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Abstract - (Nutrient cycling disturbance in Atlantic Forest sites affected by air pollution coming from the industrial
complex of Cubatio, Southeast Brazil). Several aspects of nutrient cycling were studied at two sites of Atlantic Forest,
in Sdo Paulo State, Southeast Brazil (23°46” S and 46°18° W), which exhibited different degrees of forest structure
decline caused by the air pollution emitted by the industrial complex of Cubatdo, here referred as the most and least
affected sites (MAS and LAS, respectively). These investigations were developed during 1984-1986, a period in which
the most severe negative effects of air pollution could be observed. Concentrations and amounts of N, P, K, Ca, Mg and
S in four ecosystem compartments (leaves, litter layer, soil and roots) and in rainfall, throughfall and litterfall are briefly
presented. At each site, the content of mineral elements generally decreased from leaves to litterfall and litter layer on
the forest floor. Soil surface layer (0-5 cm) in both sites was the richest in mineral elements. Soil fertility was greater at
LAS. In general, nutrient amounts remaining in the compartments and cycling through the ecosystem were greater at
LAS as well, which could be due to the higher complexity of the forest structure at this site. Rainfall contributed more
to soil inputs of K, Ca, Mg and S than litterfall at both sites. The nutrient residence times in the litter layer were higher
and the index of nutrient use efficiency was lower at the most affected site. It was concluded that nutrient cycling was
disturbed by air pollution at both sites, but to a greater extent at MAS. The main consequences of air pollution stress
were detected in the flux of nutrients through litterfall and in the litter layer on the forest floor.

RESUMO - (Disturbios na ciclagem de nutrientes em locais da Floresta Atlantica atingidos pela poluicido aérea
proveniente do complexo industrial de Cubatdo, sudeste do Brasil). Foram estudados vérios aspectos da ciclagem de
nutrientes, em dois locais cobertos por Floresta Atlantica, no Estado de Sao Paulo, Sudeste do Brasil (23°46° S e 46°18°
W). Esses locais exibiam diferentes graus de declinio da estrutura da floresta causado pela poluicio aérea emitida pelo
complexo industrial de Cubatdo, sendo aqui referidos como locais mais e menos afetados (MAS e LAS, respectivamente).
Os estudos foram desenvolvidos de 1984 a 1986, periodo em que eram observados os efeitos negativos mais graves da
polui¢do aérea. Sdo apresentados, de forma sintética, os valores médios das concentra¢des e das quantidades de N, P, K,
Ca, Mg e S em quatro compartimentos do ecossistema (folhas, serapilheira acumulada sobre o solo, solo e raizes), na
precipitagdo incidente, na d4gua de gotejamento e na serapilheira produzida. Em cada local, os conteidos dos elementos
minerais foram decrescentes nas folhas, na serapilheira produzida e na acumulada sobre o solo. No local menos afetado
(LAS), a camada superficial do solo (0-5 cm) foi mais rica em nutrientes; a fertilidade do solo e, em geral, as quantidades
de nutrientes presentes nos compartimentos e as que ciclavam entre os mesmos também eram maiores, o que pode ser
devido a maior complexidade da estrutura da floresta nesse local. Em ambos os locais, a precipitagdo geralmente
contribuiu mais para a entrada de K, Ca, Mg e S no solo do que a serapilheira produzida. No local mais afetado pela
polui¢do (MAS), o tempo de residéncia dos nutrientes na serapilheira acumulada sobre o solo foi maior e o indice de
eficiéncia de uso desses nutrientes foi menor. O processo de ciclagem de nutrientes foi perturbado em ambos os locais,
porém de forma mais intensa em MAS. As principais conseqiiéncias do estresse causado pela polui¢ao foram detectadas
no fluxo de nutrientes através da queda de serapilheira e no compartimento da serapilheira acumulada sobre o solo.
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neighborhood of the industrial complex of the Cu-
batdo is known world wide. There are more than 20
major industries within such area, including chemi-
cal/petrochemical, fertilizer, cement and steel indus-
tries (Alonso & Godinho 1992). According to these
authors, only in 1984, about 114,000 tons of particu-
late materials, 28,500 of sulfur dioxide, 22,200 of
nitrogen oxides, 3,100 of ammonium and 950 of
fluorides were released to the atmosphere by the
industries. Predominant air currents at daytime trans-
port this complex mixture of air pollutants from the
sea level, where they are produced, through narrow
valleys up to the forested slopes of the Serra do Mar
mountains, where they are deposited (Fiedler &
Massambani 1997). In Cubatio, this situation is ex-
acerbated by climatic conditions, characterized by
high temperature, rainfall and humidity, and by local
geography. The forest decline is particularly evident
on the most exposed slopes, from the sea level to
above 800 m of altitude. In many areas, the upper
tree stratum experiences intense injury and high mor-
tality rates, causing a reduction in species diversity
and disturbance in its ecological functions (Secre-
taria do Meio Ambiente 1990, Gutberlet 1996). As a
consequence, the frequency of large-scale landslides
increased, reaching a maximum in 1985 (Ab’Saber
1987, Secretaria do Meio Ambiente 1990, Leitio-
Filho et al. 1993, Gutberlet 1996, Domingos et al.
1998).

Several studies in temperate regions have de-
monstrated that ecosystem vitality, especially nutri-
ent cycling, can be affected by air pollution stress
(Smith 1981, Liljelund & Nihlgard 1988, Delitti
1995). These functional changes are more intense in
forests whose physiognomy and structure were also

affected (Smith 1981). According to this author, air
pollutants may influence nutrient dynamics at differ-
ent points in the cycle, providing additional nutrients
via meteorological inputs, altering decomposition,
leaching, and weathering rates and interfering with
symbiotic microorganisms. Similar effects, with dif-
fering intensities depending on the extension of for-
est structure alterations, were hypothesized to
happen in tropical regions, where negative effects
might be more severe since forest ecosystems rely
heavily upon the efficient cycling of mineral nutri-
ents (Vitousek 1982, 1984).

In order to evaluate the extension in which dis-
turbances on the structure and physiognomy of At-
lantic Forest observed at the Serra do Mar mountains
were followed by functional changes, some aspects
of nutrient cycling were studied in two sites, differ-
entially affected by air pollutants from the industrial
complex of Cubatdo. The investigation was per-
formed during 1984-1986, a period in which the
negative effects of air pollution were at the maxi-
mum.

Material and methods

The study area - The study area is located in Sdo Paulo
State, Southeast Brazil (23°46’S and 46°18’W), on the
plateau of the Serra do Mar mountains and belongs to the
Biological Reserve of Paranapiacaba, which was created
in 1909 (Hoehne 1925) and preserved since then. The
vegetation is classified as Tropical Submontane Rain For-
est, typical Atlantic Forest from that region, and it was
characterized by high species diversity in the past
(Coutinho 1962). General characteristics of the area are
described in table 1. Due to its location facing the Mogi
river valley, the reserve has been affected by air pollution

Table 1. General characteristics of the Biological Reserve of Paranapiacaba (23°46’S and 46°18’W), Southeast Brazil.

Altitude 750-890 m
Soil
Climate - Koeppen Cfb

- Thornthwaite

Mean annual temperature

Alic Red Yellow Latosol + Dystrophic Cambisol

Mesothermic, super humid
17.9 °C (mean of 52 years: 1870 to 1922)
3381 mm (mean of 23 years: 1945 to 1968)

Mean annual rainfall
Dry season absent
Relative humidity frequently about 100%

Predominant vegetation

Tropical Submontane Rain Forest (regionally known as Atlantic Forest)
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emitted by the industrial complex of Cubatdo (Gutberlet
1996, Klumpp et al. 1996, Domingos et al. 1998), installed
at sea level at the other end of the valley. Pollutants are
transported by wind through this narrow and deep valley
(Fiedler & Massambani 1997), reaching mainly the most
exposed portions of the forest, located at the extreme East
of the Biological Reserve. The greatest effects of air pol-
Iution on the ecosystem were those caused by gaseous
compounds of fluorine, nitrogen and sulfur, observed dur-
ing the sixties to eighties, when tree mortality was peaked
and a simplification of forest structure occurred in those
portions (Secretaria do Meio Ambiente 1990). At the
present time, the above gaseous emissions are better con-
trolled (Alonso & Godinho 1992) and the forest is mainly
affected by phytotoxic concentrations of secondary com-
pounds such as ozone (Klumpp et al. 1994).
Experimental sites - In the extreme East of the study area,
two experimental sites (one ha each) were selected for
conducting parallel studies of nutrient cycling. The crite-
rion employed to select the sites was the degree of detect-
able decline in the forest structure, in order to select a more
and a less affected site by air pollution, hereafter referred
as MAS and LAS, respectively. Both sites are at about the
same altitude (750-790 m), on a flat local relief. The
distance from each other is only approximately 500 m, but
the MAS is nearer to the entrance of the Mogi valley than
the LAS, and, consequently, it was more severely reached
by the air pollutants. Table 2 summarizes the state of both
sites during 1984-1986, when the studies reported here
were conducted. Taking into account that all this part of
the Biological Reserve of Paranapiacaba, including both
sites, had a similar physiognomy until the sixties
(Coutinho 1962) and that no other natural or anthropo-
genic phenomena was registered at that time (Struffaldi-
De Vuono & Domingos 1990), differences in functional
processes observed between sites are attributed to the
higher forest decline caused by air pollution at MAS. This
site also presented structural changes, including greater
number of gaps and standing dead trees in the forest
canopy.

Nutrient cycling studies - These studies were based on the
compartment and flux model proposed by Eriksson
(1971).

In both experimental sites, the compartments ana-
lyzed were leaves, litter layer, soil and roots, while the
fluxes were rainfall, throughfall and litterfall. The concen-
trations (mg.100 g'1 dry mass) of N, P, K, Ca, Mg and S
were determined in all fractions. The standing stocks
(kg.ha’l) and fluxes (kg.ha’l.y'l) of these mineral elements
were also estimated, except for the leaf compartment,
whose biomass could not be estimated through destructive
or non-destructive methods.

Samples were taken from points randomly selected
inside each experimental site. In winter (August/1985) and
summer (February/1986), five mixed samples of fully
expanded leaves of all trees living around five sampling
points were obtained. Thirty samples of litter layer were
collected from 10 sampling points, after summer and
winter seasons (March and September/1985, respec-
tively), using a 0.25 m’ plot (Lopes et al. 1990). During
the same periods and in the same points, 30 soil samples
at 0-5, 5-10 and 10-60 cm depths were taken, using one-
liter cylindrical gauge, in order to analyze soil chemical
and physical properties. Thirty soil samples at 0-60 cm
depth were additionally taken, in the same periods and
sampling points and using the same gauge, from which all
roots were extracted through decanting soil particles and
manual separation from the remnant organic material
(Struffaldi-De Vuono et al. 1989b). Over a period of one
year (October/1984 to September/1985), two samples of
rainfall and 10 of throughfall were taken biweekly from
polyethylene pluviometers, with 165 cm® funnels (Do-
mingos et al. 1995). During the same period, litterfall was
monthly sampled, using 25 traps with 0.25 m? each (Do-
mingos et al. 1990). Pluviometers and litter traps were
grouped around the same five sampling points where the
leaves were taken. More details about the sampling me-
thods employed are described in the literature above cited.
Chemical analysis - Plant samples were oven-dried
(70 °C), ground and digested. N was determined by spec-
trophotometry, P by colorimetry, K, Ca and Mg by atomic
absorption spectrophotometry, and S by a turbidimetric
method (Zagatto et al. 1981).

Soil samples were air and oven-dried (80 °C), ground
and sieved. Total N was determined by macro-Kjeldahl,
extractable PO4> and K using 0.05 N sulfuric acid by
colorimeter and flame photometer respectively, and ex-
changeable Ca and Mg in 1 N potassium chloride by
titration, and water soluble SO42', precipitated as barium
sulfate, using a gravimetric method (EMBRAPA 1979,
Raij & Quaggio 1983).

Rain samples were filtered and frozen, and NH4* and
NOs3 contents were analyzed. Filtered and acidified (with
concentrated nitric acid 1:1000) rain samples were used
for determining POs*, K, Ca, Mg and SO4>". The analyti-
cal methods were the same as those the plant material
analyses.

Results of the concentrations and standing stocks of
nutrients obtained in both sites are expressed as annual
means, while the fluxes of mineral elements are presented
as sum of amounts per year.
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Results

At both sites, the concentrations of each mineral
element in the forest compartments decreased from
leaves to litterfall and litter layer on forest floor,
except for Ca, whose concentrations were similar in
leaves and litterfall. These results show the effects of
nutrient translocation before leaf fall or leaching

from leaf surfaces or both, as well as the release of
nutrients during the decomposition process, as cur-
rently described. Except for K, the analyzed nutrients
were less concentrated in roots than in other plant
compartments and in litterfall (table 3).

In the soil, the highest concentrations of mineral
elements at both sites (table 3) were found in the

Table 2. Characteristics of the most affected site (MAS) and the least affected site (LAS) by air pollution, in the Biological
Reserve of Paranapiacaba, Southeast Brazil (data from the period 1984-1986).

1453 2114
20 30
37 63
3.5-3.7 3.4-3.6
12.0-16.5 16.6-18.4
2.0-3.1 2.4-3.6
14.0-19.6 20.3-20.9
14.5-15.9 11.6-18.0
27.9-41.7 32.6-47.9
15.1-20.9 21.9-22.4
sandy silt sandy silt
70.6 68.1
21.4 21.9
8.0 10.0
1803 3810
8174 8989
48 53
6771 9288
3112 3153
3027 2032
2.7 35.6
44-6.3 4.6-5.8
4.4-5.5 5.0-5.6

4 Struffaldi-De Vuono et al. (1989b); b Domingos et al. (1990); “ Lopes et al. (1990); 4Struffaldi-De Vuono etal. (1989a);

¢ Domingos et al. (1995).
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surface layer (0-5 cm), with a distinct decrease in
concentrations associated with increasing depth. Soil
chemical status at LAS was higher than at MAS,
which may be a result of the greater complexity of
the forest structure, the higher amount of litter pro-
duced and accumulated on soil, as well as the higher
decomposition rates and rain interception at LAS
(table 2).

Comparing the two sites, LAS had, in general,
higher amounts of nutrients retained in the compart-
ments and cycling through the ecosystem (table 4).
Although not estimated, leaf biomass at LAS proba-
bly contained higher contents of nutrients than at
MAS, considering the most complex forest structure
in this site, which could be evidenced through litter-
fall and rain interception (table 2). The root compart-
ment at both sites was small and stored low amounts
of nutrients (table 4), when compared to data re-
ported for other tropical and subtropical forests (Vi-
tousek & Sanford Jr. 1986, Vogt et al. 1986, Medina
& Cuevas 1989).

The stocks of N, Ca and Mg were greater in the
upper soil compartment (0-5 cm) than in the litter
layer+roots; however, the amounts of the other nutri-
ents were similar both in soil and litter layer+roots
(table 4).

The input of K, Ca, Mg and S through rainfall
at both sites was far greater than the contribution of
litterfall (table 4), while the opposite was observed
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in relation to the input of N and, in a less extent, of
P. The figures for net throughfall demonstrate the
higher complexity of forest structure in the LAS.

Discussion

Results obtained in the present study confirm
that plant communities display an important role in
the nutrient cycling, contributing for the mineral
enrichment of soil, which can be considered as shal-
low, sandy, acid and infertile, such as other soils
under Atlantic Forest of Southeast Brazil (Rossi &
Pfeifer 1991) and from other tropical forests (Jordan
& Herrera 1981, Vitousek 1984, Vitousek & Sanford
Jr. 1986, Medina & Cuevas 1989, Delitti 1995).

Litterfall is considered one of the most impor-
tant ways of nutrient transfer to soil in undisturbed
forests (Vitousek & Sanford Jr. 1986). In the present
study, even at LAS, the input of some nutrients via
litterfall (for example Ca, Mg and S) was lower or
comparable to the input via throughfall (table 4).
This could be explained by changes in the forest
structure and consequent very low litterfall, as pre-
viously emphasized (Domingos et al. 1990).

Some authors, including Gosz et al. (1976),
Vitousek (1982, 1984) and Bridgham et al. (1995),
proposed indices to evaluate how efficient is the
nutrient use in many tropical ecosystems, which
normally show very different nutritional status of

Table 3. Annual concentrations (mg.100 g'l dry mass) of mineral elements in the vegetation-litter-soil system in the most
affected site (MAS) and the least affected site (LAS) by air pollution, in the Biological Reserve of Paranapiacaba,
Southeast Brazil, in the period 1984-1986. Values are the means of concentrations measured during winter and summer
seasons (leaves, litter layer, roots and soil) or during one year (litterfall).

Vegetation-lit- N P K Ca Mg S
ter-soil system  \fag [ AS MAS LAS MAS LAS MAS LAS MAS LAS MAS LAS
Leaves 2650 2320 180 140 1040 1020 1220 1060 280 250 450 390
Litterfall® 2620 2190 120 90 350 270 1240 1020 170 140 390 350
Litter layer® | 1730 1710 80 70 90 90 670 620 70 80 330 320
Roots® 1340 1130 60 60 110 110 190 420 50 60 180 180
Soil 0-5cm 810 990 15 22 41 55 33 33 92 11 54 10
510cm 250 310 083 083 20 21 16 18 55 62 23 11
1060em 160 210 083 059 17 L5 12 12 41 50 22 34

Nutrients in soil: Total N, extractable PO4>"-P and K, exchangeable Ca and Mg, and water soluble S04%-8.2 Domingos
et al. (1990); b Lopes et al. (1990); € Struffaldi-De Vuono et al. (1989b).
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Table 4. Standing stocks (means of amounts estimated in winter and summer seasons) and fluxes (sum of amounts per
year) of mineral elements in different compartments in the most affected site (MAS) and least affected site (LAS) by air
pollution, in the Biological Reserve of Paranapiacaba, Southeast Brazil, in the period 1984-1986.

N in rain water estimated through NO3-N + NH4-N; P and S in rain water and soil estimated through PO4-P and SO4-S
respectively; *Results from 10 months. * Lopes et al. (1990); ® Struffaldi-De Vuono et al. (1989b); © Domingos et al.
(1995); d Domingos et al. (1990).

soil. Data from several ecosystems, including plan-
tations and forests at different successional stages,
were utilized to test those models. According to
Vitousek (1982), it should be possible to find sites
where N is adequately available, but some factor,
such as drought stress, strongly limits production. In
this case, the pattern predicted in his model will not
be reached. Based on this statement, the indices
proposed by Gosz et al. (1976), Vitousek (1982,
1984) and Bridgham et al. (1995) were estimated,
using data obtained in both sites of the present study
(table 5), aiming at better understanding the extent
of air pollution influence in the nutrient cycling in
the Atlantic Forest.

Very low litterfall (Domingos et al. 1990) and
high litter accumulation on the soil surface (Lopes et
al. 1990) resulted in greater nutrient residence times
(sensu Gosz et al. 1976) in the litter layer at MAS
than at LAS (T1 - table 5). Vogt et al. (1986) reported
mean residence times between 0.2 and 2.9 years for
N and between 0.9 and 2.3 years for P, in tropical
and subtropical broadleaf forests. Estimated resi-

dence times for both nutrients at MAS were longer
than those limits and close to the upper limit of the
range at LAS. Vogt et al. (1986) hypothesized that
one of the causes of such variations is the dissimilar
use of nutrients by microflora during the decompo-
sition process. In forests disturbed by air pollution,
the microbial community is affected itself, resulting
in decomposition rates lower than expected (Smith
1981, Fritze et al. 1992), which may have happened
in the sites here studied, causing increases in the
nutrient residence times in the litter layer.

If the input of nutrients via throughfall is also
considered (Gosz et al. 1976), residence times (T2 -
table 5) decrease considerably, mainly for MAS,
showing again the greater importance of rain water
to the nutrient cycle at this site (AT - table 5).
However, part of this input may have been lost before
being taken up by the plants, due to high rainfall, low
interception and low capacity of buffering rain water
acidity along the year (Domingos et al. 1995).
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Table 5. Nutrient residence times (T1 and T2; in years) in the litter layer, according to Gosz et al. (1976), and index of
nutrient-use efficiency (NUE), according to Vitousek (1982), in the most affected site (MAS) and least affected site
(LAS) by air pollution, in the Biological Reserve of Paranapiacaba, Southeast Brazil. Values were obtained after
estimation for 1984-1986.

Nutrient T1 T2 AT NUE

MAS LAS MAS LAS MAS LAS MAS LAS
N 3.0 1.9 22 1.5 0.8 0.5 39 46
P 33 2.0 1.5 1.1 1.8 0.9 901 1089
K 1.2 0.8 0.3 0.2 0.9 0.6 300 385
Ca 2.5 1.4 0.9 0.7 1.6 0.7 84 99
Mg 2.1 1.4 0.7 0.6 14 0.8 622 733
S# 3.9 22 0.5 0.5 34 1.7 258 289

*Results from 10 months in throughfall. T1 =L/ Lf; T2 =L/ L{+T; AT = T1-T2; NUE = LF/ Lf. Where: L = amount of
nutrients in the litter layer; Lf = amount in litterfall; T = amount in throughfall; LF = litterfall mass.

The index of nutrient use efficiency (Vitousek The index of N use-efficiency found in another
1982, 1984) was lower at MAS than at LAS (NUE - site of the Reserve of Paranapiacaba, not affected by
table 5), which was a consequence of higher concen-  air pollution (Domingos et al. 1997) was 44 (sensu
trations of all nutrients in the litterfall at the first site Vitousek 1982); the litterfall was estimated as
(table 3). Thus, the forest at MAS seemed to havea 7 000 kg.ha'y! and N return as 159 kghaly'.

lower capacity for nutrient conservation and was not  gych figures fit very well with the model proposed
able to produce as much organic matter per unit of by Bridgham et al. (1995). Similarly, close fit was
mineral taken up as the forest at LAS (sensu Vi- gpcerved by Moraes et al. (1999), investigating litter
tousek 1982), probably resulting in higher nutrient production in another well preserved area covered by
concentrations in the leaf and litter compartments Atlantic Forest. in Southeast Brazil. The index of N

(table 3). ] use-efficiency in that site was 62, litter production was
The vegetation at MAS presented a very low 6,300 ke.ha .y, and N return was 102 kg.ha !y,

index of N and P- tfici ding to th
mnaex © ane T-use eHiciency, ccordig to te The results proved that functional changes

model created by Bridgham et al. (1995) based on . L. .
the approach of Vitousek (1982, 1984), and was caused by air pollution in the ecosystem, observed in
’ ; temperate forests, also happen in the tropics. In the

completely out of the range predicted by the model. - ) - - ’ ]
Nutrient-use efficiency was low at LAS, but closer studied period, nutrient cycling was disturbed in both
sites, but to a greater extent at MAS, where the

to that predicted by the model. According to o i -
Bridgham etal. (1995), litterfall increases asymptoti- simplification of the vegetation structure was visible.

cally with P and N returns in it, predicting a litterfall
rate of about 6,000 to 7,000 kg.ha.y"! for a N return tected in the litter layer and in the nutrient fluxes via
of 45.6 kg.ha!.y" and a P return of 2.0 kg.ha!y!  litterfall.

(nutrient amounts obtained in MAS - table 4), while
the litterfall value was only 1,803 kg.ha'.y! at this
site (table 2). At_Il"A_ls’ alitterfa.ll rate betwsaen 7’000 dagdo de Amparo a Pesquisa do Estado de Sdo Paulo
and 8,000 kg.ha™.y™ was predicted, considering a (FAPESP), for the financial support received; Centro de
N return of 82.3 kg:hayy”! and P return of 3.5 Energia Nuclear na Agricultura (CENA)/Universidade de
kghal.y!, but only 3,810 kg.hal.y" of litterfall ~ Sio Paulo, for the chemical analyses and the Biologist
were obtained (table 2). Kevin Creagan, for revising the English language.

The main consequences of the disturbance were de-
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