consumption by invertebrates. Total de-
composition (A) was estimated as the sum of the
monthly products of relative decomposition rate
and mean guantity of dead material (Table 2).

Site 4

The cyclical inundation of the study site in Brazil
is described by Fig. 3. Due to the large size of the

plants (up to 12.0 m long), and since the study area
is covered by water except during the three-month
low-water season, a different approach to measure-
ment of P, than that used at the first three sites was

necessary.
The vegetation of this site was a monospecific

stand of Echinochloa polystachya. This species
forms unbranched annual stems of up to 60 or more
nodes. Monthly harvests consisted of 15 individual
plants uprooted for dry weight determination. Har-
vested material was separated into five categories
before drying; live stems, leaves (lamina and

" sheaths), adventitious roots, dead leaves and dead

stems. In addition, a further 20 stems were marked
and the monthly increase in length and node num-
ber recorded. Uprooted plants and quadrats were

.chosen at random points elong a 106 m transect.

Production was then calculated as the product of
the dumber of new nodes and the sum of the mean
weights of internodes, leaf lamina and leaf sheaths
determined from destructive harvests for that
month. Direct estimation of new root production
was not possible in plants which grew up through
several metres of water. Similarly, estimation of
root losses to flowing water would be equally dif-
ficult. For this community root production could
therefore only be estimated from the sum of the
positive increments in root biomass between
months. However, since roots constituted only a
very small { < 10%) fraction of the plant biomass,
we assume that this would not have a large effect on
the estimate of total production. Production per
plant was then mulitiplied by the mean number of
plants counted in 20 quadrats of 1.0m square to
obtain dry weight per unit area. -~ '




Results and discussion

Changes in biomass at the first three sites are
illustrated in Fig. 1. Atall sites living shoot material
could be found in every month of the year. On
average 50% of the biomass was constituted by
underground roots and rhizomes. This proportion
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Fig. 1. Changes in shoot and in root and rhizome biomass. i.e.
living material. Points represent the mean and the vertical bars
+ 1 s.e. Horizontal bars indicate periods of low rainfall, ie.
months in which precipitation was less than 50 mm.
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rose substantially during periods of drought, e.g.
70% at Nairobi in September 1984. Amounts of
dead material above-ground rose at all three sites
over the year, on average by 350 gm %, probably
reflecting the exclusion of fire and large grazers
from the sites during the year.

At these grassland sites, relative rates of decom-
position of dead vegetation varied from 3% to 32%
per month, below-ground material decomposing
more rapidly than that above-ground (Table 2).
The higher rates correlated with periods of high
rainfall, the lowest with periods of drought. The
total amounts of material decomposed at each site
are given in Table 2. Some losses through death
were recorded on each interval between harvests at
each site emphasising the importance of consider-
ing this factor throughout the year. The total
amount of material that died during the year (L)
was determined (Eqn. 2), and the value substituted
into Equation 1, to give the total net primary
production (P,). Figure 2 summarizes the produc-
tivities obtained by this procedure. Estimates at all
three grassland sites are substantially higher than
the P, of 800 gm ~* which has been suggested as an
average of annual P, for tropical grasslands ob-
tained in previous studies (Jordan, 1981; Lieth,
1978). Since both biomass changes and losses
through death were measured at regular intervals
(Fig. 1), it was possible to use our data to determine
the values that would be obtained with 1) the ‘stan-
dard IBP method” (Milner and Hughes, 1968;
Singh er al., 1973) and the peak biomass method
(Bourliére and Hadley, 1970) (See Table 3). Both

. methods underestimate primary production by

two- to five-fold in the first three grasstand sites.
Although substantial changes in amounts of dead
vegetation occurred at each site within a year
(Table 2) differences between consecutive harvests
were not significant (t, p > 0.1), and following the
recommendations of Singh ez al., (1975) should not
be included in estimating P,,.

The underestimation of P, by the IBP standard
methods results from failure to include losses
through mortality. Our estimate of mortality is
heavily dependent on the estimate of decom-
position. The mesh size of the litter bags would
exclude larger invertebrates, e.g. termites, leading
to an underestimation of decomposition. Enclosure
of material into litter bags will alter the micro-
environment for decomposition. Wiegart and
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Fig. 2. Net primary production, its partitioning and fate over the 12 months from September 1984. Fluxes are illustrated by the arrowed
boxes and the net changes in conserved quantities by rectangles; units gm™2. From left to right: Total Net Preduction, the sum of above-
and below-ground production; Net Production (P, ), the sum of the change in biomass and the amount of material lost through death;
Biomass Change, (AB) the change in the dry-weight of living material; Death (L), the total amount lost through death which equals the
sum of the change in dead vegetation and the total amount of dead material decomposed; Dead Vegetation Change (AD), the change
in the dry-weight of dead material; and Decomposition (A), the total loss of dead vegetation through decomposition and breakdown.
For example, at Montecillos site total net primary production (P,) was 1741 gm ™2 for the 12 months, this was obtained by summing
P, for shoots (1063 gm~7) and for roots and rhizomes (678 g m~2). Net primary production for shoots was the sum of the changes in
shoot biomass over the year (—47gm™2) and the loss of shoot biomass through dead shoots (504 gm™?), which in turn was the sum
of the changes in the weight of dead shoots (504 gm™*) and the amount lost through decomposition (606 gm™?). The same procedure
was applied to the below-ground components to obtain the P, of the roots and rhizomes.
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Table 3. Net Primary Production; a comparison of the estimates obtained by taking account of losses through death and below-ground
production, with estimates from biomass change alone

Net Primary Production Montecillos, Nairobi National Klong Hoi Kong, Marchantaria

{(gm™lyr7!) Mexico Park, Kenya Thaitand Manaus
Brazil

1) Accounting for mortality 1741 1242 2220 9925

(including below-ground organs)
2) Accounting for mortality
(above-ground only)

3)IBP standard method’
{(including below-ground organs)
4) Maximum biomass
{above-ground only)

1063 (39%)* 811 (35%) 1595 (28%) 9425 (5%}

740 (56%) 663 (47%) 570 (74%) 8680 (18%)

430 (75%) 337 (75%) 442 (80%) 6300 (37%)

*Figures in parenthesis indicate underestimation of productivity as a percentage of net primary production over the [2 months
calculated as: 1) the sum of all changes in biomass and losses due to mortality (eqn. 1), for both above- and below-ground); 2) as for
13, but for above-ground vegetation only; 3) the sum of all positive changes in above- and below-ground biomass; and 4) the difference
between the peak biomass above-ground during the year.

Evans (1964), in comparing decomposition of dead
vegetation in open quadrats and in litter bags, e
found the latter to under-estimate decomposition 1
losses by about 10%. No account could be taken of
the losses of organic matter as root exudates or to
mycorrhizal associations, which from the very
limited data on this topic may account for as much
as 40% of plant productivity (Bowen, 1980). Thus,
although our estimates are very much higher than
those obtained on the same data by the IBP "
methods, they are still likely to be conservative
relative to the true biological productivity of these Honth
L . . Seasonal changes in biomass; stand of

plant communities. In considering the first three Echinochloa polystachya
grassland sites, the ‘standard IBP method’ would
classify Kiong Hoi Khong as the least productive

- and Mairebi.National Park-as the-mast productive. - 7 , *
When account is taken of losses through deathand !
below-ground production, the ranking is reversed
(Table 3). Thus the implicit assumption that the
‘IBP’ and other harvest methods, even though they
underestimate true P,, would identify the more
productive sites must now be questioned.

Changes in biomass at site 4 in Brazil are shown Nonth
in Fig. 3. Net primary production over one annual
cycle is estimated at 9925gm~? (Fig. 4). Root
biomass formed a much smaller part of total
standing biomass in this ecosystem, at most 8%
(Table 2). The plants have an almost continuous
supply of water and do not possess below-ground
perennating organs, apparently obtaining nutrients
via adventitious roots attached to the nodes of the

Inundated grassland, Manaus, Amazonia
Sessonal chauges in site water level

Water level (m +mal)
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Fig. 3a. Change in water level at the study site near Manaus,
Brazil. The site was at ca. 21 m above mean sea level. b. Change
in total dry matter of an Echinochloa polystachya stand over the
same period in 1985/6.

mated as the positive increments in biomass was
505gm~2 (Fig. 4).

long stems. A low root biomass and productivity
would therefore be expected. Root production esti-

Since monthly biomass changes were recorded, it
is also possible to estimate production for site 4
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Inundated grassland near Manaus, Amazonia
(pure stand of Echinochloa polystachya)

Nov./85-Nov./86

Tatal NPP:
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- and sheaths
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Fig. 4. Gains in stem, leaf and root material of an Echinochloa
polvstachya stand determined by monthly growth measurements
and demographic data. to determine net primary production
(NPP). Figures are dry matter per unit ground area (gm ™) over
the period Nov. 1985-Nov. 1986.

using both the ‘IBP standard method’ and from
peak biomass (Table 3). Both these methods result
in slightly lower estimates of productivity than
when mortality is taken into account, although the
differences are not so marked as for the terrestrial

grassland sites. The relationship.of P, esttmated by - ...

different methods in tropical grasslands is highly
variable in contrast to the conclusions of Singh et
al., {1975), but in agreement with the variability
noted in coastal grasslands by Linthurst and
Reimold (1978).

The seasonal growth exhibited by E. pelystachya,
with a large increment in biomass during the year
and highly seasonal phenology (a feature more in
common with temperate than with tropical grass-
lands), means that most of the turnover of material
recorded here took place towards the end of the
growing season. Production of E. polystachya, is
notable in approaching and exceeding the
maximum annual productivity of agricultural
crops; for example, 8800 g m~? (Beadle et al, 1985).

Mean below-ground biomass as a proportion of

mean total biomass was 58%, 33%, 50% and 5%,
respectively, for the sites in Mexico, Kenya,
Thailand and Brazil. The reported values for root
biomass are of total dry weight. Although vigo-
rously washed samples could still be contaminated
by soil mineral particles leading to overestimation
of mass, microscopic examination of samples
during sorting did not reveal obvious contamina-
tion. Samples from the sites in Thailand and
Mexico were combusted in a muffle furnace. The
ash contents of these samples were 10%-20%,
again suggesting that mineral particle contamina-
tion was not leading to serious overestimation.
Nevertheless the possibility remains that the values
given for root and rhizome masses are overesti-
mated because of some degree of soil particle

..contamination. Hopwever, singe we have calqulated

production and decomposition from changes in
mass rather than from maximum amounts, the
errors in mass estimates due to soil contamination
will be self-cancelling in calculating both decom-
position and production (Fig. 1 and Table 2). Be-
low-ground dead matter similarly formed a sub-
stantial part of total dead matter at the terrestrial
grassiand sites {Table 2). Annual below-ground
biomass turnovers, estimated as production
divided by mean biomass were 1.7, 4.0 and 1.8 for
the sites in Mexico, Kenya and Thailand respective-
ly. Annual turnovers of dead matter below-ground
measured as decomposition divided by mean dead
matter, were 1.2, 2.6 and 3.8, respectively, for
Mexico, Kenya and Thailand (Fig. 2). This em-
phasises the need to consider not only the quantity
of below-ground. biomass,. but. also .its .rate of
turnover in any study attempting to determine the
productivity of a tropical grassland.

The findings of this study have important im-
plications to zcological understanding of tropical
grasslands in three areas: 1) The true input of
organic matter to the ecosystem, including that
within the soil, will have been undervalued, par-
ticularly in the case of the ierrestrial grasslands.
Thus the potential environmental impact of vegeta-
tion removal will not have been fully appreciated in
the event of clearance for agricultural use. 2) Assi-
milation of carbon into plant matter and the input
to roots and rhizomes below-ground will have been
underestimated. In view of the extent of tropical

grasslands, this would have a significant effect on
estimates of global carbon cycling -and rates of

Aty A < 4 a




atmospheric CO, rise. Previous studies suggested
that productivity of terrestrial grasslands alone in
the tropics is 13.5 Gtyr~' (Lieth, 1978), about 9%
of total terrestrial production. The proportion at-
tributable to grasslands would rise to more than
25% of total terrestrial production if the minimum
3-fold underestimate found here for three grassland
sites 1s generally applicable. If the more modest
underestimation of production in other grass eco-
systems is also taken into account, the consider-
able significance of natural grass ecosystems to
total terrestrial production becomes apparent. An
accurate estimate of productivity of grasses is ess-
ential for the establishment of a baseline against
which the effects of the global rise of CO, levels may
be assessed. 3) Recently, techniques for the remote
sensing of vegetation biomass have been widely
used. Both satellite and aircraft remote sensing give
estimates of standing biomass, after calibration of
the techniques against "ground truth® measure-
ments obtained by conventional methods. Produc-
tivity is then estimated by, for example, the
maximum biomass. However, on the basis of this
study such methodology cannot be used alone to
provide a reliable estimate of biological production
because it ignores death and below-ground produc-
tion (Table 3) leading to an unpredictable degree of
underestimation of actual production. The solution
to this probiem lies m the development of techni-
ques with adequate ground verification which sim-
ultaneously estimate biomass and its death, or
which estimate the ability of the vegetation to inter-
cept light for photosynthesis and relate this to
biomass production (Tucker et al., 1986; Warrick,
1986).
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