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Abstract. Atmospheric inputs and stream water outputs of P, K, Ca and Mg were estimated
for an undisturbed forested watershed and the forest ecosystem within it in Tai National
Park, Cote d'Ivoire in 1990/91. The study included measurements of wet and dry deposition,
and suspended sediments, organic debris and solutes in the water flows. Base flow as well
as quick flow were sampled. The nutrient budgets of the entire watershed and the forest
ecosystem (comprising vegetation and rooted soil layers) were distinguished on the basis of
two assumptions (i) solutes in the base flow are derived from the soil layers below the rooted
zone only, and hence not from the forest ecosystem; (ii) the total soil mass in the rooted zone
remains constant, i.e. the export of topsoil material by erosion iscompensated for by deepening
the root zone. The first assumption was supported by the resemblance of the molar ratios of
solutes in the base flow and those calculated for the weathering of the migmatite found in the
soil layers below the rooted zone. It is concluded that the stocks of P, K, Caand Mg in the
watershed are decreasing with 1.4, 12.7, 15.3, and 8.1 kg ha™* yr=? respectively. Losses are
mainly aresult of nutrient exports by erosion and solutes in the base flow. Nutrient stocks for
the forest ecosystem are also apparently decreasing, but to amuch lesser extent, indicating the
importance of distinguishing between the watershed and the forest ecosystem within.

I ntroduction

Nutrient cyclingintropical forest areasisatopic receivingincreasing attention
(Proctor 1989; Bruijnzeel 1991; Noij et al. 1993). Nevertheless, many aspects
are still poorly understood and many data sets are incomplete (Proctor 1989).
On the basis of their apparent stability, tropical forest ecosystems are often
considered to be in a steady state with regard to their nutrient status. This
implies that the sum of nutrient inputs would equal the sum of nutrient
outputs. Bruijnzeel (1990) has shown, however, that the budget of tropical
forest watersheds for specific magjor nutrients may be positive or negative
(inputs > or < outputs).

Estimates of gross inputs and outputs of non-volatile nutrients usually
refer to an entire forested watershed. Bruijnzeel (1991) suggested, however,
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that there may be a discrepancy between the nutrient budgets of a watershed
and the budget of its biologically active part, the forest. The entire watershed
and the forest ecosystem have the common inputs of dry and wet deposition,
and the common outputs via erosion (loss of topsoil) and organic debris. The
leaching output, however, isdifferent for the systems. In the case of the entire
watershed, it refersto the total export of solutes by the stream and in the case
of the ecosystem to the export of solutesfrom the rooted soil only (seefurther
under ‘Materials and methods’ for the estimation of these different leaching
losses). When the roots enter the soil layer below the boundary of the rooted
soil during the time period under study, the nutrients present in the newly
rooted zone are considered as an input for the forest ecosystem. For the entire
watershed, however, the tapping of a new soil layer by roots is an internal
change.

In this paper, the term nutrient is used irrespective whether the nutrient is
in an availableform or not. The consequence of thisdecision isthat processes
like weathering of minerals and mineralization of organic matter are seen as
internal nutrient transfers. The weathering of minerals in the soil, however,
converts nutrients to aform prone to leaching and output as solutes.

This paper deals with both: it presents the nutrient budget of P, K, Ca
and Mg for an entire forested watershed, and it gives a first approximation
of the budget of the forest ecosystem (Figure 1). The latter is considered to
include the vegetation and the rooting zone, i.e. the part of the soil profile
from which the nutrients are taken up by the plant. The lower boundary of
the proper forest ecosystem is in principle the imaginary borderline between
the rooted and non-rooted soil, but in practice it may be difficult to identify
that imaginary line. The maximum depth to which the soil is drained by the
stream is seen as the lower boundary of the entire watershed. Hence, the soil
layers below the rooted zone form the difference between the entire forested
watershed and the proper forested ecosystem.

Materials and methods
The study area

This study was carried out in a 117 ha watershed in Tai National Park in
the south west of Cote d'Ivoire at 5°52' W longitude and 7°20' N latitude
during the period between 18 May 1990 and 15 March 1991 (Stoorvogel
1993; Stoorvogel et al. 1997). Impermeable ironstone occurs in approximate
12% of the watershed area, but generally the weathering zone is found below
the rooting zone. Nutrients released in the weathered layer below the rooted
zone are most probably leached to the stream. It is unlikely that there are
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Figure 1. Grossinputs and outputs of a forested watershed (solid box) and its subsystem, the
forest ecosystem (dotted box).

leaching losses to deep aquifers, because the weathered zone is underlain
by essentially impermeable rocks of the Precambrium Basement Complex,
consisting of granites and associated metamorphic rocks (Papon 1973; Bos
1964).

The watershed is covered with a humid evergreen forest (Van Rompaey
1993). The soils of the areaform atoposequence from gravelly clay, plinthic
Acrisolsonthehighest terrain positionsto gravelly sandy clay, plinthic Ferral-
solsonthe slopesand coarse sandy, dystric Gleysolsin thevalley bottom. This
toposequenceis typical for much of the humid tropical zone of West Africa
(De Rouw et al. 1990). All soils are deeply weathered with few weatherable
minerals at depths shallower than 3 m, but rooting depth may in some cases
be restricted by hardened plinthic layers. The topography of the watershed
is characterised by predominantly convex slopes of around 10% close to the
crests and concave slopes of around 5% near the valley bottom. The valley
bottom is flat to amost flat and around 200 meters wide with the creek in
the centre. The creek originates from 4 small springsin the middle and upper
dopes. The dightly meandering main stream channel is filled with coarse
quartz sand, covered locally with athin layer of decomposing organic debris.
At the point were the creek |eaves the watershed the valley bottom narrows
to 88 meters.

The average annua rainfall is 1833 mm with a standard deviation of
338 mm, and the average annual temperatureis 26 °C. Roughly two seasons
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can be distinguished. In the dry season between December and February
when the Intertropical Convergence Zone (ITCZ) lays south of the area,
winds are mainly northeastern and Harmattan dust is transported over West
Africa. During the long rainy season from February to November, the ITCZ
is situated north of the area and southwestern winds are dominant. The rainy
season is usually interrupted by ashort dry spell from August to October.

Nutrient input by wet deposition

Rainfall quantities were measured using three hand-operated rain gauges
placed in natural gaps in the forest. To avoid contamination of rain water,
sampleswere taken on a2 ha open field used for meteorol ogical observations
and surrounded by primary forest, 3 km south of the watershed. Rain water
was collected in a plastic hand-operated rain gauge, which was cleaned daily
and of which the container was renewed daily. Due to the absence of rainfall
inthe dry season, no special measures were necessary to avoid contamination
of rainfall samples with Harmattan dust. To preserve the samples two drops
of chloroform were added and the samples were stored refrigerated at 11 °C.
The electrical conductivity (EC) and pH were measured for all 98 samples
within two weeks after sampling. Nineteen rain water samples were selected
in such a way that they covered the whole range in rainfall and time and
analyzedfor P, Al, Si, NH,4 (by Autoanalyser Technicon Il), Ca, Mg, Fe, Mn,
K, Na (by AES Perkin Elmer 560), Cl, NO3, SO4 (by HPLC Waters 510),
Ciota @nd Cinorganic (by TOC analyser Thermo Instruments type 555) within
three months after sampling.

Nutrient input by newly rooted soil layers

It was assumed that the total soil mass in the rooted zone remained constant,
i.e. that the export of topsoil material by erosion was compensated for by
deepening the root zone. The nutrients present in the newly rooted zone were
considered as an input into the forest ecosystem. Thisinput was calculated as
the product of soil massin the newly rooted zone and nutrient massfractions.
Soil mass was set equal to the mass of suspended sediments leaving the
catchment (see * Nutrient output by sediment’). Nutrients massfractionswere
derived from Fraters (1986); they refer to the fine earth of weathered subsoil
material sampled at a depth of 1.3 m at the middle slope. These samples
were chosen as reference because erosion was strongest at this position on
the slope.

Nutrient output by solutes

The hydrology of the watershed had been studied by Casenave et a. (1980,
1981, 1984), who provided complete water balances for the period 1979—
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1982. They had constructed a 88 meters long weir in the valley bottom and
measured water flow continuously in the outlet point. In addition, rainfall
was measured at six locations within the watershed. The hydrographs of
the watershed are characterised by a continuous low discharge base flow,
and distinct quickflow peaks during and shortly after rainfall. On the basis
of the discharge data collected by Casenave et a. (1980, 1981, 1984), the
hydrological balance was modeled to obtain appropriate hydrological data
for the study period between 18 May 1990 and 15 March 1991 (Stoorvogel
1993). The model calculates daily base flow and quickflow discharges using
rainfall data of the previous 90 days and the relative water storage in the
watershed. The model was verified by water level measurementsin the study
period. The modeled discharges showed correlation coefficients of 0.92 and
0.88for baseflow and quick flow respectively. Although no dataare available
to check the constancy in hydrology for the watershed, these high correlation
coefficients indicate that no major changes in hydrology occurred between
1979 and 1991.

Whereas al solutes are exported from the watershed, they only partially
originate from the forest ecosystem. Quick flow ismainly the result of surface
runoff. It is, therefore, likely that solutes exported with quick flow originate
from the forest ecosystem proper. Base flow, on the other hand, passes deep
soil layers and the weathering zone. In view of the low soil fertility in the
catchment, we assumed that most of the solutes in base flow originate from
therelatively rich weathering zone (see below). Solutesin an organic formin
base flow, however, are leached from the root zone.

Water samples from the base flow were taken daily. Quickflow water was
sampled for every 25 cm of rise and drop of the water level using automatic
water samplers. In al water samples the pH and EC were measured. A part
(13%) of the samples, covering the entire range of water levels and sampling
dates, was selected for chemical analysis. The same procedures were used as
for the rain water samples. In 10 base flow samples the total (inorganic plus
organically-bound) P was analyzed after 0.4 M HNO; digestion of freeze-
dried water residues.

To test the assumption that base-flow nutrients originate from the weather-
ing process, one sample of migmatite representative for the bedrock of
the watershed was analysed by X-ray fluorescence spectroscopy, and the
ratios of solutes that would result from its weathering were calculated.
The method of Brown & Skinner (1974) was followed for the calculation
of the normative mineralogical composition, assuming that typical granite
minerals were present, viz. quartz, K, Na, and Ca feldspars, Mg or Mg-
Fe'! biotite, and either augite (Na(Al1Fe}) 75)(Sio.5Al1.5)06) and hornblende
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(CaeFeQ(AIZSiG)ng(OH)z), or an amphibole with an Al,03-6Si0,-H,0
skeleton.

Nutrient output by sediment

Erosion may play animportant rolein Tai forest. Several large gullies of more
than 2 m deep occur in the watershed and sheet erosion was observed in the
field during heavy rainfall. Casenave et al. (1980) assessed the erosion rate
for 1979 at 1.5 ton ha~L. In this study suspended sediment concentrations
were assessed using the same sampling scheme as for solutes, taking samples
of 3 liters during base flow and samples of 2 liters during quickflow. All
samples were filtered over a Whatman 542 ashless filter and the residues
were dried and weighed. A part (5%) of the samples was selected covering
the entire range of sediment concentrations and water levels. In the selected
samples, loss on ignition (900 °C) was determined, after which the samples
were melted with lithium borate and analyzed for their elemental composition
on a Philips X-ray fluorescence spectroscopy assembly.

Nutrient output by organic debris

Organic debris leaving the watershed through the creek was collected using
two bow nets which were placed in the creek. The first bow net was made of
5 cm wire netting and the second was made of fine 1 mm netting. These nets
collected al material leaving the watershed through the creek. Three nets of
the last type were placed on the flood plain to sample organic debris during
very high runoff when the valley bottom was submerged, which occurred
10 times during the study period. The collectors in the creek were emptied
daily, whereas the collectors on the flood plain were emptied after high
floods occurred. A sub-sample was taken for each of the collectors which
was divided over three categories of organic debris: leaves, branches and
fruit (including flower material). The samples were dried and weighed and
about 10% was selected for chemical analysis. After digestion in a H,SO;-
Se-Salicyclic acid mixture with addition of H,O,, N and P were determined
by absorption spectrophotometry, K and Ca by flame photometry and Mg by
atomic absorption spectrometry (Walinga et al. 1989).

Results

Nutrient input by wet deposition

The total amount of rainfall in the study period was 1238 mm, which is
dlightly under the average. The pH of the rain water varied between 4 and 5
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Table 1. Average concentrations (mmol m~3) of solutes
in rain water (17 samples) and creek water (53 samples).
Standard deviations in parentheses.

Rain Creek

P 0.04 (0.2) 0.9 (1)
K 3(3) 55 (12)
Ca 6 (5) 107 (40)
Mg 1(1 70 (25)
Na 4(2) 232 (77)
Fe 1(2) 26 (12)
Mn 0(0) 0(0)
Al 0(0) 4(5)
N-NH, 5(7) 1(3)
N-NOs 6(7) 3(8)
cl 7(6) 75 (19)
SO, 2(5 4(5)

Si 12 580 (288)
Cota 719 (748) 2731 (918)
Cinorganic 105 (60) 526 (214)

and the EC between 4 and 10 ;zmho cm~1. Average nutrient concentrations
are presented in Table 1. Significant relations were found between rainfall
and EC (slightly negative, r? = 0.82) and between EC and concentrations of
K (r? = 0.58), Ca(r? = 0.49) and Mg (r? = 0.82). All regression slopes were
significant at a95% confidencelevel. Thesecorrelationswere used to estimate
nutrient inputs. No significant correlation was found for P, and therefore an
average P concentration was used to estimate P inputs by rain water. Using
daily rainfall figures from 1966-1991, the average annual nutrient input by
rain was estimated to be 0.02 kg of P, 3.5 kg of K, 6.5 kg of Caand 0.9 kg of
Mg per ha.

Nutrient input by dry deposition (Har mattan dust)

Stoorvogel et al. (1997) reported dry deposition inputs of 80 kg ha—1 yr—1
with a nutrient input by dust deposited in the 1990/1991 season estimated at
0.11 kg of P, 2.5 kg of K, 3.5 kg of Caand 0.4 kg of Mg per ha.

Nutrient input by newly rooted soil layers

Thetotal soil massin theroot zone was assumed to be constant for the proper
forest ecosystem. The soil massin newly rooted soil layerswas, therefore, set
equal to the sediment export. Sediment export was estimated at 1.8t ha—* per
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Table 2. Chemica composition (mass fractions of the oxide com-
ponents in %) of Harmattan dust, sediment and Migmatite. Standard
deviations in parentheses.

Harmattan dust Sediment Migmatite

SO, 48 (3.4) 51.6 (4.3) 70.6
Al03 24 (3.6) 13.4(1.6) 14.4
Ca0 6.1(0.6) 0.5(0.1) 25
Fe,O} 1.9(0.4) 3.7(0.6) 45
MgO 0.9(0.0) 0.2(0.0) 17
K20 3.7(1.0) 0.6(0.2) 2.1
NaO 0.7(0.2) 32
TiO, 0.3(0.0) 0.9(0.1) 0.5
P20s 0.3(0.0) 0.2(0.0) 0.2
MnO 0.1(0.0) 0.1(0.0) 0.0
L.l 114 (1.1) 28 (4) 0.9
Total 97 (0.0) 99 (1) 101

1 Fe,0s3 + FeO, expressed as % Fe,Os.

year (see below). According to Fraters (1986), mass fractions in weathered
subsoil were 0.01, 0.05, 0.00 and 0.04%, for P, K, Caand Mg, respectively.
Hence, the mean annual inputs of these nutrients via the newly rooted soil
layers are estimated at 0.18, 0.9, 0.0 and 0.7 kg ha~* respectively.

Nutrient output by solutes

Base flow discharge varied between 0 and 2 | s~1. The mean EC decreased
with increasing discharge from 80 to 40 zmho cm—L. The pH increased with
increasing discharge and varied between 6.5 and 7. Table 1 givesthe average
stream water concentrations for the dissolved nutrients.

Assuming that the 1990/1991 solute concentrations are representative, the
nutrient output between 1966—1990 was estimated on the basis of regression
equations between simulated discharge and EC (r? = 0.62) and equations
between nutrient concentrations and EC (with r? of 0.50, 0.55, 0.92, and
0.90 for P, K, Caand Mg respectively). The average concentrations of major
non-volatile nutrients in base flow are listed in Table 3. The export in base
flow during an average year was 0.16 kg of P (of which 0.06 kg organically
bound P), 5.8 kg of K, 13.9 kg of Caand 5.5 kg of Mg per ha.

Water discharge during quickflows varied from 21 s~ to 15001 s~2. In
general, the water level started to rise just after the beginning of a rainstorm
and returned to the base flow level within 7 hours after the rain storm ceased.
During quickflow the EC varied between 20 and 40 ymho cm~* and the
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Table 3. Flux weighted average nutrient concentrations in creek
water (mmol m=3).

Quickflow Base flow
Total Inorganic Organic
P 0.8 19 12 0.7
K 45 55
Ca 65 128
Mg 48 83

Table 4. Mass fractions of nutrients in organic debris (g kg™1).
Standard deviations in parentheses.

Branch Leaf Flower & fruit
N 8.1(2.3) 10.2 (4.3) 13.1(0.1)
P 0.3(0.2) 0.6 (0.3) 0.6 (0.2
K 0.7 (0.0 15(2.7) 1.1(0.5)
Ca 14.8 (4.3) 7.0(2.8) 12.1 (1.9)
Mg 1.4(0.5) 1.2 (0.5) 1.7 (0.4)
Na 0.2(0.2) 0.3(0.3) 0.3(0.2)

pH between 6 and 6.5. The average nutrient concentrations in quickflow are
listed in Table 3. The average annual export (1966—1990) of nutrients with
the quickflow, estimated on the basis of regression equations similar to the
procedurefollowed for the baseflow (with r? of 0.90, 0.93, and 0.95for K, Ca
and Mg respectively; for P no significant relation was found and an average
value has been used), was 0.05 kg of P, 3.5 kg of K, 5.2 kg of Caand 2.3 kg
of Mg per ha.

For both baseflow and quick flow, the variation found among the cal cul ated
values for the individual years was less than 10%. The apparent absence of
extreme years makes the use of average years reasonable.

Nutrient output by sediment

The concentrations of suspended sediment did not exceed 15 mg |~ in base
flow, but they increased to 500 mg |~*during quickflow. Highest sediment
concentrations occurred at the beginning of the quickflow when it was still
raining. Using the hydrological model and relationships between water level
and mass fractions of suspended sediments for rising water levels (r2 = 0.67)
andfalling water levels (r? = 0.78), the average annual (1966—-1991) sediment
export was cal cul ated to be around 1.8 t ha—1. The mass fractions of elements
in the sedimentsare listed in Table 2. Thetotal amounts of nutrients exported
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with 1.8 t of sediment were 1.35 kg of P, 9.4 kg of K, 6.2 kg of Caand 1.6 kg
of Mg.

Nutrient output by organic debris

The export of organic debris was 0.6 kg ha~* for the study period. Using a
relation between drainage and organic debrisexport the average annual export
wascalculated to be 0.8 kg ha—2. The organic debris consisted of leaves (40%),
branches (40%), and fruit and flower material (20%). Table 4 showsthe mass
fractions of nutrients for the different categories of organic debris. The high
N/P ratios point to P being the limiting factor, thus confirming the findings
by Jaffré (1985) and Van Reuler & Janssen (19894B). Total annual export of
nutrients by organic debriswill be lessthan 10 g ha™? of P, K, Caand Mg.

Discussion

The inputs and outputs for the entire forested watershed and for the forest
ecosystem within it are summarized in Table 5. The balance of the entire
watershed is negative for all four nutrients P, K, Ca and Mg. The values of
the losses are in the same order as those reported by Bruijnzeel (1991). The
largest outputsfor P and K were viasuspended sediments, and for Caand Mg
via solutes in base-flow.

Theoretically, the actual outputs of the watershed may have been till
higher, because bed load was not considered. However, the fact that mass
fractions of suspended sediments, on two occasions sampled simultaneously
at five different points across the stream, varied less than 5%, suggests that
bed load was not a big flux (Stoorvogel 1993).

We assumed that the base-flow nutrients were derived mainly from the
soil layers below the rooting zone, where they go into solution by mineral
weathering. A first indication that this assumption may be correct is the high
Ca concentration in the base flow, whereas Cais very low in the soil (Fraters
1986). The second indication is based on the composition of the migmatite
bedrock (Table 2). Depending on the assumptionsmade, cal culated normative
guartz contents of the rock varied from 31 to 44%. For the calculation of the
solute ratios, the quartz content was set at 37%, and further it was assumed
that quartz wasinert and all Al would be conservedin kaolinite, in accordance
with the general mineralogy of the soils in the area. Molar ratios found in
the base flow resembled those cal culated for migmatite weathering (Table 6),
with the exception that the values for K and Mg in the base flow were lower
and corresponded better with those found in water draining from granite in
Sierra Nevada. These data do not incontrovertibly demonstrate that the root
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Table 5. Nutrient budgets of the entire forested watershed (1), and of the
proper forest ecosystem (I1) (kg ha=t yr=1).

P K Ca Mg
| Entire water shed
Inputs
Wet deposition 0.02 35 6.5 0.9
Dry deposition 0.11 25 35 04
Total 0.13 6.0 10.0 13
Outputs
Solutes
Quick flow 0.05 35 5.2 23
Base flow 0.16 5.8 139 55
Sediment 1.35 9.4 6.2 16
Organic debris 0.00 0.0 0.0 0.0
Total 1.56 18.7 253 94
Balance —143 —12.7 —15.3 —-81
Il Forest ecosystem
Inputs
Wet deposition 0.02 35 6.5 0.9
Dry deposition 0.11 25 35 04
Newly rooted layers 0.18 0.9 0.0 0.7
Total 031 6.9 10.0 20
Outputs
Solutes
Quick flow 0.05 35 5.2 23
Base flow 0.06
Sediments 1.35 9.4 6.2 16
Organic debris 0.00 0.0 0.0 0.0
Total 1.46 12.9 114 39
Balance —1.15 —6.0 —-14 -19

Table 6. Molar ratios of major solutes relative to Na in drain water from
weathering granite in Sierra Nevada (Garrels & Mackenzie 1971), in Tai
base flow, and as calculated for Tal migmatite weathering.

Na K Ca Mg S
Granite weathering 1 018 : 062 : 02 25
Tal base flow 1 : 021 : 046 : 03 27
Tai bedrock 1 045 : 043 : 041 : 27
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Table 7. Approximate minimum and maximum values for inputs and outputs based on
estimated ranges for the individual measurements (in kg ha=* yr=1).

P K Ca Mg
Min  Max Min Max Min Max Min Max
Inputs
Wet deposition 0.01 0.10 09 40 32 93 0.7 18
Dry deposition 0.06 0.18 18 31 26 45 03 05
Total 0.07 0.28 27 741 58 138 10 23
Outputs
Solutes
Quick flow 0.01 0.09 31 4.4 46 6.8 19 28
Base flow 0.08 0.18 52 7.2 11.0 16.2 44 6.3
Sediment 125 144 76 111 51 74 14 18
Organic debris 0.00 0.00 0.0 0.0 0.0 00 0.0 00
Total 134 171 159 227 20.7 304 7.7 109
Balancefor watershed —16 -11 -20 -9 -25 -7 -10 -5

zone contributed little to the solutes in the base flow, but they support the
distinction of the leaching losses from the entire forested watershed vs. those
from the forest ecosystem within it. Using this assumption, we cal cul ated that
the balance of the forest ecosystem is less negative than that of the entire
watershed due to the absence of base flow solute output plus the small input
associated with newly rooted soil layers. The absolute values of the balance
terms, however, are small: given the difficulties experienced during sampling
and analysis, we are not able to conclude that the forest ecosystem nutrient
stocks are decreasing.

Rough estimates for the error rangesin the various input and output terms
of the watershed were established using the 95% confidence intervals for
the different regression parameters and ranges in observed values (Table 7).
Although the uncertaintiesin some of the measurementsare high, the negative
nutrient balances for the watershed are confirmed. The balance of the forest
ecosystem is more uncertain dueto the assumptionsrelated to leaching losses
(e.g. part of the nutrients in base flow may originate from the rooted zone
and part of the nutrients released by weathering may be taken up by roots).
Nevertheless, these results suggest that watershed scale analysis of nutrient
balances do not necessarily reflect the conditions experienced by forests
within the watershed. Our results indicate that nutrient stocks of the forest
ecosystem in the Tai National Park may be in a steady state or slightly
decreasing, whereasthe nutrient stocksof the entire forested watershed appear
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to be decreasing, mainly becauseof nutrient exportsfrom the soil layersbelow
the rooted zone, and because of erosion from the middle slope area.
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