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Summary

Tropical montane forests regulate the hydrological cycles of high—elevation areas being an important service
for the local population. The objectives of my work were (1) to determine the major hydrological flow paths,
(2) to quantify concentrations of dissolved organic C and organic and inorganic forms of N, P, and S, and (3)
to identify the major controls of the dissolved C, N, P, and S dynamics in a tropical montane forest in south
Ecuador.

Three 8—13 ha large microcatchments (MCs) under montane forest at an altitude of 1900—2200 m above sea
level were selected. Scientific equipment was installed on five transects, about 20 m long with an altitude
range of 10 m. Three unforested sites near the microcatchments were used for rainfall gauging. Within the
three monitored years between May 1999 and April 2002, on average 2448 mm of precipitation fell on the
study area. The 8'%0 of rainfall shows large variations (-12.6 %o to +2.1 %o) related to different air—-masses.
The 8'%0 values of throughfall and lateral flow are similar to those in rainfall. Variations in 8'*0 values of
the soil solution and the stream water are smaller (-9.1 %o to -3.0 %o and -5.8 %o to -8.7 %o) than those of
rainfall, throughfall, and lateral flow. The 5'®0 values in stream water increased immediately after an intense
rainstorm event to isotope values similar to those of rainfall and lateral flow. This indicated that during ele-
vated rainfall the water flows rapidly in the organic layers to the stream channel paralleling the surface. Dur-
ing this time the water content of the organic layer was higher than of the upper mineral soil. Results from an
isotope two—component hydrograph separation for the three microcatchments showed that new rain water
(‘event water’) contributed 44—81 % to the total stormflow runoff during one selected peak discharge.

The canopy was a small and the organic layer the major source of DON, DOP, and DOS, which were almost
completely retained in the mineral soil. The organically bound forms contributed, on average in all solutions,
54 %, 78 %, and 59 % to the total concentrations of N, P, and S, respectively. The contribution of organically
bound forms to total nutrient concentrations was element—specific and differed among the ecosystem fluxes.
The portions of DON (23—-81 %) were similar and those of DOP (5—100 %) highly variable in all solutions.
There were high DOS portions in the aboveground fluxes (51—100 %) and lower portions in the mineral soil
(847 %). The pH was positively correlated with the DOC and organic N, P, and S concentrations at the
scale of pedons. Increasing DOC concentrations in stream water following rainstorms indicated that rain-
storms were an important control of the dissolved organic matter dynamics on a regional scale.

During the passage of the water through the forest, dissolved inorganic N (DIN) and DIP concentrations
increased between the canopy and the mineral soil and strongly decreased in the mineral soil. In contrast, DIS
concentrations were highest in the mineral soil and stream water. Thus, the organic layer was the major
source for DIN, the canopy for DIP and the mineral soil for DIS. The mineral soil was a sink for DIN and
particularly for DIP. Soil drying and rewetting promoted the release of inorganic N. High discharge levels
following heavy rainstorm events were associated with pulses of NO;—N and partly also NH;—N concentra-
tions in stream water. Nitrate—N concentrations in the stream water were positively related to runoff condi-
tions. The DIP and DIS concentrations in throughfall and stemflow were negatively correlated to the respec-
tive water fluxes, whereas DIS concentrations in the mineral soil solutions of both studied soil depths were
positively related to the rainfall volume. DIN and DIP concentrations and fluxes tended to be positively re-
lated to the pH of the organic layer. My results demonstrate that nutrient dynamics were mainly controlled by
hydrological conditions in the studied steep forested catchments. Furthermore, small ecosystem inputs and

outputs indicated tight cycles of dissolved N, P and S in the study forest, except for DIS.
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Zusammenfassung

Die Regulation des Wasserkreislaufs durch tropische Bergwilder ist eine wichtige 6kologische Dienstleis-
tung fir die ortliche Bevdlkerung. Die Ziele meiner Arbeit waren (1) die Ermittlung der HauptflieBwege des
Wassers, (2) die Quantifizierung der Konzentrationen von organischem C (DOC), organischem N, P und S
(DON, DOP und DOS) und anorganischen N, P und S (DIN, DIP und DIS) in den Okosystemfliissen und (3)
die Identifizierung der wichtigsten Steuergrofen der geldsten C—, N—, P und S—Dynamik in einem tropischen
Bergwald in Siidecuador. Dazu bearbeitete ich drei 8—13 ha grofle Einzugsgebiete auf 1900—2200 m ii. NN.
Auf fiinf 20 m langen Transekten (mit einer Hohendifferenz von 10 m) wurden Messgerite installiert. Der
Freilandniederschlag wurde auf drei Freifldchen erfasst.

Zwischen Mai 1999 und April 2002 fielen durchschnittlich 2448 mm Niederschlag. Der 5'*0—Wert des Nie-
derschlags variierte stark (-12,6 %o bis +2,1 %o) zwischen unterschiedlichen Luftmassen. Bestandes-
niederschlag und Lateralfluss zeigten dhnliche 8'*0—Werte wie der Freilandniederschlag. Die 8'*0—Werte in
Mineralbodenlésung (-9,1 bis -3,0 %o) und Bachwasser variierten weniger (-5,8 bis -8,7 %o) als in Freiland-
und Bestandesniederschlag und Lateralfluss. Nach einem Starkregen stiegen die 8'*O—Werte im Bachwasser
schnell an und erreichten dhnliche Werte wie in Regenwasser und Lateralfluss. Dies zeigt, dass wahrend
Starkregens Wasser schnell oberflachenparallel in der organischen Auflage zum Vorfluter floss. Eine
Zwei-Komponenten—Ganglinienseparierung auf '*O—Basis ergab einen Beitrag des oberflichennahen Ab-
flusses von 44—81 % in den drei Einzugsgebieten zum gesamten Abfluss fiir ein ausgewéhltes Ereignis.

Der Kronenraum fungierte als eine geringe, die organische Auflage als die Hauptquelle fiir DON, DOP und
DOS, die nahezu vollstindig vom Mineralboden zuriickgehalten wurden. Die Anteile der organisch gebunde-
nen Formen an den Gesamtkonzentrationen von N, P und S betrugen im Durchschnitt 54, 78 und 59 % und
zeigten sowohl elementspezifische als auch flussabhidngige Variationen. Die Anteile von DON (23-81 %)
zeigten geringe, die von DOP (5—100 %) starke Schwankungen in allen Losungen. Die DOS—Anteile waren
in allen oberirdischen Fliissen hoch (51-100 %) und deutlich geringer im Mineralboden (8—49 %). Der pH-
Wert korrelierte auf der Ebene einzelner Bdden positive mit den DOC-, DON-, DOP- und
DOS—Konzentrationen. Ansteigende DOC—Konzentrationen im Bachwasser wihrend Spitzenabflusses zei-
gen, dass Starkregen die Austrage an geloster organischer Substanz in regionalem MalBstab steuern.

Die DIN— und DIP-Konzentrationen stiegen beim Durchgang durch die Waldkrone an und nahmen im Mi-
neralboden stark ab. Im Gegensatz dazu waren die DIS—Konzentrationen im Mineralboden und im Bachwas-
ser am grofiten. Folglich fungierte die organische Auflage als Hauptquelle fiir DIN, der Kronenraum fiir DIP
und der Mineralboden fiir DIS. Gleichzeitig war der Mineralboden eine Senke fiir DIN und insbesondere fiir
DIP. Der Wechsel von Austrocknung und Wiederbefeuchtung der Boden erhdhte die Freisetzung von DIN.
Durch Starkregen ausgeloste hohe Abfliisse waren mit Spitzenkonzentrationen an NO;—N und teilweise auch
NH4—N im Bachwasser verbunden. Die DIP— und DIS—Konzentrationen im Bestandesniederschlag und
Stammabfluss korrelierten negativ mit den zugehodrigen Wasserfliissen; die DIS—Konzentrationen in den
Mineralbodenlésungen korrelierten dagegen positiv mit den Regenvolumina. Der pH—Wert der organischen
Auflage beeinflusste die DIN— und DIP—Konzentrationen im Streuperkolat positiv.

Meine Ergebnisse zeigen, dass wissrige C—, N—, P—und S—Fliisse in den steilen bewaldeten Einzugsgebieten
iiberwiegend von den hydrologischen Bedingungen gesteuert werden. Geringe Ein— und Austrige an gelos-

tem N, P und S, mit Ausnahme von DIS, weisen auf einen weitgehend geschlossenen Elementkreislauf hin.
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Resumen

Los bosques tropicales de montafia regulan el ciclo hidroldgico de las areas altas, prestando un importante
servicio a las poblaciones locales. Los objetivos del presente trabajo fueron: (1) determinar las sendas mayo-
res del flujo hidroldgico, (2) cuantificar las concentraciones en solucion de C organico y de las formas or-
ganicas e inorganicas de N, P, y S; y (3) identificar los factores principales que controlan la dindmica del C,
N, Py S disueltos, en un bosque tropical de montafia en el sur del Ecuador.

Se seleccionaron tres microcuencas (MCs) de 8 a 13 ha de extension, cubiertas de bosque de montafia, en un
rango de altitud de 1900—2200 m s.n.m. Se instalaron equipos cientificos en cinco transectos, de cerca de 20
m de longitud con un rango de altitud de 10 m. El registro de la precipitacion se realizé en tres sitios defores-
tados, cercanos a las microcuencas. A lo largo de los tres aflos de monitoreo, entre mayo de 1999 y abril de
2002, en el area de estudio se registré un promedio de precipitacion de 2448 mm. EI "0 de la Iluvia presen-
t6 grandes variaciones (-12.6 %o to +2.1 %), relacionadas con diferentes masas de aire. Los valores de 8'%0
de la precipitacion que atraviesa el dosel y del flujo lateral, fueron similares a aquellos de la lluvia. Las varia-
ciones de los valores de 'O en la solucion del suelo y en la corriente de salida (-9.1 %o a -3.0 %o y -5.8 %o a
-8.7 %o), fueron menores que aquellos de la Iluvia, la precipitacion que atraviesa el dosel y el flujo lateral.
Los valores de 8'0 en la corriente de salida se incrementaron inmediatamente después de un aguacero inten-
so, a valores isotopicos similares a aquellos de la lluvia y del flujo lateral. Esto indica que durante las lluvias
intensas, el agua fluye rapido paralelamente a la superficie en la capa organica a la corriente de salida. Duran-
te este tiempo, el contenido de agua de la capa organica fue mas alto que en la parte superior del suelo mine-
ral. Los resultados de un hidrograma de separacion de dos componentes isotopicos para las tres microcuen-
cas, mostraron que el agua nueva de lluvia (evento de agua) contribuyo con el 44—81 % de la escorrentia total
del flujo de tormenta, durante una descarga pico seleccionada.

El dosel fue una pequeiia y la capa organica la mayor fuente de NOD, POD y SOD, los cuales fueron casi
completamente retenidos en el suelo mineral. Las formas organicamente enlazadas contribuyeron, en prome-
dio en todas las soluciones, con 54 %, 78 %, y 59 % de las concentraciones totales de N, P y S, respectiva-
mente. La contribucion de las formas organicamente enlazadas al total de las concentraciones de nutrientes
fue elemento—especifica y presentd diferencias entre los flujos del ecosistema. Las proporciones de NOD
(23—81 %) fueron similares; en tanto que, aquellas de POD (5—100 %) fueron altamente variables en todas
las soluciones. Se encontraron elevadas porciones de SOD en los flujos sobre el suelo (51100 %) y menores
en el suelo mineral (8—47 %). El pH se correlacion6 positivamente con el COD y con las concentraciones
orgénicas de N, P y S a la escala de los pedones. El incremento de las concentraciones de COD en la cor-
riente de salida después del aguacero, indican que las lluvias torrenciales fueron un importante control de la
dinamica de la materia organica disuelta a escala regional.

Durante el paso del agua a través del bosque, las concentraciones de N inorgénico disuelto (NID) y de PID se
incrementaron entre el dosel y el suelo mineral, disminuyendo fuertemente en el suelo mineral. Por el contra-
rio, las concentraciones de SID fueron las mayores en el suelo mineral y en la corriente de salida. Consecuen-
temente, la capa organica fue la mayor fuente de NID, el dosel de PID y el suelo mineral de SID. El suelo
mineral fue sumidero para el NID y particularmente para el PID. El secado y humedecimiento del suelo pro-
movio la liberacion de N inorganico. Los elevados niveles de las descargas después de los aguaceros inten-
sos, se asociaron con los ritmos de las concentraciones de NO;—N y parcialmente también de NH,—N en el

agua de la corriente de salida. Las concentraciones de N—nitrato en la corriente de salida se relacionaron



xvii

positivamente con las condiciones de la escorrentia. Las concentraciones de PID y SID en la precipitacion
que atraviesa el dosel y en el flujo del tallo, se correlacionaron negativamente a los flujos de agua respecti-
vos; mientras que, las concentraciones de SID en las soluciones del suelo mineral, a las dos profundidades
estudiadas, fueron positivamente relacionadas al volumen de la lluvia. Las concentraciones de NID y de PID
y los flujos, tendieron a correlacionarse positivamente con el pH de la capa organica. Los resultados demues-
tran que la dindmica de los nutrientes fueron principalmente controlados por las condiciones hidrolégicas en
las microcuencas boscosas y de pendiente pronunciada estudiadas. Ademas, pequenas entradas y salidas en el

ecosistema indican ciclos cerrados para el N, P y S disueltos en el bosque estudiado, excepto para el SID.
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1 General introduction

1.1 Background

Starting in the early 1960ies (Bormann et al. 1963), forest ecosystems have been studied to
improve the understanding of the functioning of forests and their significance for the
nearby living human population. While numerous extensive ecosystem studies have been
conducted in forests of the northern hemisphere in the past decades (Matzner & Ulrich
1981; Zottl 1987; Likens & Bormann 1995; Matzner 2004), investigations of forest ecosys-
tems in tropical regions, especially in montane areas, where forests are often primary and
less affected by anthropogenic deposition from the atmosphere, are comparatively few and
mostly only cover short time periods.

Nevertheless, tropical montane forests are under increasing pressure, since the demand
for new land for human purposes has reached even less accessible regions (Aldridge et al.
1997). As a consequence, forests are cleared for agricultural use (mainly vegetable crop-
ping and grazing), fuelwood and charcoal production, harvesting of timber and non—timber
products (e.g. orchids and bromeliads), infrastructural projects, and mining (Aldridge et al.
1997; Bruijnzeel 2001; Hamilton et al. 1995). In Ecuador, according to a threat analysis
published by the UNEP-WCMC (United Nations Environment Programme — World Con-
servation Monitoring Center), the greatest threats to cloud forest are conversion to agricul-
tural and grazing land (Aldridge et al. 1997). This holds also true for the study area in
south Ecuador, since Paulsch et al. (2001) found in an analysis of the land—use induced
vegetation structure in the Rio San Francisco valley that local land—use dynamics appear as
initial burning of the primary forest (sometimes removing valuable trees previously) and
subsequently planting pasture or maize. Since these sites lose their agricultural value be-
cause of the invasion by ferns after a short time, the burning of further primary forest areas
continues. Reforestation activities are rare and, if realized, frequently consist of the plant-
ing of exotic tree species like eucalyptus and pine in monocultures.

While the destruction of huge areas of tropical lowland forests, like the Amazonian rain

forests, has received wide public attention (Wuethrich 1993), the creeping disappearance
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of tropical montane forests, often appearing as small, fragmented pieces and located in
remote mountainous areas, remains more clandestine (Bubb et al. 2004). Hamilton et al.
(1995) estimated that about 90 % of the tropical montane cloud forests in the north Andes
have been lost through human activities.

This process is irreversible in many regions because of the rapid erosional loss of the
soil cover, which is the prerequisite for forest growth. The loss of the forest cover in these
regions is not only serious because of its immense inherent biodiversity and associated
gene pool (Bubb et al. 2004), but also causes severe effects on the local population, since
the water protecting function of the forest is removed (Bruijnzeel 2001). This function in-
cludes the balance of water yields during drier and wetter periods and regions (Bruijnzeel
1990; Bruijnzeel & Proctor 1995), e.g. during extreme rainfall and drought periods follow-
ing the ‘El Nifo’ and ‘La Nifia’ phenomena in the northern Andean region (Foley et al.
2002), the maintenance of high water quality for the downslope population because of the
filtration effect of the forest, and the protection of the soil from erosion and the accompa-
nying loss of nutrients from the often little fertile soils (Aldridge et al. 1997). Furthermore,
the reduction of soil erosion diminishes the risk of landslides, which are a great threat for
human communities and infrastructure in these regions (Bremer 1999, Daugherty 1973).
On a global scale, it can be assumed that tropical montane forests contribute to the reduc-
tion in the atmospheric concentration of the climatically active CO, because of the seques-
tration of considerable carbon amounts, which is reported for neotropical forests in general
by Malhi & Grace (2000).

As a consequence of the ecological importance and the services provided for the local
population, the preservation and restoration of this valuable ecosystem is of high interest
for local and global concerns. This requires a more detailed insight into the biogeochemical
cycles of this ecosystem, particularly the cycling of plant nutrients and its controls. More-
over, the need for more scientific data from tropical montane forests in order to expand the
information base for these highly threatened ecosystems is highlighted in the recommenda-
tions for future work by Aldridge et al. (1997) from the WCMC.

The soil scientific subproject, which was the frame of my thesis, is part of the DFG

(German Research Association) research unit 402: ‘Functionality in a Tropical Mountain
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Rainforest: Diversity, Dynamic Processes and Utilization Potentials under Ecosystem Per-
spectives’. The focus of my subproject is the biogeochemistry and hydrology of a tropical
montane rain forest in the southern Ecuadorian Andes. This region is known as one of the
‘phytobiodiversity hotspots’ of the world (Barthlott et al. 1996). The multidisciplinary ap-
proach of biological, geoscientific, and forest scientific research groups intends to provide
a comprehensive understanding of the functioning of this complex tropical ecosystem,

which is the prerequisite for its sustainable use and protection.

1.2 Hydrologic and element cycles of tropical montane forests

Tropical montane forests are specifically characterized by two major features: 1) high water
input via rainfall including the frequent occurrence of rainstorm events and ii) the location
on steep montane slopes. These environmental factors strongly influence the cycling of
nutrients in tropical montane forest ecosystems, because water is the major transport me-
dium for nutrients and its movement is significantly influenced by topographic conditions
(Likens & Bormann 1995; Bonell et al. 1998). A large part of water—carried nutrients is
dissolved and therefore directly available for plants. Figure 1 illustrates the hydrological
cycle of a tropical cloud forest.

The input of nutrients to a forest originates from two major pathways: wet and dry
deposition. The former mainly consists of dissolved electrolytes, which are precipitated
onto the forest canopy with the incident rain water or with stripped water from fog and
clouds. The latter is termed ‘occult precipitation’ (Zadroga 1981) and is described as a
typical characteristic of many tropical montane forests, which has led to the term ‘montane
cloud forest’ in the literature for forests under frequent or persistent cloud or fog cover, e.g.
in coastal fog belts and at higher mountainous regions (Bruijnzeel 2001; Bubb et al. 2004;
Hamilton et al. 1995; Stadtmiiller 1987). Mechanisms of dry deposition include sedimenta-
tion, absorption and impaction of particulate and gaseous compounds (Bruijnzeel 1990,
Parker 1983). Dry deposition can be significant in industrialized regions because of ele-
vated emissions of particles and gases from vehicles and industrial facilities, in coastal

areas, and also in arid regions owing to wind—blown dust (Parker 1983). In contrast, in
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regions distant from anthropogenic and natural sources and further subject to frequent rain-
fall events, dry deposition is assumed to play a smaller role for the element input into eco-

systems than in more anthropogenically affected regions (Parker et al. 1983; Lin et al.

2000).

| Evapotranspiration |
-

Cloud water
interception

Evaporation
(interception)

Direct

|T3rown dr throughfal

Figure 1: Hydrological cycle in a cloud forest (from Douglas 1978).

While a variable part of the incoming water is intercepted by the canopy and afterwards

directly evaporates back to the atmosphere (0 to 42 % of total annual rainfall in tropical
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montane forests (Cavelier et al. 1997, Scatena 1990), the other portion passes through the
canopy and reaches the forest floor as throughfall (direct throughfall and crown drip) and
stemflow. According to Bruijnzeel (1990), annual throughfall comprised 75—86 % of the
total annual rainfall in six studied tropical montane forests. During the passage through the
canopy the concentration of solutes is altered by canopy interactions. These interactions
include element uptake and release by plants, particularly epiphytes (Cavelier & Goldstein
1989; Veneklaas 1990), and microbes on plant tissues (Lovett & Lindberg 1984), and fur-
thermore the washout of dry deposition (Lindberg et al. 1986).

According to Vitousek & Sanford (1986), the majority of studies in tropical forests
found a net leaching of most nutrients from the forest canopy. Although element concen-
trations in stemflow are often even higher than in throughfall, the total input flux via stem-
flow is small, since the annual contribution comprises only 1-2 % of the incident rainfall
(Bruijnzeel 1990). This might nevertheless have a considerable impact on the small area
around the stems (Herwitz 1986, Hafkenscheid 2000, Proctor 1987, Wilcke et al. 2001).
The chemical composition of throughfall and stemflow is of high ecological significance,
since these fluxes supply directly bioavailable nutrients to the forest soil.

During the passage through the forest canopy and the upper soil regions, a portion of the
infiltrating water is taken up by the forest plants and given back to the atmosphere via tran-
spiration.

After falling on the forest floor, the water percolates through the soil organic layer,
normally in vertical directions until it reaches less permeable zones, like clayey horizons or
bedrock, where the flow paths may be diverted to lateral directions (Guehl 1983) whereby
the flow velocity remains low (‘throughflow’ according to Kirby & Chorley 1967). How-
ever, high water input during rainstorm events may lead to an excess of the infiltration ca-
pacity of the underlying soil layers (Bruijnzeel 1990) resulting in rapid lateral interflow
(‘quickflow’ in Ward 1984; ‘subsurface stormflow’ in Dunne 1978). This has been found
to be a common runoff process on steep slopes in tropical regions (Bruijnzeel 1990;
Schellekens et al. 2004). The frequently observed increase in solute concentrations in the
litter percolate of tropical montane forests is caused by the leaching of soluble substances

from the organic layer, which frequently is thick and contains high concentrations of easily
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soluble elements (Bruijnzeel et al. 1993; Hafkenscheid 2000; Steinhardt 1979; Wilcke et
al. 2001, 2002).

Under normal hydrological conditions (i.e. under non—stormflow conditions), the water
percolates slowly through the soil matrix of the mineral subsoil, which is characterized by
a markedly higher bulk density and the abundance of sorption sites at mineral surfaces.
The adsorption to soil particles and the uptake by plant roots lead to a decrease of nutrient
concentrations in the mineral soil solution (Stevenson & Cole 1999). The presence of pref-
erential flow paths through macropores in the soil (e.g. root pipes, soil cracks, stone sur-
faces) and the location on steep hillslopes can initiate a ‘bypassing’ of the mineral soil ma-
trix (Qualls et al. 2002) resulting in ‘nutrient pulses’ in the stream water of small water
catchments (Lodge et al. 1994) because of the preferred leaching of some elements. This
special runoff mechanism is promoted by extraordinary water input volumes and
near—waterlogged soil conditions (Buttle 1998). Thus, the amounts of nutrients that are
leached from the ecosystem are strongly affected by the current hydrological conditions
(Burt 1986).

Because of the ‘filtration function’ of the soil, element concentrations in stream water
are generally low, except for elements that are released by mineral weathering (McDowell
1998; McDowell & Asbury 1994). Under baseflow conditions, solute concentrations in the
stream water remain relatively constant because of the high infiltration capacity and per-
meability and the rapid adjustment of chemical equilibriums in forested soils (Likens &

Bormann 1995).

1.3 Research objectives

Many ecosystem studies in tropical montane forests were conducted for only a one—year
period and/or biweekly up to monthly sampling intervals. This is attributable to the remote
locations with difficult environmental conditions on steep slopes and resulting logistic
problems, like accurate sample treatment and quick sample transport to the analytical labo-
ratory. Nevertheless, to be able to assess the temporal variability of the element dynamics

on smaller (influence of rainstorms) and greater (seasonal patterns) time scales, a higher
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sampling resolution and longer total monitoring periods are necessary. Therefore, this
study covers a three—year monitoring period with weekly sampling intervals.

The investigation of the functional linkage between the hydrological and the biogeo-
chemical cycle in a tropical montane forest in south Ecuador was the overall objective of

my work. In detail the specific aims were

» to determine the major hydrological flow paths in the study forest in relation to
weather conditions and elucidate their influence on the nutrient dynamics

» to quantify concentrations of the dissolved organic forms of C, N, P, and S and
their contributions to total N, P, and S in the ecosystem fluxes and compare
them to those in temperate and other tropical forests

» to quantify concentrations and fluxes of the dissolved inorganic forms of the
plant nutrients N, P, and S in the ecosystem fluxes across an ecosystem profile
and to set up an input—output budget for three small forested catchments

» to identify the major controls of the dissolved C, N, P, and S dynamics in the

study forest
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2 Materials and Methods

2.1 Study site

2.1.1 Location

The study site is located on the eastern slope of the ‘Cordillera Real’, the eastern Andean
cordillera in south Ecuador facing the Amazon basin between the cities of Loja and
Zamora in the province Zamora—Chinchipe at 4° 00" S and 79° 05" W (Figure 2). On the
forested north—exposed side of the valley of the Rio San Francisco, three 30—50° steep
microcatchments (MC1-3) under montane forest at an altitude of 1900-2200 m above sea
level (a.s.l.) were selected (Figure 2). All catchments are drained by small tributaries to the
Rio San Francisco which flows into the Amazon basin.

The study area is characterized by high relief energy because of the steep slopes with a
mean inclination of 38° and locally extreme values of 70° (R. Stoyan, personal communi-
cation). The maximum difference in elevation of the area covers 1340 m between the bot-
tom of the valley of the Rio San Francisco (1800 m a.s.l) and the highest peak, the ‘Cerro

de Consuelo’ (3140 m a.s.]).

2.1.2 Bedrock

The southern Cordillera Real is mainly built up by the ‘Zamora series’, consisting of pa-
lacozoic metamorphic rocks of widely varying metamorphic grade (Litherland et al. 1994).
The study site is underlain of an interbedding of folded mainly low metamorphic phyllites,
quartzites, and metasandstones, which is called ‘Chiguinda unit’ of the ‘Zamora series’

according to Litherland et al. (1994).

2.1.3 Soils

Recent soils have developed on postglacial landslides or possibly from periglacial cover
beds (Wilcke et al. 2001, 2003). The dominating soil type in all catchments was a Humic
Dystrudept (USDA—NRCS 1998) occupying 38 %, 60 %, 28 % of the area of MC1, 2 and

3, respectively (Yasin 2001). Different soil types have developed dependent on their topog-
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raphic position. While on the ridge tops soil types were Humic Dystrudepts, Aquic

Dystrudepts, and Terric Haplosaprists, in the valley bottoms Oxyaquic Eutrudepts,

Oxyaquic Dystrudepts, Aquic Eutrudepts, and Histic Humaquepts were found (Yasin
2001). All soils are shallow, loamy—skeletal with high mica content (Yasin 2001).

The organic layer consisted of Oi, Oe, and Oa horizons (‘Moder’ according to the Ger-
man soil classification, AG Boden 1994) in most parts of the study catchments and had a

thickness between 2 and 43 cm (average of 16 cm; Wilcke et al. 2002).
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Figure 2: Location of the study area.

Because of the greater thickness and element concentration the elemental storage in the

organic layer was high compared with forest soils in other temperate and tropical regions
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(Wilcke et al. 2002). The abundance of macropores in the organic layer developed as soil
pores and cracks, and root channels (Fleischbein 2004) resulted in a low bulk density (Ta-
ble 1). The bulk density further increased with depth in the mineral soil ranging between
mean 1.1 g cm™ in the A horizon and mean 1.4 g cm™ in the B horizon (Fleischbein 2004).
The high stone content of the mineral soil (estimated mean 36 % in the upper 0.5 m, Fleis-
chbein 2004) is considered to provide preferential flow paths (J. Zeilinger, personal com-

munication).

Table 1: Mean and range (in parentheses) of selected properties of 47 O and A horizons collected
from three ca. 10 ha—large microcatchments under lower montane forest in south Ecuador. (taken

from Wilcke et al. 2002 and Yasin 2001), CEC: cation—exchange capacity and BS: base satura-

tion).
C N P S
horizon thickness [cm] bulk density [g cm™] pH (H,0) Total concentrations [g kg™']
Oi 2.5 0.08 5.0 463 17 0.87 2.0
0.5-7) (0.06-0.09) (3.9-74)  (251-529) (7.5-28) (nd.*-4.6) (1.2-2.8)
Oe 4.1 0.11 4.5 428 23 0.95 2.5
(0.5-25) (0.06-0.20) (3.5-7.1)  (262-516) (12-32) (nd.—1.5) (1.6-3.6)
Oa 9.1 0.2 3.8 370 23 0.97 3.0
(0.5-32) (0.12-0.29) (3.1-6.7)  (105-503) (8.3-32) (0.39-2.2) (l1.3-10)
CEC [mmolc kg™ BS [ %]
A 72 29 43 35 4.5 3 1.2
(15-152) (1.3-103) (3.7-6.4) (2.8-92) (0.52-58) (n.d.—102) (0.12—40)

?n.d. : not detected

2.1.4 Vegetation

Microcatchments 2 and 3 are entirely forested, whereas the upper part of MC1 has been
used for agriculture until about 10 years ago. This part is currently undergoing natural suc-
cession and is covered by grass and shrubs. The forest in microcatchments 2 and 3 seems
to be undisturbed. However, there is a disused pathway, which connects Loja and Zamora,
as well as high—voltage lines and a small water channel from a nearby power station in the

lower part that might be secondary forest.
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Bruijnzeel (2001) pointed at the difficulties concerning the distinction of different types
of tropical montane forests, which have led to a number of partly overlapping terms. Sev-
eral key features have been suggested including elevation, abundance of epiphytes, dura-
tion of cloud cover, stem thickness and density and tree height.

The study forest can be classified as ‘bosque siempreverde montafio’ (evergreen mon-
tane forest, Balslev and Ollgaard 2002) or as Lower Montane Forest (Bruijnzeel & Hamil-
ton 2000), which is described as a ‘tall forest little affected by low clouds but rich in epi-
phytes’ by Bruijnzeel & Hamilton (2000), since this definition was in good agreement with
own observations. The most frequent tree families of the study forest are Lauraceae, Rubi-
aceae, Melastomataceae and Euphorbiaceae. The tallest and species—richest forest is found
on lower slopes and in ravines where the canopy reaches 25 m with some emergents of up
to 35 m. Characteristic taxa are Inga (Mimosaceae), Miconia (Melastomataceae),
Hyeronima (Euphorbiaceae), Ficus (Moraceae), Piper (Piperaceae), and Prumnopitys mon-
tana (H.&B.) de Laub (Podocarpaceae). On nearby upper slopes and ridges, forest stature
and tree species composition is different with only few trees reaching more than 15 m.
Some frequent species are Alchornea pearcei Britton ex Rusby (Euphorbiaceae), Podocar-
pus oleifolius D. Don (Podocarpaceae), Alzatea verticillata Ruiz & Pav. (Alzateaceae)
various Lauraceae, and Purdiaea nutans Plancheon (Cyrillaceae). The latter dominates the
forest above 2100 m of elevation. The most abundant tree species between 1800 and 2200
m is Graffenrieda emarginata (Ruiz & Pav.) Triana (Melastomataceae) which is mainly
restricted to upper slopes and ridges. In the undergrowth stratum, the forest has a high per-
centage of Cyatheaceae. The ground flora is dominated by ferns and large herbs (Homeier
et al. 2002; Paulsch 2002; J. Homeier, University of Bielefeld, Germany, personal commu-

nication).

2.1.5 Regional climatic conditions

For the eastern Andean slopes at altitudes between 1000 and 3600 m a.s.l., an unimodal
distribution of the annual precipitation with a single rainfall maximum between April and
September and without a dry season is typical (Bendix & Lauer 1992). The rainfall maxi-

mum between April and September is caused by the winds of the equatorial current, which
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induces orographic precipitation at the eastern Andean slope. The drier season is caused by
the Low Level Jet that reaches the eastern Andean slope between October and March (Ben-
dix & Lauer 1992).

Additional climate data were available from a meteorological station (P. Emck, Fried-
rich—Alexander—University of Erlangen—Niirnberg, Germany, personal communication)

between MC 2 and 3 (Figure 2).

Figure 3: View of microcatchment 2 (MC2) from the opposite valley side. The white line marks the

water catchment boundary.

June tended to be the wettest month with 302 mm of precipitation on average, in con-
trast to 78 mm in each of November and January, the driest months. The mean temperature
at 1950 m a.s.l. was 15.5 °C. The coldest month was July, with a mean temperature of 14.5
°C, the warmest November with a mean temperature of 16.6 °C. The prevailing directions
of the synoptic wind recorded at the highest peak of the study area (3140 m a.s.l) were
easterly during more than 80 % of the observed time period, while the air circulation was
dominated by valley—mountain wind systems. As climate data covers a period of four years

and adjacent Ecuadorian weather stations didn’t indicate any climatic peculiarities for this
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time period, data can be considered as mean local climatic conditions (P. Emck, personal
communication). More detailed results of precipitation volumes of the study site are pre-

sented in chapter 3.1.

2.2 Methods

2.2.1 Experimental design

The long—term experiences of the extensive ecosystem study at the Hubbard Brook Ex-
perimental Forest have led to the suggestion of a ‘small watershed approach’ for the inves-
tigation of the complex biogeochemistry of forest ecosystems, since this method enables
quantitative budgets for the most macronutrients (Likens & Bormann 1995). Following this
recommendation, three small water catchments (‘microcatchments’) were equipped with
scientific measurement devices. Microcatchment 1 has a size of ca. 8 ha, MC2 of ca. 9 ha
(Figure 3), and MC3 of ca. 13 ha (Yasin 2001).

To assess the aquatic cycle of nutrients through the studied ecosystem, the major eco-
system fluxes in a vertical ecosystem profile were sampled based on a compartment model
suggested by Matzner & Ulrich (1981) following the way the water takes through the for-
est (Figure 4).

Equipment in each microcatchment was installed on transects, about 20 m long with a
altitude range of 10 m, on the lower part of the slope at 1900—1910 m a.s.l. (transects MCl1,
MC2.1, and MC3). Extra instrumentation was installed at 1950-1960 (MC2.2) and
2000—2010 m a.s.l. (MC2.3; Figure 2). All transects were located below closed forest can-
opy and aligned downhill. Three unforested sites near these microcatchments were used for
rainfall gauging. Gauging site 2 existed since April 1998, gauging sites 1 and 3 were built
in May 2000. Each gauging station for incident precipitation consisted of five samplers.
Solution sampled by rainfall collectors was ‘bulk precipitation’ (Whitehead & Feth 1964),
since collectors were open to dry deposition between rainfall events (Parker 1983). How-
ever, the contribution of dry deposition to rainfall collectors was assumed to be low be-

cause of the small sampling area compared to the ‘aerosol trapping capacity’ of the entire
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forest (Parker 1983). Each of the five transects was equipped with five throughfall collec-
tors evenly distributed on the transect (in May 2000 three more collectors were added on
each transect).

All throughfall samplers had a fixed position that was arbitrarily chosen and evenly dis-
tributed along the transects. To rove samplers after each sample collection, as suggested by
Lloyd & Marques—Filho (1988) to improve the representativity of the sample would have
resulted in an unacceptable damage to the study forest that was only accessible on very

steep machete—cleared and rope—secured paths.

(incident) rainfall

R

throughfall (direct throughfall

+ crown drip) and stemflow

lateral flow (in the litter leachate
organic layer) (vertically)

v VY VvV Vv v

mineral soil solution

v v

stream water

Figure 4: Sampled ecosystem fluxes in the studied tropical montane forest.

Furthermore, three collectors for lateral flow and litter leachate were installed at lower,
central, and upper positions along the transects and three suction lysimeters for soil solu-

tion sampling at each 0.15 m and 0.30 m depths in the mineral soil at in central position of
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the transect. Soil solution was sampled since May 2000 after equilibration of the lysimeters
in the soil for four months. Stream water samples were weekly taken from the center of the
streams at the outlet of each catchment.

Throughfall and rainfall collectors consisted of fixed 1—1 polyethylene sampling bottles
and circular funnels with a diameter of 115 mm. The opening of the funnel was at 0.3 m
height above the soil. The collectors were equipped with table tennis balls to reduce evapo-
ration. Incident rainfall collectors were additionally wrapped with aluminum foil to reduce
the impact of radiation. Stemflow collectors were made of polyurethane foam and con-
nected with plastic tubes to a 10—1 container (Likens & Eaton 1970). In each catchment,
four trees of the uppermost canopy layer and one tree fern belonging to the second tree
layer were used for stemflow measurements. The species were selected to be representative
of the study forest although this was difficult because of its high plant diversity. A list of
the selected species is given in Table 2.

Collectors for lateral flow samples consisted of a halved plastic pipe covered with a
polyethylene net (0.5 mm mesh width), which was connected to 1-1 polyethylene sampling
bottles. The collectors were installed within the organic layers with the open side perpen-
dicular to the soil surface to catch water moving through the organic layer parallel to the

soil surface.

Table 2: Species and diameter at breast height of the trees used for measuring stemflow in three

microcatchments (MC1—-3) under lower montane forest in south Ecuador.

MC1 dbh MC2 dbh MC3 dbh
[em] [cm] [cm]
Heliocarpus americanus L. Heliocarpus americanus L. Heliocarpus americanus L.
78 123 116
(s.0.) (s.0.) (s.0.)
Sapium aereum Klotzsch 90 Sapium aereum Klotzsch ex 70 Sapium aereum Klotzsch ex 108
ex M. Arg M. Arg M. Arg
Cecropia villosa C. C. 95 Cecropia villosa C. C. Berg 122 Cecropia villosa C. C. Berg 111
Berg & P. Franco, sp. nov. & P. Franco, sp. nov. & P. Franco, sp. nov.
Turpinia occidentalis (Sw.) 44 Piptocoma dzsco'lor (Kunth) 7 Ocotea sp. 33
G. Don. Pruski
Cyathea caracasana 66 Cyathea caracasana 75 Cyathea caracasana 74
(Klotzsch) Domin (Klotzsch) Domin (Klotzsch) Domin

Litter leachate was sampled by zero tension lysimeters, consisting of plastic boxes (0.20
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x 0.14 m sampling area) covered with a polyethylene net (0.5 mm mesh width). The boxes
were connected to 1—1 polyethylene sampling bottles with a plastic tube. The lysimeters
were installed from a soil pit below the organic layer parallel to the surface. The organic
layer was not disturbed, most roots in the organic layer remained intact (Wilcke et al.
2001). Lateral flow and litter leachate collectors were positioned at the lower, central, and
upper part of each transect. A combined sample for every transect was produced by bulk-
ing the single samples directly in the field.

Mineral soil solution was sampled by suction lysimeters (mullit suction cups, 1 pm +
0.1 um pore size) with a vacuum pump. Vacuum was applied only one (moist conditions)
or two times (dry conditions) per sampling week, respectively. Pressure was adjusted to the
matric potential. The lysimeters do not collect the soil solution quantitatively (Jemison &
Fox 1992). Stream water samples were taken from the center of the streams at the outlet of

each microcatchment.

2.2.2 Field sampling

Dissolved nutrient samples

Water samples were collected between May 1999 and April 2002 for DOC, DIN and DON
and between May 2000 and April 2001 for DOP, DOS, DIP and DIS on a weekly basis.
For P and S analyses, weekly samples were combined to monthly samples in the field labo-

ratory.

Isotope samples

Between August 2000 and August 2001 water samples of rainfall, throughfall, lateral flow,
soil solution at 0.15 m and 0.30 m depth in the mineral soil, and stream water at the outlet
of each microcatchment for isotope analyses were collected. Sampling was carried out bi-
weekly for isotopes, and each sample represented an average of the previous week except
that of stream water. Rainfall, throughfall, lateral flow, and soil solution sampling was ac-
complished by mixing the single volumes of each collector at each transect and rainfall
gauging site, respectively. Furthermore, an ‘event sample’ was taken immediately after the

rainstorm event on 19 September 2000 to examine how the isotope values changed. Water
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samples for '*0 and D analyses were stored in 10 and 100 ml glass bottles, the bottles were
tightly sealed with an aluminium cap containing a barrier septum immediately after collect-
ing in the field in order to prevent evaporation. Samples were stored at ca. 7 °C in a refrig-

erator until the analysed.

2.2.3 Hydrometric measurements

Rainfall, throughfall and stemflow were measured weekly by recording single volumes for
each collector. Furthermore, rainfall data in hourly resolution were available from the me-
teorological station between MC2 and 3 (Fig. 2) and three rain gauges under the canopy
next to each of the three weirs at the outlets of the catchments. Soil moisture conditions
were determined by five frequency—domain—reflectometry (FDR) probes on transect 2.1
(MC2). FDR—probes (Theta—probe ML2x, Delta—T Devices Ltd.) were installed in O, A,
and B horizon (3 probes in 0.10 m vertical distance in B horizon) and connected to a data-
logger (DT 50, UMS) for hourly registration of volumetric soil water content. Because of
uncertainties associated with the conversion of the measured FDR—signal in organic mate-
rial (Veldkamp & O’Brien 2000) the actual value of the volumetric water content of the
organic horizon might be underestimated. Nevertheless, since the output signal of the
FDR—probes is linearly related to the water content (Gaskin & Miller 1996), the curve of
the water content in the organic layer represents the correct temporal course.

Additionally, matric potentials were determined two times per week by manual—reading
tensiometers installed at 0.15 and 0.30 m depth of the mineral soil at one selection position
approximately in the center of each transect. Matric potentials were read directly in the
field by means of a manual display unit (Infields 5, UMS, Germany).

Water levels of catchment runoff were recorded hourly with a pressure gauge (water
level sensor) at the outlet of each microcatchment. Unfortunately, logger breakdowns oc-
curred during the runoff measurement likely because of the frequently wet conditions in
the studied forest. Data gaps were closed by means of the hydrological modeling program
TOPMODEL (Beven et al. 1995) as described in Fleischbein (2004). In MC1, the gaps
comprised 253, in MC2 261, and in MC3 298 days. TOPMODEL has successfully been

used in humid tropical catchments to examine the relative contributions of various flow
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paths during storm events (Molicova et al. 1997; Chappell et al. 1998), to model the runoff
conditions (Campling et al. 2002), and to assess the water balance (Kinner & Stallard
2004). For the study catchments, TOPMODEL was parameterized with a range of climatic,
topographic, and soil hydrologic variables measured in the study area to set up a water
budget by Fleischbein (2004). The model validation based on the comparison of calculated
runoff data from a four—year period (April 1998 to April 2002) with manually measured
weekly runoff data (Fleischbein 2004).

2.2.4 Hydrochemical analyses
Hydrogen and oxygen isotope analyses of water samples from the first 2.5 months were
conducted at the Alfred—Wegener—Institute for Polar and Marine Research, Potsdam.
Measurements were carried out with a Finnigan MAT Delta—S mass spectrometer using
standard methods. Analytical precision was better than +/-0.06 %o for 5'*0 and +/-1.3 %o
for 6D. The remaining samples were analyzed at the NERC Isotope Geosciences Labora-
tory, UK. Isotope samples were analyzed using the equilibration method for oxygen (Ep-
stein & Mayeda 1953), and Zn—reduction method for hydrogen (Coleman et al. 1982;
Heaton & Chenery 1990) and measurements were made on a VG SIRA mass spectrometer.
Analytical precision was typically +/-0.05 %o for 8'*0 and +/-2.0 %o for 8D.

Isotopic ratios (**0/'°0 and D/H) are generally expressed in delta units, 8'*0 and 8D %o,
and defined in relation to the international standard, V-SMOW (Vienna Standard Mean

Ocean Water):

(180/160)sample
(1 80/1 60)reference

8"®O0gample = —1|x 1000 in %o

Since the initial data showed that 8'30 and 8D fell on a local meteoric water line, and
therefore had a consistent relationship, further samples were analyzed only for '*0/'°0O
ratios apart from some soil solution samples, which were analyzed for 8D to examine pos-

sible evaporative effects. I used O and H isotope data in precipitation from Amaluza, Ec-

uador from the IAEA GNIP database (IAEA 2001) for comparison with my own data.
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The pH and CI concentration were measured immediately after collecting in the unfil-
tered sample solution (pH 330 pH meter with Sentix 41 glass electrode, WTW, Germany
and Cl'—specific ion electrode Ionplus 9617BN, Orion). For all further analyses, samples
were filtered in the field laboratory (ashless white ribbon paper filters, pore size, 4—7 pum;
Schleicher and Schuell) and stored frozen until export to Germany.

Water samples were analyzed for the concentrations of dissolved organic carbon (DOC)
(TOC—5050 Analyzer; Shimadzu Corp., Japan), and for dissolved inorganic nitrogen
(NH4—N and NO3—N + NO,—N, hereafter referred to as NOs;—N) and total dissolved nitro-
gen (TDN) concentrations colorimetrically with a continuous flow analyzer (SAN Plus;
Skalar Analytical B.V., Netherlands). Additionally, concentrations of total dissolved phos-
phorus (TDP) and sulfur (TDS, ICP-OES, Integra XMP, GBC Scientific Equipment Pty.
Ltd., Australia), PO,>, and SO4* (ion chromatography, DX—100; Dionex) were deter-

mined. The detection limits of the used analytical methods are summarized in Table 3.

Table 3: Analytical devices and detection limits for water analyses

Elements Analytical devices Detection limit

[mg I']
Cr Cl'—specific electrode 0.2
DOC Total organic carbon analyzer 1.0
TDN Continuous flow analyzer 0.075
NH, N Continuous flow analyzer 0.05
NO5-N Continuous flow analyzer 0.025
TDP Inductlvely—f:oupled plasma—atomic 02
emission spectrometer
PO,* Ion chromatography 0.3
TDS Inductlvely—.coupled plasma—atomic 0.3
emission spectrometer
S0~ Ion chromatography 0.3

2.2.5 Calculations and statistical evaluations

For one selected event, for which the 5'%0 values in rainfall and the stream water were
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available, a basic isotope two—component hydrograph separation for a rainstorm event was
conducted to estimate the contributions of event and pre—event waters to the total storm-

flow runoff during the event using the mixing equation

where X is the contribution of event water to total stormflow runoff and Cs, C,, and C. are
the o values in total stormflow (s), pre—event (p) and event water (¢), respectively.

The following assumptions were made to meet the conditions required for the applica-
tion of a isotope hydrograph separation:

(i) The 8'0 of the rainfall remained constant from the day before to the day after the
event. This was supported by nearly constant 'O values in rainfall of 19 and 20 Septem-
ber 2000 (-5.8 to -5.7 in MC1, -5.7 to -5.7 in MC2, and -5.6 to -5.6 %o in MC3, respec-
tively).

(ii) The 8'*0 of the stream water from 6 September 2000 was used to define the 8'°0
signal of pre—event water, since the three weeks before the rainstorm event were relatively
dry (22, 21, and 32 mm of rainfall) and the 8'%0 of the stream water remained nearly stable
(-6.7 to -6.8 in MC1, -6.9 to -7.0 in MC2, and -6.6 to -6.8 %o in MC3).

Correlation analyses followed the least squares method. To compare mean dissolved nu-
trient concentrations in solution between the study transects, the Wilcoxon matched—pairs
test for connected data rows was used. To compare means of data sets with different size, I
used the Spjotvoll & Stoline modification of Tukey’s Honest Significant Difference (HSD)
test (StatSoft Inc. 2000). Significance was set to p<0.05 for the post—hoc tests and to
p<0.01 for the Wilcoxon test. Statistical analyses were performed with STATISTICA for
Windows 5.5 (StatSoft Inc. 2000).

Nutrient fluxes were calculated for rainfall, throughfall, stemflow, and stream water by
multiplying the respective annual volume—weighted means (VWM) with the annual water
fluxes. Water fluxes in the soil were not quantified. For the calculation of stream water
fluxes a discharge—weighted mean (DWM) concentration for the runoff of each micro-

catchment was computed by multiplying the mean daily discharges of the sampling week
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by the mean weekly concentration of the individual constituents for the corresponding pe-
riod and dividing the sum of the products by the sum of the discharges.

In most studies, ‘DOC’ is operationally defined as <0.45 pum in diameter (Thurman
1985). In my study, filters with a pore size of 4—7 um were used except for mineral soil
solution (1 um). As Michalzik et al. (2001) did not observe a significant change in the con-
centrations of DOC and DON in litter leachates when filter pore diameters were increased
to 25 um, I considered all organic C, N, P, and S in my solutions as dissolved.

The concentrations of DON were calculated as difference between those of TDN and
NH4—N + NOs;—N, the concentrations of DOP as difference between those of TDP and
PO4—P, and the concentrations of DOS as difference between those of TDS and SO4—S. In
some cases, mainly in fluxes with low concentrations like rainfall and stream water (for N,
P, and S) and mineral soil solution (for P and S), measured concentrations of inorganic
forms were erroneously higher than measured total concentrations rendering the calcula-
tion of organic forms impossible. This happened in 0.6, 10, and 20 % of all samples for N,
P, and S, respectively. Furthermore, some samples had concentrations below the detection
limit of the analytical methods (0.075 mg I"' for N, 0.2 mg I"' for P, and 0.3 mg 1" for S).
This was the case in 7 % of the samples for dissolved inorganic N and TDN and in 29 %
for dissolved inorganic P and S. For calculation purposes, negative values of dissolved
organic solute concentrations and values below the detection limit were set to zero. Thus,

my annual means underestimate the real element concentration.
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3 Results

3.1 Hydrological conditions of the study site

3.1.1 Incident rainfall

Within the three—year monitored period between May 1999 and April 2002, on average
2448 mm of precipitation fell on the study area. The rainfall exhibited a typical seasonal
pattern with a wetter period between April and September and a drier period between Oc-
tober and March (Figure 5). During the monitored period, three weeks without rainfall oc-

curred between 21 and 27 August 1999 and between 2 and 15 November 2000 (Figure5).
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2nd year: 2643 + S.D. 39 mm
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Figure 5: Mean weekly rainfall and total annual rainfall amounts of the study area between May
1999 and April 2002. Standard deviation (S.D.) represents the temporal variation during the three
studied years.

The rainfall of the study area was characterized by rain events of varying duration and
intensity. According to Fleischbein (2004), who examined the rainfall distribution of the
study area in detail for a four—year period between April 1998 and April 2002, the total
rainfall was dominated by events with low intensity of <2 mm h™' (83 %). Events with a
medium intensity between 2 and 4 mm represented 15.2 %, while only 1.8 % were high

intensity rain events (4 to 14 mm h™).
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3.1.2 Soil water regime

As shown in Figure 6, the temporal courses of the mean matric potentials of the mineral
soil at the five study transects reflect the annual rainfall distribution of the study site show-
ing lower values during the drier season between October and March and higher values
during the wetter season between April and September. Matric potentials quickly re-
sponded to rainfall variations indicating a relatively rapid drying and rewetting of the soil
at all transects. Weeks with strongly reduced rainfall resulted in a strong decrease of matric
potentials, particularly in November 2000 and January 2002, indicating that the water con-
tent of the subsoil is markedly affected during dry periods. However, considering the entire
two—year period between May 2000 and April 2002, the temporal time course of the matric
potentials suggests that the mineral soil was relatively wet during the greater part of the
year often reaching nearly water—saturated moisture conditions. This was confirmed by
findings of Fleischbein (2004), who found frequent water saturation in the mineral soil at
an intensively studied test plot near transect MC2.2.

To study the response of the soil water regime to the incident rainfall in more detail,
high resolution data (hourly) of the rainfall (P. Emck, personal communication) and the
soil water content in the organic layer and the mineral soil of two periods during the driest
and the wettest period of the year were selected (Figures 7 and 8). Generally, the temporal
courses of the volumetric soil water content demonstrated the characteristic response of the
catchment soils to the local rainfall conditions with steep rising and flat falling limps of the
soil water content graphs (Figures 7 and 8). This illustrates a frequent alternation of soil
drying and rewetting cycles. Typically, when soil horizons were presaturated, short—time
rain events with high rain intensity caused a rapid increase in the soil water content. In the
short drier periods between the events, the soil water content quickly reacted with a decline
until the next rain event.

Figure 7 illustrates the transition from the wetter season between April and September
to the drier season between October and March. In October 2000 the soil horizons were
relatively wet because of the high water input during the preceding wetter period. From 21

October, rainfall decreased which was reflected in a decline of the soil water content in all
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Figure 6: Mean matric potentials of the mineral soil at five study transects and weekly rainfall of

the study site between May 2000 and April 2002.
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three studied soil horizons (O, A, and B horizons). The decline of the soil water content
was interrupted by a short rainy period around the 30 October, which caused a short—term
increase in the soil water content only in the A horizon, probably indicating interflow
within this soil layer. After this event, three weeks without rainfall followed resulting in a

simultaneous drying of the top— and the subsoil to low water contents.
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Figure 7: Rainfall volumes and volumetric soil water contents of the O, A, and B horizons on tran-

sect MC2.1 during the transition from a wet period to a drier period between 1 October and 1 De-

cember 2000.

The first rain on 17 November and subsequently the following events during the end of
November 2000 caused a soil water response remarkably only in the A and B horizons,
whereas there was no change in the water content of the organic layer. This may be ex-
plained with the ‘hydrophobicity’ of the dry organic layer components (Wilson et al.
1991), which induced a rapid transfer of the first rain water to the deeper soil layers. This
finding indicates a refilling of the soil water reservoir after a longer dry period from deeper
to higher soil regions. While the soil water contents of the A and the B horizons paralleled
each other after the first rain, the soil water content of the A horizon exceeded that of the B
horizon when rainfall was continuing after 24 November, again probably indicating inter-

flow in the A horizon.
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The soil water dynamics during the wettest period of the year between May and July are
shown in Figure 8. The courses of the soil water contents of the O, A, and B horizons are
paralleling each other with increasing values in the order O<A<B horizon during the entire
monitored period. Fluctuations were highest in the O and smallest in the B horizon. Again,
the soil water content increased directly (within 1 hour) after a rain event showing the fast-
est and strongest response in the O horizon. The different soil water responses on 19 and
27 June 2001 showing a faster increase immediately after the event on 19 June indicated a
negative relation between rainfall intensity and the time delay until the soil water content
responded to the event. This was confirmed by the quick reactions of the soil water content

during the rainstorm events on 26 May, 4 June, 13 July, and 20 July (Figure 8).
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Figure 8: Rainfall volumes and volumetric soil water contents of the O, A, and B horizons on tran-

sect MC2.1 during a wetter period between 23 May and 23 July 2001.

To illustrate the soil water dynamics during rainstorm conditions, three single rain
events on 4 and 5 June 2001 were selected (Figure 9). The volumetric soil water data indi-
cate an immediate response of the soil water regime to the rainstorm event within one hour.
The strongly elevated rain water input caused a rapid increase of the water content in the

organic layer and also in the mineral soil horizons.
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Figure 9: Rainfall volumes and volumetric soil water contents of the O, A, and B horizons on tran-

sect MC2.1 during a wetter period between 3 and 7 June 2001.

Notably, the first event on 4 June caused a greater net increase of the soil water content
in the O and A horizons than on the following events, though having a smaller peak rain
intensity (4.9 mm h™) than the third event (7.6 mm h™"). Again, this can be explained with a

higher presaturation of the soil after the first event on 4 June (see above).

3.1.3 Catchment discharge

Using the hourly discharge values (logged data and with TOPMODEL substituted data
gaps from Fleischbein 2004), the three—year means for the monitored period between May
1999 and April 2002 of the catchment discharge were 2.57 (MC1), 3.38 (MC2), and 3.36
(MC3) 15, respectively.

The discharge of all three microcatchments quickly responded to the incident rainfall
clearly reflecting the drier and the wetter periods of the year (Figure 10). Usually, the
courses of the catchment discharges were parallel. However, during periods with high wa-
ter input and/or heavy rainstorm events, MC3 showed a partly different behaviour from
MCI1 and 2. This is probably caused by a periodic contribution of water from a higher sub-

catchment (Figure 2), which supplies an additional water input after high level rain events
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combined with presaturated soil moisture conditions in the subcatchment (Yasin 2001).
This conclusion is furthermore confirmed by markedly higher DOC concentrations in the
stream water of MC3 than of MC1 and 2 associated with high runoff events (data not

shown) that might have originated in the peaty soils of the relatively flat subcatchment

(own field observation).
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Figure 10: Temporal courses of stream discharge of the three microcatchments (MC1-3) and rain-

fall volumes between May 1999 and April 2002

3.2 Combined oxygen isotope and hydrometric approach

3.2.1 Isotope signatures of ecosystem fluxes

The rainfall showed considerable variations in 8'*0 over the monitored year between 23
August 2000 and 15 August 2001 between -12.6 %0 (MC1) on 23 May 2001 and +2.1 %o
(MC1) on 15 August 2001 (Figure 11). The three microcatchments showed similar §'*0 in
rainfall over the year (standard deviation: less than 0.9 %o). The large variation in 8'*O
values over the year is due to the alternating influence of air masses from different source

regions and is shown by correlation of 8'*O of rainfall with synoptic wind directions. The
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comparison of my data with the weighted monthly 8'°0O values of Amaluza, the nearest
IAEA station 70 km SW, showed a similar trend in 'O (Figure 12). The influence of the
rainfall amount and temperature on the isotopic composition of rainfall is not seen

(1=0.26).
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---x----Soil water 0.15 —— Streamflow
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Figure 11: Annual courses of mean 80 values of rainfall, lateral (organic layer) flow, soil solu-

tion, and stream water between 23 August 2000 and 15 August 2001.

The 8'%0 values in throughfall (-12.4 %o to +0.6 %o) were almost identical to those in
rainfall, although occasionally, when throughfall and rainfall were slightly (< 1 %o) higher
in 8'®0. Thus, evaporation in the canopy seems to be negligible. The local meteoric water
line (LMWL) using both rainfall and throughfall (Figure 13) suggests that evaporation of
throughfall is insignificant.

The 80 values in lateral flow ranged between -10.5 %o (MC3) and +2.8 %o (MC1) and
closely follow 8'®O in rainfall and throughfall indicating that new rain water predomi-
nantly controls the O isotope signal in lateral flow (Figure 11). In general, the lateral flow
water was slightly enriched in 'O compared with rainfall and throughfall, which is inter-
preted as a result of evaporation of and plant plant uptake water from the forest floor.

The annual course of the 8'°0 values in the soil solution shows a dampening of the

more variable O isotope signal in rain water (Figure 11) which is a typical development for
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soil waters (Forstel 1996).
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Figure 12: Annual course of weighted monthly means of 80 in rainfall from long—term data
(Amaluza, south Ecuador) and own data of the monitored year (ECSF, study area), and monthly

rainfall in the study area (ECSF) between September 2000 and August 2001.

Variations in 8'°0 values of soil solution at two sampling depths are identical and are
smaller than in rainfall, throughfall, and lateral flow, ranging between -9.1 %o (MC1 and 2)
and -3.0 %o (MC3). The O isotope variations are similar in the three microcatchments ex-
cept on 6 September 2000, when 8'*0 values in soil solution at 0.15 m (-8.7 %o) and 0.30
m (-9.0 %o0) in MC3 were significantly different to values in MC1 (-4.9 and -7.0 %o) and
MC2 (-4.9 and -5.4 %0), which was confirmed by the 8D values (-59.2 and -62.8 %o for
MC3, -29.9 and -48.5 %o for MC1, and -30.4 and 35.8 %o for MC2). This variation could
not be explained by the input of isotopically different rain water, since the isotope signal of
rainfall exhibited only small spatial variations between the microcatchments (8'°0 values
of -1.9, -1.7, and -1.6 %o) or an influence by isotopically different rising water from the
deeper soil (8'%0 of stream water of -6.8, -6.9, and -6.8 %o). The 8'*0 values in mineral
soil solutions from MC3 were lower than those of the lateral flow indicating that the soil
solution at that time had a contribution of unknown isotopically lighter water source.

Variations in 8'*0 of stream water were small during the year ranging between -5.8 %o
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(MC3) and -8.7 %0 (MC3) (Figure 11). The mean value of -7.1 %o is similar to the
long—term 'O mean of precipitation at the IAEA station in Amaluza (-7.4 %o), and

probably represents the isotope signal of groundwater in the local area.
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Figure 13: Local meteoric water lines (LMWL) of rainfall and throughfall in the study

arca.

The greatest variation of the mean 8'°O signal of stream water occurred on 28 March 2001
(-6.5 %0) and for the period from the late May 2001 to early July 2001, when the mean
8'%0 first decreased to a minimum of -8.1 %o and then increased to -6.3 %o, reaching a
maximum value of -5.9 %o on 4 July 2001 (Figure 11). The peak in stream water on 28
March 2001 may be the result of the preceding five weeks rainfall which had high §'°0
values (Figure 11). The isotope signal of stream water responded to the strong decrease of
8'%0 of rainfall after 28 March to a minimum value of -12.5 %o on 23 May 2001 (Figure
11) with a continuous decrease to a minimum mean value of -8.1 %o reached on 6 June
2001, which was the lowest of the entire monitored year.

The subsequent increase in 8'0 in June 2001 may be attributable to the humid condi-
tions in the preceding weeks, especially an extremely wet week between 6 and 13 June

2001, when weekly rainfall was 227 mm including a strong rainstorm event with a maxi-
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mum rainfall intensity of 15.4 mm/h causing soil water saturation. Matric potentials ranged
between 0 and -28 kPa on 13 June 2001. Additionally, soil moisture probes showed high
volumetric water content in A and B horizon between ca. 42 and 51 vol % between 6 and
13 June 2001 on transect MC2.1. Under these conditions the infiltration capacity of the
soils may temporarily have been exceeded resulting in near—surface water flow. The
stream water had a 8'°0 value that is likely to be a mixture of the local groundwater (not
sampled and that must have had a more negative 'O than the soil solution at 0.30 m
depth) and the lateral flow water within the organic layer. These conditions seem to have
prevailed for the following three weeks. On 4 July 2001 the 8'°0 in lateral flow and in rain
water are identical. Thus, there seem to be changes from mainly vertical to lateral water
flow, which is further confirmed by a significant increase of the water content in the or-
ganic layer, while the water content of the deeper mineral soil horizons only slightly in-
creased in the A horizon and remained almost stable in the B horizons (Figure 14). To un-

derstand these hypothetical changes, I examined a selected rainstorm event in more detail.
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Figure 14: Rainfall volumes and volumetric soil water contents of the O, A, and B horizons under

presaturated soil moisture conditions between 1 and 6 July 2001 on transect MC2.1.



Results 33

3.2.2 Rainstorm event

The rainstorm event on 19 September 2000 had two maxima with throughfall intensities of
6.5 and 7.8 mm/h, respectively (Figure 15). Notably, the discharge of MC2 responded
quickly to high rainfall showing only a short peak delay of about two hours compared with
the peak of throughfall (Figure 15). During the storm 8'°O values in stream water in-

creased in all three microcatchments to -6.0 %o (MC1), -6.4 %0 (MC2), and -5.9 %0 (MC3).
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Figure 15: Hourly throughfall and storm hydrograph of runoff in a lower montane rain forest dur-
ing the rainstorm event on 19 September 2000 on transect MC2.1 (no measured data for MC1 and

MC3 available because of logger breakdown).

The following day, 8'*O values of the stream waters had values near -7.0 %o (Figure 16).

The isotope signal of the mineral soil solutions showed only a small change in MC1
from -6.6 %o to -6.0 %o between 19 September (rainstorm event) and 20 September 2000,
whereas it remained unchanged in MC2 and 3, which indicates that there was no input of
isotopically different water from the soil surface (Figure 17).

On transect MC2.1 soil water content started increasing continuously 6 days before the
event, on 13 September 2000, after a period of drier conditions (Figure 18). The hydro-
graph of the rainstorm event on 19 September shows three smaller rain events prior to the

actual rainstorm event between 13.00 and 16.00 hours (Figure 15), which led to a presatu-



Results 34

ration of the soil documented by the soil water probes (Figure 18). The rise of the water
content was markedly stronger in the O horizon compared with the A horizon with a rapid

increase of about 12 vol % within 24 hours before the beginning of the rainstorm event

(Figure 18).
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Figure 16: Courses of mean 8'*0 in rainfall and stream water in the three microcatchments between
23 August and 1 November 2000 including the rainstorm event on 19 September 2000 (Error bars

show standard deviation between the three microcatchments).
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Figure 17: Courses of 8'%0 in soil solution at 0.15 m and 0.30 m depth in the three microcatch-

ments between 23 August and 1 November 2000 including the rainstorm event on 19 September

2000.
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Figure 18: Courses of the volumetric soil water contents in the O, A, and B horizons during the

rainstorm event on 19 September 2000 on transect MC2.1.

3.2.3 Isotope hydrograph separation

An isotope two—component hydrograph separation revealed that event water contributed
81, 44, and 78 % to the total stormflow runoff in MC1, 2, and 3, respectively, during the
rainstorm event on 19 September 2000.

To evaluate the possible error of non—constant 'O values in rainfall (the event water
component), an estimation of uncertainty considering two extreme scenarios was made for
all three microcatchments: (1) to estimate maximum deviation, the annual mean of the
80 in rainfall of the entire monitored year was used instead of the 5'*0O in the rainfall
during the event and (2) to estimate minimum deviation the 8'80 in the rainfall of the day
after the event (20 September) was used. Results showed that the contribution of the event
water component to the total stormflow runoff ranged between 54 and 74 % in MC1, 30

and 42 % in MC2, and 58 and 78 % in MC3.
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3.3 Dissolved organic nitrogen, phosphorus, and sulfur

3.3.1 Soil properties of the study transects

To characterize the soils on the five study transects some major soil properties were se-
lected (Table 4). According to Wilcke et al. (2001), the soils on transects MC1 and MC3
had significantly higher pH in the organic layer than transects MC2.1, MC2.2, and MC2.3.
Notably, the pH were still higher in A and B horizons on transects MC1 and MC3,
whereby differences were partly not significant. Furthermore, the higher pH corresponded
with distinctly higher base saturations in the A and B horizons.

Detailed discussions of the soil properties on the study transects are given in Wilcke et

al. (2001, 2002).

Table 4: Selected mean soil properties at five study transects in an Ecuadorian lower montane for-
est (taken from Wilcke et al. 2001; n = 3 on each transect, except effective cation—exchange capac-

ity (ECEC) and base saturation (BS), which were only analyzed in one combined sample per tran-

sect).
Horizon Transect ECEC BS pH C N P S
(mmol.kg") (%) (H0) (gke?)
(6] MC1 6.3 404 26 1.2 3.0
MC2.1 4.4 408 23 1.0 3.0
MC2.2 4.4 338 20 0.9 23
MC2.3 4.7 403 24 1.1 2.9
MC3 6.2 394 24 1.2 2.8
A MC1 47 95 5.1 28 32 0.7 0.5
MC2.1 83 6.3 43 44 3.6 0.7 0.5
MC2.2 92 10 39 62 4.7 0.7 0.6
MC2.3 49 62 4.7 22 23 0.7 0.4
MC3 150 95 53 52 4.8 0.9 0.6
B MC1 39 22 5.1 12 1.6 0.6 0.3
MC2.1 68 6.1 4.8 19 1.8 0.4 0.3
MC2.2 135 4.8 4.4 37 2.8 0.5 0.4
MC2.3 37 35 4.8 12 1.5 0.6 0.3

MC3 35 81 5.8 21 24 0.6 0.4
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3.3.2 Dissolved organic carbon

The vertical distribution of mean annual DOC concentrations across the ecosystem showed
a consistent pattern at all five transects (Table 5). Mean DOC concentrations were low in
rainfall and increased in the order throughfall<stemflow<lateral flow<litter leachate. In
litter leachate, mean concentrations were highest, except on transect MC2.2, where DOC
concentrations of lateral flow were highest. During the passage through the mineral soil
DOC concentrations decreased continuously with increasing depth. There was a particu-
larly pronounced decrease in DOC concentrations between litter leachate and mineral soil
solution. Mean DOC concentrations in stream water were low and comparable to those in
rainfall.

The DOC concentrations in rainfall and throughfall showed a seasonal variation with
considerably higher concentrations in the drier period between November and January,
(Figure 19a). Similar variations of the DOC/CI ratios (data not shown) and the lack of cor-
relation between volume and DOC concentrations of rainfall (r<0.1) indicated that the
variations in DOC concentrations could not be attributed to dilution/concentration effects.
Data from a meteorological station on the highest peak of the study area (‘Cerro de Con-
suelo’, 3180 m a.s.l.) frequently showed a change of the prevailing wind direction from E
to W during the drier periods at the end of the monitored years (P. Emck, Frie-
drich—Alexander—University Erlangen—Niirnberg, Germany, personal communication).

Elevated stream discharge during the moister periods between April to May and July to
August and after rainstorms resulted in increased DOC concentrations in stream water of
all three microcatchments (Figure 20b). Rainfall volumes and DOC concentrations in
stream water seemed to be related. However, weekly rainfall volumes were not correlated
with DOC concentrations of the same week in stream water. Therefore, I divided the data
set into two subsets, one consisting of samples collected during weeks, in which rainstorms
occurred at least three days before sampling, and the other representing non—storm condi-
tions. Since rainfall volumes and DOC concentrations were not normally distributed, data
were log—transformed for correlation analysis. There was a weak significant correlation

between mean weekly rainfall volume and mean weekly DOC concentrations in stream
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water under non—storm conditions (r= 0.40). Dissolved organic C concentrations in stream

water during rainstorms were significantly higher than under non—storm conditions (Figure

21a).

Table 5: Annual volume—weighted mean concentrations (VWM; mg I"") of DOC in rainfall (RF),

throughfall (TF), and stemflow (SF), median concentrations in lateral flow (LF), litter leachate
(LL), and soil solutions at 0.15 (SS—15) and 0.30 (SS—30) m mineral soil depth (where the flux is

not known), flow—weighted mean concentrations in stream water (SW) and ranges of means in

parentheses in an Ecuadorian lower montane forest between May 1999 and April 2002 (between

May 2000 and April 2002 for RF at MC1 and MC3). Different letters indicate significant differ-

ences of the means between transects (Wilcoxon matched—pairs test, p<0.01). Literature values are

given for reference.

DOC
RF TF SF LF LL SS—15 SS-30 SW
MC1 4.0 12¢ 15b 36b 35b 20b 12b 5.2b
(4.0-4.1) (12-13)  (14-17)  (32-43)  (29-41)  (18-22) (11-13)  (4.1-6.9)
MC2.1 4.5 11d l4c 24c¢ 37b 27a 15a 4.6c
(3.8-5.9) (9.9-13)  (13-16)  (20-31)  (35-38) @7 (15) (4.0-5.7)
MC2.2 n.a.’ 12¢ n.a 37abc 27¢ 7.2d 6.6c na
(11-14) (28—42) (27-28)  (7.1-7.4) (6.5-6.7)
MC2.3 n.a. 15b n.a 40a 40ab 10c 6.3d n.a
(13-17) (39-44) (37-50) (9.5-11) (6.1-6.8)
MC3 4.5 17a 19a 28abc 55a 20b 14ab 5.6a
(43-4.6)  (13-25) (17-21) (28-37) (39-63) (15-20) (13-15)  (4.0-8.4)
Tropical forests
437 6.2* 9.2 - 30° 5° - 1.6-3.8"
Temperate forests
1.1° 2.7-60° - - 20-90° - ® lfo_r?zson)s -

“n.a.: not available. ' Frangi & Lugo (1985), > Hafkenscheid (2000), * Likens et al. (1983), * McDowell
(1998), ° Michalzik et al. (2001), ® Méller (2001), 7 Schrumpf (2004).



39

Results

- Apr-02
- Feb-02
- Dec-01
- Oct-01
- Aug-01
- Jul-01

- May-01
- Mar-01
- Jan-01
- Nov-00
- Sep-00
- Aug-00
- Jun-00
- Apr-00
- Feb-00
- Dec-99
- Oct-99
- Aug-99
- Jul-99

60

[,10bw]o0a

May-99

3.5

[LN Bw] NOQ

Figure 19: Temporal courses of mean weekly DOC (a) and DON (b) concentrations in rainfall (RF)

and throughfall (TF) at three rainfall gauging sites and five study transects between May 1999 and

April 2002.
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Figure 21: Mean (a) DOC and (b) DON concentrations in stream water of three microcatchments
under non—storm (‘normal’) and storm conditions between May 1999 and April 2002. Whiskers
represent ranges of 1.96 x standard deviation (S.D.), boxes ranges of 1 x S.D., and lines inside the

boxes arithmetic means. (Nsorm = 15, Nyon—strom = 141).

3.3.3 Dissolved organic nitrogen
The vertical distribution of mean annual DON concentrations was similar to that of the
DOC concentrations at all five transects (Table 6). The DON concentrations increased dur-
ing the passage of the water through the ecosystem in the superficial water fluxes and de-
creased through the mineral soil to the stream, where DON concentrations were similarly
low as in rainfall. Again, DON concentrations were highest in litter leachate except for
transect MC2.2, where DON concentrations of lateral flow were highest.

Similar to DOC, the DON concentrations varied seasonally with higher weekly DON

concentrations in rainfall and throughfall during the drier period between November and
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Table 6: Annual volume—weighted mean concentrations (VWM; mg I'') of DON and TDN in rainfall
(RF), throughfall (TF), and stemflow (SF), median concentrations in lateral flow (LF), litter
leachate (LL), and soil solutions at 0.15 (SS—15) and 0.30 (SS—30) m mineral soil depth (where the
total volume is not known), flow—weighted mean concentrations in stream water (SW) and ranges
of means in parentheses in an Ecuadorian lower montane forest between May 1999 and April 2002
(between May 2000 and April 2002 for RF at MC1 and MC3). Different letters indicate significant
differences of the means between transects (Wilcoxon matched—pairs test, p<0.01). Literature val-

ues are given for reference.

RF TF SF LF LL SS-15 SS-30 SW
DON
MCl1 0.20a 0.67b 0.85b 1.9ab 2.0b 1.2a 0.80b 0.10b

0.16-0.24)  (0.59-0.74)  (0.77-0.90) (1.8-2.2) (1.8-2.5) (1.1-1.4) (0.79-0.81)  (0.09-0.12)
MC2.1 0.19b 0.57¢ 0.71¢c 1.0d 1.4c 0.87b 0.52¢ 0.14b

(0.17-023)  (0.52-0.64)  (0.67-0.74)  (0.69-1.4)  (1.3-1.4)  (0.86-0.87)  (0.51-0.53)  (0.09-0.19)

MC2.2 na.’ 0.62¢ n.a. l.4c 1.2d 0.39d 0.36d n.a.
(0.57-0.69) (1.2-1.6) (1.1-1.4) (0.37-0.39)  (0.34-0.36)
MC2.3 n.a. 0.70a n.a. 2.1a 2.2b 0.55¢ 0.34d n.a.
(0.59—-0.78) (1.8-2.4) (1.8-3.5) (0.52-0.60)  (0.33—0.34)
MC3 0.21a 0.89a 1.0a 1.5b 2.9a 1.3a 0.94a 0.21a

(021-022)  (0.76-1.1)  (0.97-1.1)  (1.2-1.9) (2.0-3.4) (1.1-14)  (0.84-1.1)  (0.12-0.28)

Tropical forests

0.0-0.4"

021 * 0.45% - - 1.12 0.257 - 0.153
Temperate forests
6 s 3 B a5 0.2-1.1 4
0.17 0.25-1.1 0.4-2.5 (B horizon) ° 0.05
TDN
MCl1 0.40 1.5 1.6 2.8 3.1 1.5 1.0 0.36

(0.33-0.48) (1.3-1.8) (1.3-1.9) (2.4-3.1) (2.5-3.8) (1.4-1.8) (1.0-1.1)  (0.26-0.45)
MC2.1 0.39 1.0 1.2 1.4 2.0 0.99 0.60 0.34

(0.33-0.46)  (0.94-1.1)  (1.0-1.3) (1.0-1.9) (1.9-2.1)  (0.93-1.0)  (0.59-0.63)  (0.21-0.42)

MC2.2 n.a. 1.0 n.a. 23 1.9 1.5 1.3 n.a.
(0.95-1.1) (2.2-2.4) (1.7-2.1) (1.4-2.0) (1.1-1.7)

MC2.3 n.a. 1.4 n.a. 32 4.5 1.0 1.1 n.a.
(1.3-1.5) (2.7-4.6) (2.6-5.9) (0.95-1.3) (0.94-1.2)

MC3 0.48 1.8 2.0 3.6 53 2.3 1.9 0.39

(0.45-0.50)  (1.6-2.1) (1.9-2.1) (3.0-4.4) (4.6-5.9) (1.8-3.5) (15-2.8)  (0.28-0.48)

“n.a.: not available. ' Eklund et al. (1997), > Hafkenscheid (2000), * Hedin et al. (1995), * McDowell & Asbury (1994), 3
Michalzik et al. (2001), ® Michalzik & Matzner (1999), " Méller (2001), * Schrumpf (2004).
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January (Figure 19b). Based on the variations in DON/CI ratios (data not shown) and the
lack of correlation between the volume and DON concentrations of rainfall (r<0.1) dilu-
tion/concentration effects could again be ruled out. There was no correlation between
weekly rainfall volumes and DON concentrations in stream water even if the subsets for
storm and non—storm conditions were evaluated separately.

Dissolved organic N concentrations in stream water increased during moister periods
and rainstorms paralleling those of DOC (Figure 20). Mean DON concentrations in stream
water were significantly different between the storm and non—storm subsets (Figure 21b).

In contrast to DOC, DON concentrations in soil solutions were related to soil moisture.
During periods with low water input for several days up to two weeks (e.g. in November
2000) often associated with elevated solar radiation, a considerable drying of the organic
layer and subsequently the upper mineral soil occurred. The latter was demonstrated by
substantially decreasing matric potentials in the mineral soil from values near zero indicat-
ing almost water saturation to minimum values of -73 and -67 kPa in November 2000 and
January 2002, respectively (Figure 22a). During dry periods weekly DON concentrations
in litter leachate and in mineral soil solutions were low (Figure 22b). Periods with strongly
decreased DON concentrations in litter leachate were short, normally lasting one week to
at most three weeks in December 2001 followed by a considerable increase in DON con-
centrations in litter leachate after rewetting of the soil indicated by abruptly increasing ma-
tric potentials (Figure 22a). Rapid increases in DON concentrations to more than 3.0 mg 1™
in litter leachate were always associated with elevated rainfall, partly with first rainfall
after drier periods, e.g. on 20 September, 22 November, and 27 December 2000, on 23
May, 10 October, 26 December 2001, and on 23 January and 27 February 2002 (Fig-
ure 22b).

Although there was no correlation between pH and DON concentrations in the soil solu-
tion, the transects with the more acid soils, MC2.1 (median pH 4.21 in mineral soil solu-
tion at 0.15 depth), MC2.2 (4.51), MC2.3 (4.96) showed the lowest DON concentrations in
mineral soil solution at 0.15 m depth and the transect with the least acid soil, MC3 (6.24)
the highest (Table 6). Similar results were found for the litter leachate having lowest DON

concentrations on transects MC2.1 (median pH 4.75) and MC2.2 (5.95) and highest on
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transect MC3 (6.60, Table 6). Most differences in DON concentrations of the various soil
solutions among the transects were significant (Table 6). The annual volume—weighted
mean (VWM) concentrations of DON in the aboveground fluxes (rainfall, throughfall and

stemflow) contributed, on the average of the three monitored years, between 45 and 60 %

to the VWM concentrations of TDN.
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Figure 22: (a) Temporal courses of mean weekly throughfall (TF) and matric potentials (MP) and
(b) of mean weekly DON concentrations in litter leachate (LL) and mineral soil solutions at 0.15

(SS—15) and 0.30 (SS—30) m depth at five study transects between May 2000 and April 2002.
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Spatial variations in DON contributions to TDN concentrations between the rainfall gaug-
ing sites and the five transects were smaller in aboveground fluxes and stream water than

in the soil solutions (Table 7).

Table 7: Mean contributions of DON, DOP, and DOS to TDN, TDP, and TDS concentrations in
rainfall (RF), throughfall (TF), stemflow (SF), lateral flow (LF), litter leachate (LL), soil solutions
at 0.15 (SS—15) and 0.30 (SS—30) m mineral soil depth, and stream water (SW) in an Ecuadorian
lower montane forest between May 1999 and April 2002 for DON and May 2000 and April 2001

for DOP and DOS, respectively. Values in parentheses indicate ranges of annual mean DON con-

tributions.
RF TF SF LF LL SS—-15 SS-30 SW
DON contribution ( %)
MCI1 50 45 52 70 66 82 77 29
(48-51) (40-49) (48-61) (71-76) (65-72) (82) (75-78) (23-33)
MC2.1 50 55 60 74 68 88 88 41
(48-51) (52-57)  (56-66)  (69-72)  (64—74)  (85-93)  (81-91)  (35-46)
MC2.2 na.t 59 n.a. 62 61 26 27 n.a.
(53-64) (54-66) (58-69) (19-28) (22-30)
MC2.3 n.a. 49 n.a. 65 50 54 32 n.a.
(45-53) (52-67)  (47-71)  (40-63)  (29-35)
MC3 45 51 52 42 55 57 49 53
(41-49) (47-53) (49-53) (33-47) (44-58) (32-78) (30-70) (45-66)
DOP contribution ( %)

MC1 n.d.” 5 36 46 87 n.d. n.d. n.d.
MC2.1 n.d. 64 47 100 100 n.d. n.d. n.d.
MC2.2 nat. 84 n.a. 75 100 n.d. n.d. n.a.
MC2.3 n.a. 30 n.a. 63 n.d. n.d. n.d. n.a.

MC3 n.d. 18 39 18 100 n.d. n.d. n.d.

DOS contribution ( %)

MC 1 n.d. 58 59 78 94 39 47 8
MC2.1 n.d. 51 74 76 62 38 30 20
MC2.2 n.a. 91 n.a. 94 83 8 15 n.a.
MC2.3 n.a. 67 n.a. 85 50 37 23 n.a.

MC3 n.d. 61 82 88 100 35 27 26

“n.a.: not available, °n.d.: not detected.
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Temporal variations in DON contributions during the three—year period were small in all
ecosystem fluxes at all five transects with coefficients of variance (C.V.) ranging between
1 and 30 %, except for the mineral soil solutions at 0.15 and 0.30 m depth on transect

MC3, which showed a greater variation between May 2000 and April 2002 (C.V.: 58 %).

3.3.4 Dissolved organic phosphorus and sulfur

Since dissolved concentrations of P in rainfall, mineral soil solution, and stream water and
S in rainfall were often below the detecton limits of the analytical methods (see chapter 2),
the concentrations of dissolved organic forms were not calculated in these fluxes. How-
ever, annual means of TDP and TDS are presented in spite of their uncertainty to illustrate
concentration trends during the passage of water through the ecosystem.

The vertical ecosystem profile of mean annual DOP concentrations was slightly differ-
ent from that of DON and DOC (Table 8). Litter leachate had the highest DOP concentra-
tions in the superficial water fluxes. Stemflow had higher DOP concentrations than
throughfall and litterfall, which had similar DOP concentrations. During the passage
through the mineral soil to the stream, TDP concentrations decreased. Mean TDP concen-
trations were extremely low in rainfall mineral soil solutions (Table 8). Mean annual DOS
concentrations paralleled those of DOC and DON (Table 5 and 6, respectively).

There was no correlation between soil moisture and DOP and DOS concentrations. This
might be attributable to the small number of samples because DOP and DOS analyses were
only performed on the monthly bulked samples of one year.

Similar to DON, mean concentrations of TDP and DOS were lowest in litter leachate of
the more acid transects MC2.1, MC2.2, and MC2.3 and highest in litter leachate of the
least acid transect MC3 (Table 8 and 9) although for the individual soil solutions there was
no correlation between pH and TDP or DOS concentrations. Most differences among the
transects were significant. Spatial variations in the concentrations of DOP (C.V.: 108—346
%) and DOS (46—346 %) to their respective total concentrations between the transects
were higher than for DON (27-202 %).

Annual means of DOP contributions to TDP increased, on the average of all five tran-

sects, in the order throughfall (40 %)<stemflow (41 %)<lateral flow (60 % )<litter leachate
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(97 %) with high variations between the five study transects in throughfall (range: 5-84 %)
and lateral flow (18—100 %, Table 7). Annual means of DOS contributions to TDS in-
creased, on the average of all five transects, in the order throughfall (66 %)<stemflow
(mean 71 %)<litter leachate (mean 78 %)<lateral flow (mean 84 %). In the mineral soil
and the stream water, portions of DOS were markedly lower with similar means between
the two studied soil depths (31 % at 0.15 and 28 % at 0.30 m) and smallest organic frac-

tions in stream water (mean 18 %, Table 7).

Table 8: Annual mean concentrations (mg 1) of DOP in rainfall (RF), throughfall (TF), stemflow
(SF), lateral flow (LF), litter leachate (LL), soil solutions at 0.15 (SS—15) and 0.30 (SS—30) m min-
eral soil depth, and in stream water (SW) in an Ecuadorian lower montane forest between May
2000 and April 2001. Standard deviation (S.D.) represents the spatial variation between the five

study transects. Literature values are given for reference.

RF TF SF LF LL SS—15 SS-30 SW
DOP
MC1 nd.? 0.03 0.30 0.10 0.36 n.d. n.d. n.d.
MC2.1 n.d. 0.10 0.13 0.15 0.02 n.d. n.d. n.d.
MC2.2 n.a. 0.30 na. 0.09 0.21 n.d. n.d. na.
MC2.3 n.a. 0.11 n.a. 0.16 n.d. n.d. n.d. n.a.
MC3 n.d. 0.15 0.57 0.08 2.20 n.d. n.d. n.d.
mean - 0.14 0.33 0.12 0.70 - - -
S.D. - 0.10 0.22 0.04 1.01 - - -
Literature 0. 0298120 2
TDP
MC 1 0.00 0.58 0.82 0.21 0.41 0.00 0.03 0.00
MC2.1 0.00 0.16 0.28 0.15 0.02 0.07 0.02 0.00
MC2.2 n.a. 0.36 n.a. 0.12 0.21 0.00 0.02 n.a.
MC2.3 n.a. 0.37 n.a. 0.26 n.d. 0.00 0.01 n.a.
MC3 0.02 0.88 1.5 0.43 2.2 0.01 0.06 0.01

“n.d.: not detected, "n.a.: not available. ' Hafkenscheid (2000) tropical forest, > Kaiser et al. (2000) temperate

forest.
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Table 9: Annual mean concentrations (mg I'') of DOS in rainfall (RF), throughfall (TF), stemflow
(SF), lateral flow (LF), litter leachate (LL), soil solutions at 0.15 (SS—15) and 0.30 (SS—30) m min-

eral soil depth, and stream water (SW) in an Ecuadorian lower montane forest between May 2000

and April 2001. Standard deviation (S.D.) represents the spatial variation between the five study

transects. Literature values are given for reference.

RF TF SF LF LL SS—15 SS-30 SW
DOS
MCI n.d* 0.17 0.38 0.52 0.90 0.20 0.16 0.01
MC2.1 n.d. 0.11 0.25 031 0.37 0.33 0.12 0.01
MC2.2 na’ 0.23 na 0.32 0.55 0.03 0.07 na
MC2.3 n.a 0.18 na 0.80 0.70 0.11 0.07 n.a
MC3 n.d. 0.28 0.63 0.56 2.0 0.46 0.25 0.01
mean - 0.19 0.42 0.50 0.90 0.23 0.13 0.01
S.D. - 0.06 0.19 0.20 0.63 0.17 0.07 0.00
Literature 0.05-1.4'  0.13-0.15° ® h%rziion)z
TDS
MCl1 0.02 0.30 0.66 0.66 0.96 0.51 0.34 0.15
MC2.1 0.01 0.22 0.34 0.41 0.60 0.87 0.41 0.04
MC2.2 n.a. 0.26 n.a 0.34 0.66 0.38 0.49 n.a
MC2.3 n.a. 0.26 n.a 0.94 1.4 0.30 0.31 n.a
MC3 0.07 0.45 0.77 0.65 2.0 13 0.90 0.05

“n.d.: not detected, "n.a.: not available. ' Homann (1990), > Houle et al. (2001), * Kaiser & Guggenberger

(2003).

3.3.5 Relations between DOC, DON, DOP, and DOS concentrations

Weekly and monthly DOC and DON, DOP, and DOS concentrations were not correlated

except that there were correlations between DOP and DOS for stemflow on transects MC1

(r=0.97, n=6), MC2.1 (r=0.94, n=6), and MC3 (r=0.92, n=8) and litter leachate on transect

MC2.2 (r=0.99, n=5). Nevertheless, there were strong positive correlations between annual

mean concentrations of DOC and DON (r=0.95, n= 34), DOC and DOP (1=0.65, n=33),

and DOC and DOS (r=0.89, n=33) for all ecosystem fluxes (Figure 23a—c).
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3.4 Dissolved inorganic nitrogen, phosphorus, and sulfur

3.4.1 Dissolved inorganic nitrogen concentrations

The annual volume—weighted mean (VWM) NH4—N and NOs;—N concentrations at the five
study transects showed a similar vertical distribution across the study forest during the
three hydrological years. Annual VWM NH4—N and NO3;—N concentrations were low in
rainfall, mineral soil solutions, except for NOs—N, and stream water and distinctly higher
in the aboveground fluxes (throughfall, stemflow, lateral flow, and litter leachate) with
highest concentrations in the organic layer (Table 10).

Spatial variations of annual VWM NH4—N concentrations between the transects were
small in all ecosystem fluxes (coefficients of variation (C.V.): 440 %). In contrast, annual
VWM NO;—N concentrations showed considerable variations in the aboveground fluxes
(C.V.: 43 % in throughfall, 48 % in stemflow, 73 % in lateral flow, and 76 % in litter
leachate) and particularly in the mineral soil solutions (C.V.: 98 % at 0.15 and 84 % at
0.30 m depth).

Although the weekly NO3;—N concentrations in lateral flow and litter leachate were not
correlated with the pH, the transects with the more acid organic layer solutions, MC2.1
(median pH 5.39 in lateral flow and 4.75 in litter leachate) and MC2.2 (median pH 5.13 in
lateral flow and 5.95 in litter leachate) had the lowest annual VWM NO;—N concentrations
and the transect with the least acid organic layer solutions, MC3 (6.72 and 6.60) the high-
est (Table 10). The mineral soil solutions also had lowest VWM NOs;—N concentrations at
the most acid transect MC2.1 (median pH 4.21 at 0.15 and 4.42 at 0.30 m depth), but high-
est VWM NO;—N concentrations on transect MC2.2 (4.51 at 0.15 and 4.61 at 0.30 m
depth). Most differences in VWM NOs;—N concentrations among the transects were sig-
nificant. The VWM NH4—N did not differ significantly among the transects. Annual VWM
NH4—N concentrations in all ecosystem fluxes varied less among the three monitored years
than those of NOs;—N (see ranges in Table 10).

During the three monitored years, the mean weekly NO3;—N concentrations in rainfall

and throughfall were considerably higher in the drier period between November and Janu-



Results 51

ary (Figures 24a—b). The mean weekly NO3;—N concentrations in rainfall and throughfall
increased by about 10 times from low values during the wetter to strongly elevated values
during the drier periods. The findings that there was no correlation between weekly rainfall
volume and NOs;—N concentrations in rainfall and that the NOs;—N /CI ratios in rainfall
were not constant (data not shown) indicated that concentration/dilution effects because of

reduced rainfall were not responsible for the detected NO3;—N variations in rainfall.

Table 10: Three—year means of annual volume—weighted mean concentrations (VWM; mg 1) of
NH4—N and NO;—N in rainfall (RF), throughfall (TF), and stemflow (SF), median concentrations in
lateral flow (LF), litter leachate (LL), and soil solutions at 0.15 (SS—15) and 0.30 (SS—30) m min-
eral soil depth (where the total volume is not known), flow—weighted mean concentrations in
stream water (SW) and ranges (of annual means) in parentheses in an Ecuadorian lower montane
forest between May 1999 and April 2002 (except for SS and partly RF, between May 2000 and
April 2002). S.D. is the standard deviation of the arithmetric mean of five transects or three micro-
catchments, respectively. Different letters indicate significant differences of the data rows between
transects according to the Wilcoxon matched—pairs test (p<0.01). Literature values for RF and TF
representing ranges of selected tropical montane forests summarized by Hafkenscheid (2000) and

single values for LL, SS, and SW are given for reference.

NH,—N
RF TF SF LF LL SS—-15 SS—-30 SW
MC1 0.11 0.23 0.28 0.22 0.23 0.07 0.06 0.12
(0.10-0.12)  (0.21-0.26)  (0.23-0.33) (0.16-0.26) (0.15-0.26)  (0.06-0.08)  (0.05-0.07)  (0.09-0.16)
MC2.1 0.11 0.23 0.26 0.13 0.12 0.05 0.05 0.15
(0.10-0.11)  (0.17-0.29)  (0.20-0.29)  (0.09-0.15) (0.11-0.18)  (0.05-0.06)  (0.04—0.05)  (0.11-0.21)
MC2.2 na’ 0.21 n.a. 0.18 0.14 0.05 0.05 na.
(0.18-0.23) (0.15-0.30)  (0.13-0.16) (0.05) (0.04-0.06)
MC2.3 na. 0.24 na 0.22 0.33 0.05 0.05 na
(0.21-0.27) (0.15-0.33)  (0.21-0.36)  (0.05-0.06)  (0.05-0.06)
MC3 0.11 0.32 0.33 0.36 0.27 0.08 0.07 0.13
(0.10-0.12)  (0.22-0.46)  (0.32-0.34)  (0.26-0.47) (0.18-0.30) (0.06-0.11)  (0.06-0.07)  (0.08—0.18)
mean 0.11 0.25 0.29 0.22 0.22 0.06 0.05 0.13
S.D. 0.00 0.04 0.04 0.08 0.09 0.01 0.01 0.02
Tropical montane forests
0.05'-0.86> 0.07'-1.16 0.1-0.2° 0.03-0.04°  0.02—0.04° 0.01°
0.27° 0.82° 0.05-0.06°

(40 cm)
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NO;—N
RF TF SF LF LL SS—-15 SS-30 SW

MCl1 0.10a 0.61a 0.50b 0.42b 0.45bc 0.06¢ 0.10¢c 0.16a
(0.08-0.12)  (0.47-0.84) (0.27-0.66)  (0.28-0.60) (0.41-0.73)  (0.05-0.10)  (0.05-0.15) (0.11-0.19)
MC2.1 0.10b 0.24b 0.21¢c 0.10c 0.31d 0.00d 0.00d 0.08b

(0.08-0.11)  (0.23-025)  (0.15-0.27)  (0.04-0.13)  (0.26-0.38)  (0.00-0.07)  (0.00-0.03)  (0.05-0.09)

MC2.2 n.a. 0.22b n.a. 0.35b 0.41lcd 1.0a 0.88a n.a.
(0.18-0.28) (0.19-0.54)  (027-0.56)  (0.89-1.4)  (0.68-1.3)
MC2.3 n.a. 0.48a na. 0.55a 1.0b 0.41b 0.64b na.
(0.44-0.53) (0.33—-1.1) (0.32-2.3) (0.28-0.50)  (0.54-0.71)
MC3 0.16a 0.54a 0.63a I.la 1.7a 0.70a 0.82ab 0.09b

(0.13-0.19)  (0.51-0.60)  (0.57-0.68)  (0.80-1.9)  (1.6-1.8)  (026-2.3)  (0.28-1.8)  (0.07-0.11)
mean 0.12 0.42 0.45 0.50 0.78 0.44 0.49 0.11
S.D. 0.03 0.18 022 0.36 0.59 043 0.41 0.04

Tropical montane forests

0.05'—0.11* 0.02°-0.20* 0.0-0.2° 1.5 1.4 0.06°
5
0.92° (fdoczm) 0.56—0.60°

“n.a.: not available; ' Clark et al. (1998) ; * Veneklaas (1990); * Hafkenscheid (2000), Cambi— and Histosol; *
Asbury et al. (1994), > McDowell & Asbury (1994), Ultisol; *Schrumpf (2004), Andisol.

Mean weekly NH4—N concentrations in rainfall and throughfall showed a slighty differ-
ent course with increased concentrations during the drier, but also during the wettest peri-
ods of the three monitored years in May 2000 and June 2001 (Figures 24a—b).

The mean weekly NH4—N and NOs;—N concentrations in litter leachate responded nega-
tively to rainfall and positively to soil matric potential. Exceptions were short periods at
the beginning of May 2000 and between the end of May and June 2001, which were char-
acterized by high weekly rainfall amounts including the occurrence of heavy rainstorms
and strongly increased NH4s—N concentrations (Figures 25a—c).

The responses of the weekly NH4—N and NO3;—N concentrations in the mineral soil so-
lutions to moisture conditions were similar as in litter leachate. However, temporal varia-
tions were smaller than in the litter leachate (data not shown).

In stream water, the mean weekly NH4—N concentrations increased from relatively con-

stant values of about 0.1 mg 1" during most part of the entire monitored period up to
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0.8—1.5 mg I"" at the beginning of the wet periods in May 2000 and June 2001 directly fol-
lowing the drier periods between November and April. During this time, NH4—N concen-
tration peaks were related to heavy rainstorm events (Figure 26¢c). The weekly NO3;—N
concentrations in stream water were positively related to elevated catchment discharge

during the wetter periods of the monitored years.
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Figure 24a—b: Temporal courses of mean weekly NH,—N and NO;—N concentrations in (a) rainfall

at three gauging sites and (b) throughfall at five study transects between May 1999 and April 2002.
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Although peakflow events following rainstorms were partly associated with increased
NOs;—N concentrations in stream water (see 23 July 1999, 10 May and 5 July 2000, 13
June, 27 June, and 8 August 2001, 6 February and 3 April 2002 in Figure 26b), no correla-
tion existed between rainstorm events and increased NOs;—N concentrations. Furthermore,
the three—year flow—weighted mean NO3;—N concentrations in stream water during base-

flow were not significantly different from those during stormflow.

3.4.2 Dissolved inorganic phosphorus and sulphur concentrations

The patterns of mean annual DIP and DIS concentrations in an ecosystem profile through
the study forest were different from those of DIN and totally contrasting between DIP and
DIS. Mean annual DIP concentrations were extremely low in rainfall, mineral soil solu-
tions, and stream water and distinctly higher in the aboveground fluxes with highest con-
centrations in throughfall and stemflow (Table 11). In contrast, mean annual DIS concen-
trations were low in the aboveground fluxes with similar values between canopy and or-
ganic layer solutions and markedly higher in the mineral soil solutions. While DIS concen-
trations in stream water were similar to those of the aboveground ecosystem fluxes, the
rainfall showed the lowest DIS concentrations of all ecosystem fluxes (Table 11).
During the monitored period, both mean monthly DIP and DIS concentrations in through-
fall, stemflow, lateral flow, and litter leachate were highest in November 2000, the driest
month of the monitored year (Figures 27 and 28). Monthly DIS concentrations in mineral
soil solutions showed a continuous decline from high values during the wetter period be-
tween May and August 2000 to relatively constant values for the other part of the moni-
tored period, whereas monthly DIS concentrations in stream water remained relatively sta-
ble during the entire monitored period (Figure 29). Furthermore, the mean monthly DIP
and DIS concentrations in throughfall and stemflow showed a negative correlation with the
respective water fluxes (Figure 30).

The mean monthly DIS concentrations in the mineral soil solutions of both studied soil
depths were significantly positively correlated with monthly rainfall volume (0.15 m:
r=0.77, 0.30 m: r=0.62). I could not determine, whether there is a relation between water

fluxes and monthly DIP concentrations in the mineral soil solutions, because DIP concen-
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trations were mostly near the detection limit of the analytical method. Similar to NO3;—N,
mean annual DIP concentrations in throughfall, stemflow, lateral flow, and litter leachate
were lowest at the most acid transects MC2.1 and MC2.2 and highest at the least acid tran-
sect MC3 (Table 11). However, I could not test, if differences between means were signifi-
cant, since the number of valid data pairs was often not sufficient for statistical analysis.

For DIS, a relationship between concentration and solution acidity was not found.
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Table 11: Annual mean concentrations (mg 1) of DIP (PO4—P) and DIS (SO,—S) in rainfall (RF),
throughfall (TF), stemflow (SF), and stream water (SW), median concentrations in lateral flow
(LF), litter leachate (LL), and soil solutions at 0.15 (SS—15) and 0.30 (SS—30) m mineral soil depth
(where the total volume is not known) in an Ecuadorian lower montane forest between May 2000
and April 2001. S.D. is the standard deviation of the arithmetric mean of five transects or three
microcatchments, respectively. Literature values representing ranges of data summarized by

Hafkenscheid (2000) are given for reference.

PO,—P
RF TF SF LF LL SS—15 SS—30 SW
MCl1 0.00 0.60 0.56 0.11 0.05 0.01 0.00 0.00
MC2.1 0.00 0.07 0.15 0.00 0.02 0.00 0.00 0.00
MC2.2 n.a. 0.06 n.a. 0.03 0.01 0.01 0.00 n.a.
MC2.3 n.a 0.28 n.a. 0.20 n.a. 0.00 0.00 n.a.
MC3 0.04 0.73 0.97 0.47 0.32 0.00 0.00 0.03
mean 0.01 0.35 0.56 0.16 0.10 0.00 0.00 0.01
S.D. 0.02 0.30 0.41 0.19 0.15 0.01 0.00 0.02
Tropical montane forests
0.002' - 0.004* — 0.002°
0.034% 0.090° (TDP)
SO,—S
RF TF SF LF LL SS—-15 SS—30 SW
MC1 0.00 0.14 0.29 0.14 0.05 0.32 0.20 0.24
MC2.1 0.00 0.11 0.10 0.17 0.23 0.54 0.32 0.14
MC2.2 n.a. 0.02 n.a. 0.02 0.11 0.45 0.52 n.a.
MC2.3 n.a. 0.09 n.a. 0.26 n.a. 0.21 0.29 n.a.
MC3 0.08 0.18 0.16 0.08 0.42 0.88 0.77 0.18
mean 0.03 0.11 0.18 0.13 0.20 0.48 0.42 0.19
S.D. 0.05 0.06 0.09 0.09 0.16 0.26 0.23 0.05
Tropical montane forests
0.14° - 1.51* 0.28°—2.67 0.78°

“n.a.: not available; ' Clark et al. (1998), ? Veneklaas (1990), * Hafkenscheid (2000), * Asbury et al. (1994), >
Cavelier et al. (1997), ® McDowell & Asbury (1994).
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Figure 27: Monthly rainfall volumes at three gauging sites and courses of mean monthly PO,—P
concentrations in throughfall, stemflow, and litter leachate at five study transects between May

2000 and April 2001.
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Figure 28: Monthly rainfall volumes at three gauging sites and courses of mean monthly SO,—S
concentrations in throughfall, stemflow, and litter leachate at five study transects, and stream water

of three microcatchments between May 2000 and April 2001.
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Figure 29: Monthly rainfall volumes at three gauging sites and courses of mean monthly SO,—S

concentrations in mineral soil solutions at 0.15 and 0.30 m depth at five study transects, and stream

S0O,4-S [mg!1™]

1.2 500
—Jrainfall
1.0 - B ; ;
: \ — %— - soil solution 0.15 L 400
‘\ — o — soil solution 0.30
0.8 |e -
‘. —eo— stream water L 300
NN
0.6 - TRy
. _).(: B
) ‘1::& - - 200
0.4 - Q . oL . .
(=
02 4 . . ) X . . - 100
0-0 L] L] ] ] ] 0
May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
2000 2001
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Figure 30: Relationships between monthly throughfall and stemflow volumes and monthly PO,—P
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and SO,4—S concentrations in throughfall and stemflow between May 2000 and April 2001.
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3.4.3 Dissolved inorganic nitrogen, phosphorus, and sulphur fluxes

The throughfall deposition of DIN, DIP, and DIS was always higher than the rainfall depo-
sition. Hence, the net throughfall deposition, i.e. throughfall + stemflow - rainfall deposi-
tion, was positive and deposition ratios, i.e. (throughfall + stemflow)/rainfall deposition,
greater than 1 (Tables 12 and 13). The throughfall showed the highest annual N, P, and S
fluxes of all studied ecosystem fluxes, except that the highest DIS fluxes occurred in the
streams of MC1 and MC2. Although N, P, and S concentrations were high in stemflow,
especially for P, the total nutrient flux was small compared to the nutrient fluxes in
throughfall (Tables 12 and 13) owing to the low water flux via stemflow, which comprised
1.0 % of the rainfall in the study forest.

I correlated the weekly and monthly rainfall amounts with the weekly and monthly net
deposition rates, respectively, in order to evaluate the relative importance of element leach-
ing from the canopy for throughfall enhancement but did not detect any significant correla-
tion.

The output fluxes of DIN and DIP and of DIS in microcatchment MC3 were at least by
a factor of 2 lower than the element input via wet deposition. The annual DIS exports from
microcatchments MC1 and MC2 were higher than the throughfall + stemflow deposition,

i.e. the total nutrient input to the forest floor (Table 12 and 13).
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Table 12. Three—year means and ranges of annual means in parentheses of DIN fluxes in rainfall
(RF), throughfall (TF), stemflow (SF), and stream water (SW), net throughfall deposition
([TF+SF]-RF deposition), and deposition ratios ([TF+SF]/RF deposition) in an Ecuadorian lower

montane rain forest between May 1999 and April 2002. Values are kg ha” a”'. S.D. is the standard

deviation of the arithmetic mean of five transects or three microcatchments, respectively. Literature

values representing ranges of data of tropical montane forests summarized by Hafkenscheid (2000)

are given for reference.

RF TF SF W Miepoatonnatio
NH;—N
MCl1 2.9 3.1 0.1 1.1 0.3 1.1
(2.7-3.1) (2.3-3.8) (0.1) (0.9-1.2)
MC2.1 2.5 34 0.1 1.9 1.0 1.4
(2.3-2.7) (2.8-4.2) (0.1) (1.2-2.8)
MC2.2 2.5 33 0.1 n.a* 0.8 1.3
(2.8-3.7)
MC2.3 2.5 3.9 0.1 n.a 1.5 1.6
(3.2-4.8)
MC3 3.1 52 0.1 1.0 2.2 1.7
(2.7-3.4) (4.3-6.6) (0.1) (1.0-2.4)
mean 2.8 3.8 0.1 1.4 1.2 1.4
S.D. 0.3 0.9 0.0 0.5 1.0 0.3
Tropical montane forests  <3.9°-18.1>  1.3'-21.5 1°-1.7° -3.5%-3.2? 0.6*-1.2°
NO;—N
MCl1 2.7 8.4 0.1 1.5 5.9 3.2
(2.2-3.1) (5.1-12) (0.1-0.2) (1.1-1.8)
MC2.1 2.2 3.6 0.1 0.9 1.4 1.6
(2.1-2.4) (3.3-4.0) (0-0.2) (0.6-1.2)
MC2.2 2.2 3.5 0.1 n.a 1.3 1.6
(2.3-4.6)
MC2.3 2.2 7.9 0.1 n.a 5.7 3.5
(6.2-9.5)
MC3 4.2 9.2 0.1 0.7 5.1 2.2
(3.3-5.1) (7.5-10) (0.1-0.2) (0.6-0.9)
mean 3.0 6.5 0.1 1.1 4.1 24
S.D. 1.0 2.7 0.0 0.4 2.4 0.8
Tropical montane forests 1.7'-5.3* 0.6' 3.0°-14° -1.4*-5.8* 0.3>-1.6*

“n.a.: not available; ' Clark et al. (1998), > Veneklaas (1990), > Hafkenscheid (2000), * Asbury et al. (1994), °
Cavelier et al. (1997), ° Bruijnzeel et al. (1993).
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Table 13: Annual fluxes of DIP (PO4—P) and DIS (SO4—S) in rainfall (RF), throughfall (TF), stem-
flow (SF), and stream water (SW), net throughfall deposition ([TF+SF]-RF deposition), and depo-
sition ratios ([TF+SF]/RF deposition) in an Ecuadorian lower montane rain forest between May
2000 and April 2001. Values are kg ha” a™'. S.D. is the standard deviation of the arithmetic mean of
five transects or three microcatchments, respectively. Literature values representing ranges of data
of tropical montane forests summarized by Hatkenscheid (2000), except for SO4,—S in SW, are

given for reference.

Net throughfall Deposition

RF TF SF SW deposition ratio
PO,—P
MCl1 0.00 7.0 0.10 0.00 7.1 nc’
MC2.1 0.00 0.67 0.03 0.00 0.70 n.c.
MC2.2 0.00 0.81 0.03 nat 0.84 n.c.
MC2.3 0.00 3.6 0.03 n.a. 3.7 n.c.
MC3 0.91 12 0.16 0.15 11 13
mean 0.30 48 0.10 0.05 4.7 -
S.D. 0.52 4.7 0.07 0.09 4.4 -
Tropical montane forests  0.05'-0.70°  0.40% —2.15° 0.07°-0.107  —0.1>-1.45° 0.8%-9.6'
SO4—S
MCl1 0.57 1.7 0.06 2.4 12 3.1
MC2.1 0.28 13 0.02 1.5 1.1 4.8
MC2.2 0.28 0.32 0.02 n.a. 0.06 12
MC2.3 0.28 0.98 0.02 n.a. 0.73 3.7
MC3 1.8 32 0.03 1.3 1.4 1.8
mean 0.88 1.5 0.04 1.8 0.89 2.9
S.D. 0.80 1.1 0.02 0.62 0.53 1.4
Tropical montane forests ~ <4.4°-38* 6.1°-40.9 13.7° -7.1°-14.7 0.5°-3.6*

“n.a.: not available; ® n.c.: not calculable; ' Clark et al. (1998), > Veneklaas (1990), * Hafkenscheid (2000),
*Asbury et al. (1994), > Cavelier et al. (1997), ®* McDowell & Asbury (1994), ” Bruijnzeel et al. (1993).
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4 Discussion

4.1 Hydrological conditions of the study site

The study area is characterized by an unimodal annual rainfall distribution with a wetter
period between April and September and a drier period between October and March, which
coincides with the regional climate conditions described in 2.1.5.

Results show that the catchment soils and discharge are highly responsive to precipita-
tion with hydrometric results suggesting that shallow subsurface stormflow may be the
dominant hydrological pathways during storm events. Owing to the high hydraulic conduc-
tivity of the organic layer, Fleischbein (2004) excluded the occurrence of Horton flow (in-
filtration excess flow; Buttle 1998) in the study area. Furthermore, since monthly tempera-
ture variations were relatively low during the year, ranging between 14.5 °C in July, the
coldest month of the entire period, and 16.6 °C in November, the warmest month (P. Emck
personal communication), the rainfall has to be considered as the dominant climatic factor

of the study area.

4.2 Tracing water paths through small catchments by an oxygen isotope approach

To assess the consequences of the increasing human pressure on montane forests for the
water cycle, knowledge of the flow paths is required and it has to be demonstrated how
these flow paths are linked to the rainfall regime. It is particularly important to determine
the flow direction (vertical vs. lateral) and the percolation depth of rainfall water because
the destruction of montane forest can result in the loss of the organic layer and possibly
also part of the mineral topsoil. If this part of the soil with its higher water conductivity
than in the denser subsoil played a major role in the transformation of rainfall water to
stream flow, the loss of the forest would markedly change runoff conditions.

In a south Ecuadorian lower montane forest there was a considerable increase in Al, Cu,
Mn, Zn and total organic C (TOC) concentrations and a decrease in pH in surface water

during high discharge after rainstorm events (Wilcke et al. 2001). Associated with the find-
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ing that concentrations of these elements, except for Al, are highest in the organic layers
(Wilcke et al. 2002), this suggested that in the studied microcatchments a large portion of
water flow in soil during rainstorms occurs laterally, whereas during baseflow conditions
most of the stream water comes from the deeper mineral subsoil. It is likely that the water
flow during storm conditions is restricted to the organic layer and only slightly infiltrates
the mineral soil. Thus, if the organic layer and the topsoil, slowing down the near—surface
water flow, were lost, storm event water might become heavily erosive and contribute to
flashfloods. The runoff water would probably contain less solutes but more sediment.

The occurrence of rapid interflow is a frequent phenomenon on steep forested hillslopes
(Mulholland et al. 1990; Bonell et al. 1998), and mainly attributable to the high signifi-
cance of macropores (Buttle & McDonald 2000). While intensive hillslope catchment re-
search has been conducted in temperate environments, studies investigating water Dunne
(1978) found that ‘subsurface stormflow’ accounts for the major proportion of total storm-
flow on evenly steep hillslopes with a high topsoil conductivity, which means a rapid run-
off component in shallow soil depths (Buttle 1998). There has been disagreement among
catchment researchers concerning the question whether stormflow runoff consists of
pre—event or of event water. The majority of small hillslope catchment studies has found
that total stormflow runoff caused by rainstorm events is dominated by pre—event (‘older”)
water as summarized by Genereux & Hooper (1998) while fewer studies found that it was
dominated by event water (Bonell et al. 1998; Schellekens et al. 2004).

To determine the relationship between the rainfall regime and the dominating water flow
direction, the natural abundance of '*0/'°O and D/H ratios (expressed as 8'°0 and dD val-
ues) may be used. The application of O and H isotopes as conservative tracers in the inves-
tigation of hydrological processes of water catchments has become a common tool in the
last two decades (Kendall & Caldwell 1998). The rationale for using §'*O and/or 8D values
in tracing water paths is their temporal variability in precipitation (Genereux & Hooper
1998; Rhode 1998) related to isotope fractionation in the atmosphere as a result of evapo-
ration/condensation cycles (Kendall et al. 1999). However, to better elucidate the flow
paths of the water passing through an ecosystem the isotope data should be combined with

more traditional data from both hydrochemical and hydrological studies (Kennedy et al.
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1986; Bonell et al. 1998; Kendall et al. 1999). Therefore, we used high—resolution meas-
urement of the soil water content in different soil horizons to provide further evidence of
soil water dynamics during rainstorm events. Where multi—proxy data is used information
can be gained on the influence of rainstorm events and on the mobilisation of ecosys-

tem—relevant nutrients and their subsequent loss with catchment runoff (e.g. Wilson et al.

1991; Wilcke et al. 2001).

4.2.1 Isotope signatures of ecosystem fluxes under different moisture conditions
Non—storm conditions

The use of environmental isotopes in characterizing different water sources in catchments
requires the knowledge of the temporal variability of the isotope signals in the various wa-
ter types within the studied ecosystem throughout the year. Therefore, the temporal trends
of "0 in the ecosystem fluxes were examined.

The finding that 3'%0 values in rainfall, throughfall, and lateral flow were highly vari-
able during the monitored year, while soil water and particularly stream water showed con-
siderably less variation in 8'°0 and consistently lower values, allowes to distinguish differ-
ent water sources of the stream.

The dampening of the 8'°0 values of the various ecosystem fluxes representing the pas-
sage of the water passing through the forest from rainfall to stream water indicated that
during normal wet conditions vertical water flow dominated resulting in a systematic de-

crease in the mean 8'°0 (Figure 11).

Storm conditions

The finding that 8'®0 values changed significantly in the stream waters of all three
microcatchments during the rainstorm event and subsequently again had values near -7 %o
the following day demonstrated that during the rainstorm event a proportion of water from
a different source reached the stream water. There are three possible sources for
isotopically enriched water in the study area: the throughfall, which had a mean §'*O value
of -5.5 %o, the lateral flow with a mean 8'°0 value of -5.4 %o, and the soil solution with

mean 8'*0 values of -4.8 %o at 0.15 m and -6.0 %o at 0.30 m mineral soil depth during the
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values of -4.8 %o at 0.15 m and -6.0 %o at 0.30 m mineral soil depth during the event. In
water catchment research three major models of stormflow generation are suggested
(Fritsch & Katzenmaier 2001): (i) water flow in preferential pathways (macropores and
flow in highly permeable layers/pipes), which mainly consists of event water, (ii) ‘transla-
tory or piston flow’ (dischargement of soil water by hydraulic pressure transmission) and
(111) ‘groundwater ridging’ (Sklash & Farvolden 1979), whereby the last two mechanisms
contribute older pre—event water to the stream.

The observation that there was no change in the isotope signal of mineral soil solutions
directly after the rainstorm event indicated that the major part of water transport must have
occurred in the upper soil layer. Since the portion of water reaching the stream by direct
channel precipitation is negligible (Buttle 1998), I conclude that the observed increase in
the 8'*0 values of the stream water was caused by a relatively high contribution of the
"®O—enriched rain water, which has quickly run through near—surface soil regions to the
stream channels. This conclusion was further confirmed by the course of the soil water
content during the rainstorm event, since the rise of the water content was markedly
stronger in the O horizon compared with the A horizon with a rapid increase of about 12
vol % within 24 h before the beginning of the rainstorm event (Figure 18). This indicates
the occurrence of ‘organic horizon flow’ (Kendall et al. 1999) in the uppermost part of the
soil. Since the soil water content of the A horizon was considerably lower (by ca. 7 vol %)
around the rainstorm event, I assume that there was a domination of lateral flow in the or-
ganic layer. This interpretation is further confirmed by considerably higher saturated hy-
draulic conductivity in the organic layer (geometric mean 4.5 x 10 m s™), compared with
the upper (1.8 x 10° m s™) and lower (1.4 x 107 m s™) mineral soil in MC2 (Fleischbein
2004). The distinct decrease of the hydrologic conductivity of the soil with depth is com-

monly considered as a further prerequisite for the occurrence of interflow (Casper 2002).

4.2.2 Pre—event versus event water
The finding that the contribution of the event water component to the total stormflow run-
off was markedly greater than the contribution of the pre—event component in two micro-

catchments, in addition to the rapid response of the stream water levels to the onset of rain-
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fall (Figure 15), strongly suggest that in two of the three studied microcatchments stream
waters during peak discharge were dominated by event water that has quickly reached the
stream channels by using near—surface flow paths. This is further confirmed by the rapid
change of the 3'°0 signal of the stream water directly after the rainstorm event in all three
microcatchments. As mentioned in 4.2, this result partly contrasts the findings of numerous
small catchment studies, which reported a dominance of pre—event water in stormflow
runoff and supports fewer studies that found the event water component to be predominant.

The strong variation in the event water contributions between MC2 and the two other
catchments during the monitored storm event illustrates how variable adjacent small water
catchments may respond to a rainstorm event. To explain this variation, a more detailed
study of the linkage between catchment hydrology and physical soil properties (especially
the hydraulic conductivity) is necessary (Elsenbeer 2001). The comparatively lower event
water fraction in MC2 (44 %) indicates a more pronounced contribution of a pre—event
water mobilizing runoff mechanism. According to Sklash et al. (1986), the displacement of
older (pre—event) water can occur because of groundwater ridging particularly in pre-
saturated lower parts of the slope (Ward 1984). I assume that this mechanism may be im-
portant in the lower part of MC2, where temporarily water—saturated Aquic Dystrudepts
(Yasin 2001) are the dominating soil type near the stream channel. Additionally, following
the conclusions of Bonell et al. (1998), who emphasized rainfall intensity as a major factor
for the response of small water catchments in high—rainfall areas, the old water contribu-
tion by the ground water ridging mechanisms was further promoted by less rainfall inten-
sity in MC2 during the monitored storm event because of its less exposed topographic po-

sition in a depression.

4.3 Dissolved organic nitrogen, phosphorus, and sulfur in the nutrient cycle

The ecological significance of organic N, P, and S forms has often been considered to be
low compared with inorganic forms (Buffam et al. 2001; Stevenson & Cole 1999; Van
Breemen 2002) because, until recently, organically bound nutrients were supposed to be

unavailable for the direct uptake by plants (Currie et al. 1996; Qualls et al. 2002). How-
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ever, Van Breemen (2002) and Neff et al. (2003) challenged this view. It has been shown
in a number of mycorrhizal studies that the direct uptake of organically bound macronutri-
ents plays a more prominent role than realized so far (Aerts & Chapin 2000), particularly
because 80—90 % of terrestrial plants are associated with fungi (Aerts 2002). Moreover,
dissolved organic nutrients can be converted to readily available inorganic forms, espe-
cially through mycorrhizal fungi, which play a dominant role in P uptake (Stevenson &
Cole 1999), particularly in tropical rain forests (Grubb 1995). Microbial release of inor-
ganic S from organic S forms is the major source of plant—available S in soils (Stevenson
& Cole 1999).

In a temperate forest in south Germany, the contribution of DOC to total C ranged be-
tween 8 % in throughfall and 75 % in litter leachate (Zech et al. 1996). Dissolved organic
N can account for about 50 % of the total N concentrations in throughfall (Qualls et al.
1991), litter leachate (Currie et al. 1996; Qualls et al. 1991), soil solution (Cortina et al.
1995; Kaiser et al. 2000), and stream water (Campbell et al. 2000; Hagedorn et al. 2000) of
temperate forests. The reports on the contribution of DOP to total P in forest in litter
leachates and soil solutions are inconsistent. Whereas Kaiser et al. (2000) found that DOP
was the dominant P form in litter leachates (79—81 %) and in soil solution (>95 %) under
beech and pine forests in south Germany, DOP portions were lower (25 %) in the O hori-
zon and upper mineral soil of a boreal aspen stand in Canada (Huang & Schoenau 1998).
According to Homann (1990), organic S contributed up to 54 % of total S in ecosystem
fluxes of 8 water cachments under temperate forest in the USA.

In temperate forests, the soil organic layer generally is the main source and the mineral
soil is the main sink of DOM (Kaiser et al. 2000; Kalbitz et al. 2000; Michalzik et al.
2001). Few studies have found that the forest canopy can release similar amounts of DOM
as the soil organic layer (Qualls et al. 1991). Information on DOM sources in tropical for-
ests is limited and contradictory. For tropical montane forests, Wilcke et al. (2001) in Ec-
uador and Schrumpf (2004) in Tanzania showed highest total organic carbon (TOC) con-
centrations in the litter leachate. In contrast, McDowell (1998) found that the DOC produc-
tion in the soil organic layer of a montane forest in Puerto Rico was small. The latter might

be explained by the thin organic layer of the studied forest and the indirect measurement of
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DOC leaching from the forest floor by soil sorption experiments.

Dissolved organic matter dynamics in forests is controlled by biotic (microbial and fun-
gal activity, Guggenberger & Zech 1994; Moller et al. 1999) and abiotic factors (e.g. tem-
perature, soil moisture, ionic strength, water flux, and pH, Buffam et al. 2001; Kalbitz et al.
2000; Savric 2001; Solinger et al. 2001). The evaluation of the contribution of each factor
is difficult (Kalbitz et al. 2000). The effect of pH on DOM release in soils is not com-
pletely understood partly owing to the inconsistency among results from laboratory and
field experiments (Michalzik et al. 2001). The water flux in soils is a major control of the
dynamics of DOC and DON (Solinger et al. 2001) and DOP and DOS (Kaiser et al. 2000)
in forested water catchments, especially after rainstorms. Fewer studies illustrated the cor-
relation between high—discharge events following rainstorms and elevated DON concen-
trations in stream water of small water catchments (Buffam et al. 2001; Hagedorn et al.
2000). Kaiser et al. (2000) reported that rainstorms induced a nearly conservative transfer
of DOC, DON, DOP, and DOS in seepage water through the soil column of strongly struc-
tured soils under a forest in south Germany. As discussed in chapter 4.2, results from the
study forest in Ecuador showed that during rainstorms a large portion of the incoming wa-
ter drains quickly in lateral direction through the near—surface soil to the stream. This re-

sulted in elevated DOC concentrations in stream water (Wilcke et al. 2001).

4.3.1 DOC, DON, DOP, and DOS concentrations in ecosystem fluxes

The DOC and DON concentrations in rainfall of the study forest were similar to those at
other tropical forest sites (Tables 5 and 6; Eklund et al. 1997; Schrumpf 2004). Compared
to temperate forests, DOC concentrations in rainfall of the study site were high and DON
concentrations were similar (Likens et al. 1983; Michalzik & Matzner 1999). Elevated
DOC concentrations of rainfall at the study site compared to many temperate forests may
be attributable to the release of organic compounds from the extended forest area in the
Amazon basin and transport with the mainly easterly winds (Forti & Neal 1992).

In most solutions except stream water, DOC and DON concentrations were higher than
at other tropical forest sites (Frangi & Lugo 1985; Hatkenscheid 2000; McDowell 1998;

Moller 2001; Schrumpf 2004) but comparable to those in temperate forests (Michalzik et
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al. 2001; Tables 5 and 6). This may be related with the comparatively high litterfall and
organic matter storage of the Ecuadorian forest (Wilcke et al. 2002). The DOC and DON
concentrations in stream water were similar to those in other forested catchments in Puerto
Rico and Chile (Hedin et al. 1995; McDowell & Asbury 1994; Tables 5 and 6).

The considerable increase (three— to fivefold) of DOC and DON concentrations in
throughfall and stemflow at all transects indicates that the canopy was a DOC and DON
source. This is the result of the leaching of plant tissue and of humic material accumulated
by epiphytes in the forest canopy (Vance & Nadkarni 1990).

The further marked increase in DOC and DON concentrations in lateral flow and litter
leachate relative to throughfall and stemflow demonstrates that the organic layer was the
major source of DOC and DON in the studied forest. This corroborates results of Qualls &
Haines (1992) that the organic layer of a temperate forest in North Carolina was a much
larger DON source than the canopy. The elevated DOC and DON concentrations in litter
leachate can be attributed to microbial decomposition of the soil organic matter and the
leaching of C— and N—containing humic substances from fresh litter (Kalbitz et al. 2000).

The decrease in DOC and DON concentrations during the passage from the forest floor
to the subsoil at all transects is the result of progressive retention of DOM in the mineral
soil (McDowell 2003; Stevenson & Cole 1999). This is similar to findings of Qualls &
Haines (1992) that more than 95 % of the DOC and DON input were retained during the
passage through a temperate forest ecosystem. The main reason is the adsorption of DOC
and DON to Al and Fe oxides and hydroxides (Kaiser et al. 1996; Qualls et al. 2002). Gug-
genberger & Kaiser (2003) recently suggested that biofilms covering soil particle surfaces
also retain DOM. Furthermore, part of DON is taken up by plants, e.g. via mycorrhiza, or
after mineralization to inorganic N (Kalbitz et al. 2000; Neff et al. 2003).

In stream water, mean DOC and DON concentrations were similar to those in rainfall
(Tables 5 and 6). The mean DOC concentration under non—storm conditions (4.1 mg 1™")
was at the upper end of the range in a forested water catchment in Puerto Rico (1.6-3.8 mg
1'"), whereas the mean DOC concentration in surface water during storm conditions (12 mg

1"") was less than half of that in the Puerto Rican catchment (28 mg I, Frangi & Lugo
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1985).

From the similarity of the vertical profiles of DOP and DOS in ecosystem solutions I
conclude that the organic layer and to smaller degree the canopy were DOP and DOS
sources, which is analogous to findings for DOC and DON. Qualls et al. (1991) found that
65 % of the DOP input to the A horizon in a temperate forest in North Carolina originated
from throughfall and stemflow indicating that the canopy was a substantial DOP source.
However, Kaiser et al. (2000) and Kaiser & Guggenberger (2003) reported highest DOP
and DOS concentrations in litter leachate of two forests in south Germany, pointing at the
organic layer as the major DOP and DOS source (Tables 8 and 9). Most organic S in soil
originates from litterfall and accumulates in the organic layer, which is therefore the major
source for DOS (Houle et al. 2001).

The mean DOP concentrations in throughfall plus stemflow of the studied forest were
about 15 times higher than in a temperate deciduous forest reported by Qualls et al. (1991).
This indicates strong P leaching from the canopy. The DOS concentrations in throughfall
and stemflow were lower than in a temperate coniferous forest in Quebec (Houle et al.
2001; Table 9). The fact that mean DOS concentrations decreased markedly between litter
leachate and mineral soil solution in two of the studied microcatchments may be explained
by adsorption and mineralization (Stevenson & Cole 1999).

The mean DOP concentration was by far highest in litter leachate (Table 8). This was
about 12 times higher than reported by Hatkenscheid (2000) for a tropical montane forest
in Jamaica. The DOP concentrations in litter leachate were much higher than in temperate
forests (Kaiser et al. 2000; Qualls et al. 1991; Table 8). The mean DOS concentration in
litter leachate of the studied forest was in the range of those in 8 temperate forested water
catchments in North America (Homann et al. 1990). In mineral soil solutions, the mean
DOS concentrations were slightly lower than in temperate forest soils in south Germany

(Kaiser & Guggenberger 2003) and in Quebec (Houle et al. 2001; Table 9).

4.3.2 Controls on dissolved organic nutrient concentrations

Increased DON concentrations during drier periods were frequently related to westerly

wind directions carrying a solute load that probably originated in the inner Andean valley.
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I suggest that vegetation fires in and dust from the much drier Loja basin were sources for
the elevated DON concentrations in rainfall of the study site during dry periods.

The decreasing DON concentration in the soil solution during dry periods may be ex-
plained by increased retention of DOM in the soil as a result of the reduced water fluxes,
enhanced microbial DOM decomposition, and sorption to soil particles (Savric 2001). This
results in an accumulation of ‘potentially soluble’ (Qualls et al. 2002) organic compounds,
particularly in the organic layer. The subsequent mobilization of this DOM pool by sud-
denly increasing water fluxes as consequence of first rainfall after dry periods may lead to
elevated DON concentrations in litter leachate (‘rewetting effect’, Kalbitz et al. 2000). This
was frequently reported for DOC (e.g. Guggenberger & Zech 1993, Tipping et al. 1999;
Zsolnay et al. 1999).

The close correlations between annual mean concentrations of DON and DOC in all
ecosystem fluxes at all transects indicated that the cycling of the dissolved forms of N and
C are connected in the studied forest corroborating other studies in temperate and tropical
forests (Kalbitz et al. 2000, Michalzik et al. 2001, Qualls et al. 2002).

In many studies, decreasing pH reduced DOC concentrations in litter leachates (Kalbitz
et al. 2000). However, this conclusion was mostly drawn from batch experiments, whereas
confirmation in field studies is rare. For the mineral soil, some laboratory studies even
showed opposite results (Guggenberger et al. 1994; Vance & David 1989). Schindler et al.
(1992) found increasing DON concentrations as a consequence of artificial acidification in
a lake in Ontario, Canada. The mobilization of DON and DOS in solutions of the mineral
soil and partly in the organic layer tended to be positively related to the pH although there
was no correlation between concentrations of the organic nutrients and the pH in weekly
samples, which has often been reported for field studies (Kalbitz et al. 2000). The miner-
alization of N, P, and S in the organic layer was reduced at the most acid transect MC2.1
(Wilcke et al. 2002) suggesting that the release of DOM might also be reduced resulting in
low DOM concentrations in the litter leachate. The finding that the mean annual
DOC/DON ratios in soil solutions at 0.15 m and 0.30 m mineral soil depth were higher on
transects MC2.1 and MC2.2 (data not shown) than at the other transects indicating a slower

turnover of organic matter supports this assumption.
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4.3.3 The role of rainstorm events

The DOC concentrations in stream water were positively related to the rainfall under
non—storm conditions. Furthermore, peaks of DOC and DON concentrations in stream
water mostly corresponded to rainstorms indicating an enhanced DOM export via elevated
stream discharge (Figure 20). One reason might be the flushing of soluble organic com-
pounds accumulated during preceding dry periods from the organic layer into the streams
(Kalbitz et al. 2000; Qualls et al. 2002). As shown in chapter 4.2, flow paths of water in the
soil switched rapidly from mainly vertical to mainly near—surface lateral flow during rain-
storms, where concentrations of organic C and N are highest. Recent studies in the temper-
ate zone have shown that this happens in small time periods with strong short—time in-
creases of DOC and DON concentrations in stream water (e.g. Brown et al. 1999; Hage-
dorn et al. 2000; Jardine et al. 1990).

However, the increase in DOC and DON concentrations was not quantitatively corre-
lated to the increase in discharge. This might be explained by the fact that DOM mobiliza-
tion depends on a variety of overlapping factors, e.g. the amount of potentially soluble or-
ganic matter, rainfall volume and intensity, and the interception capacity of the canopy.
Michalzik et al. (1998) pointed out that a high temporal sampling resolution is necessary to
detect possible effects of rainfall events on DOM concentrations in ecosystem solutions,
because these effects occur on a small time scale of hours to days.

Nevertheless, the significantly higher three—year means of DOC and DON concentra-
tions in stream water during stormflow than under non—storm conditions suggests that the
frequently occurring rainstorm events may cause a considerable loss of C and N from the
studied catchments. Similar results were reported by Bushaw et al. (2001), who found that
stormflow contributed more than 50 % to the total DOC and DON export from a forested
water catchment in Virginia.

I was not able to evaluate the relation between rainstorms and DOP and DOS concentra-
tions in stream water because of the monthly resolution of my measurements. However,
from the correlation between DOC and DOP and DOS concentrations (Figure 23b and c), I

infer a similar response of organic P and S to rainstorms as found for DOC.
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4.3.4 Contribution of organic forms to total nutrient fluxes

Dissolved organic N contributed <50 % to TDN in almost all ecosystem fluxes. The spatial
and temporal variations in DON contributions were small in aboveground and much larger
in belowground fluxes. In the soil solutions, DON was the dominant N form except on
transects MC2.2 and MC2.3, where DON portions in the mineral soil solution were low.
The higher spatial variations in soil solutions coincide with the high heterogeneity of
chemical properties of the soil solid phase in the study area (Wilcke et al. 2002). This
variation may be explained by a greater number of controls on DOM mobilization in the
soil than in the aboveground compartments of the forest (Kalbitz et al. 2000; K. Kalbitz,
University of Bayreuth, personal communication).

The DON contributions in litter leachate at the study site were similar to those reported
by Currie et al. (1996) of 56—67 % but lower than those reported by Qualls & Haines
(1992) of 95 % for North American temperate forests. The DON contribution to TDN in
the stream water of the study forest was low compared with other temperate and tropical
regions. Lewis et al. (1999) reported a mean DON contribution of 67 % in first and second
order streams of several undisturbed tropical water catchments mainly in South America.
The results of studies on small streams under undisturbed temperate forests cover a wide
range of DON contributions to TDN between 50 % (Wondzell & Swanson 1996) and 97 %
(Perakis & Hedin 2002).

The high mean DOP contribution in all ecosystem fluxes to TDP illustrates that the or-
ganic form is the major vector of P transport through the studied forest. The contributions
of DOP to TDP varied considerably in the aboveground ecosystem fluxes and in the lateral
flow through the organic layer between the study transects (5—100 %). This suggests that
aboveground and near—surface fluxes might be significantly influenced by the high plant
diversity and quick lateral flow through the topsoil after rainstorms. Similar findings have
been reported for a beech forest in Germany by Kaiser et al. (2003).

The mean DOS contributions to TDS (59 %) demonstrates that DOS plays a major role
in the S dynamics of the studied forest. Dissolved organic S was the most abundant S form

in all ecosystem fluxes above the mineral soil (Table 7). This coincides with the conclu-
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sions of Stevenson & Cole (1999) that most of the aboveground S cycling occurs in the
organic form. The DOS contributions in throughfall, stemflow, and litter leachate (Table 7)
were higher than DOS portions in 8 temperate forests in the USA of 5-54 %, 1-50 %, and
16—46 %, respectively (Homann et al. 1990). In the mineral soil, the DOS contributions to
TDS were low, which was different from the medium contributions of DON to their total
concentrations. The shift from DOS to sulphate in the mineral soil solution is attributable
to the efficient exchange of sulphate by DOM (Kaiser et al. 1998). Strong adsorption of
DOS is further supported by the low DOS contribution to TDS in stream water, which

were similar to DOS portions of 12—21 % in Canadian catchments (Mitchell et al. 1986).

4.4 Dissolved inorganic nitrogen, phosphorus, and sulfur in the nutrient cycle

Anthropogenic activity has changed nutrient cycles of forests. The use of mineral fertiliz-
ers and N emissions to the atmosphere in densely populated areas seem to have shifted the
composition of the N output of forested watersheds from mainly organic at remote loca-
tions to mainly inorganic N forms (Perakis & Hedin 2002; Van Breemen 2002). It is rea-
sonable to assume a similar effect of human activity on P and S cycles.

Forest ecosystems receive N via deposition from the atmosphere and biological N fixa-
tion. Losses of N include leaching and runoff, denitrification, and erosion. In temperate
forests with high ambient N input, the N export via stream water mainly occurs as nitrate
(Tamm 1991). The canopy of tropical forests can act as a sink for DIN because of N uptake
by plants (Bentley 1987). However, DIN can also be released by mineralization of dead
organic matter accumulated in the canopy (Bentley & Carpenter 1980). Coxson (1990)
reported an annual N release of 11 kg ha” from the mineralization of dead biomass of up-
per canopy bryophytes in a montane forest on Guadeloupe. In contrast, Schrumpf (2004)
found a net uptake of nitrate in the canopy of a montane forest in Tanzania. In the soil or-
ganic layer of temperate forests, N forms are shifted from inorganic to organic (Yavitt &
Fahey 1986; Qualls et al. 1991). Nevertheless, DIN concentrations in litter leachate are in
some tropical montane forests higher than in throughfall indicating a DIN leaching from

the organic layer (Hafkenscheid 2000; Wilcke et al. 2001; Schrumpf 2004).
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Weathering of phosphate minerals is the primary P source in terrestrial ecosystems (He-
din et al. 2003). In acid soils, P is strongly sorbed to Fe and Al oxides (Sanchez 1976; Sol-
lins et al. 1988). Therefore, the greatest portion of plant—available P in forests on acid soils
cycles between the canopy and the organic layer. Parker (1983) estimated that leaching of
the canopy contributes 70-90 % to throughfall phosphate. The mineral soil of forest eco-
systems is the major sink for inorganic P because of the strong sorption. The soil organic
layer may also act as a sink for inorganic P because of microbial immobilisation (Qualls et
al. 1991) and P conservation by roots and mycorrhizae (Stark & Jordan 1978; Cuevas &
Medina 1986).

In forests, inorganic S exists as sulphate derived from mineralized organic S com-
pounds, oxidation of airborne SO,, and weathering of S minerals (Likens et al. 2002; Ste-
venson & Cole 1999). In the north Andes, volcanic exhalations contribute additional S
(Veneklaas 1990). The microbial release of inorganic S is the major source of
plant—available S in soils (Stevenson & Cole 1999). However, the organic S pool in forest
soils can also be a sink for inorganic S (Alewell et al. 1999). Similar to phosphate, sulphate
adsorption to Al and Fe minerals can immobilize DIS in the mineral soil (Likens et al.
2002).

The release of DIN, DIP, and DIS in the soil is governed by a variety of biotic and
abiotic processes. The former include microbial turnover and uptake by plants, the latter
physico—chemical soil properties (e.g. pH, water content, redox conditions, and soil tem-
perature). The contribution of each factor varies with climatic and topographic conditions,
soil and vegetation types (Stevenson & Cole 1999).

In an old—growth temperate forest in southern Chile, losses of inorganic N were
strongly influenced by microbial turnover, whereas export of organically bound N was
mainly controlled by hydrological factors (Perakis & Hedin 2001). Contrasting results have
been reported concerning the influence of the water flux on the mobilization of DIN. While
Lovett et al. (2000) showed that DIN losses are not significantly affected by hydrological
flushing, Mitchell (2001) found a clear linkage of nitrate losses in water catchments to hy-
drological processes. For P, Frangi & Lugo (1985) attributed a 7—fold increase in total dis-

solved P concentrations in river water relative to the average monthly P concentrations to
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river discharge peaks in a subtropical forest in Puerto Rico. In bulk precipitation and
stream water of the temperate forest of Hubbard Brook, USA, sulphate fluxes were
strongly positively correlated with water volumes (Likens et al. 2002).

The pH is a major controlling factor for the P and S dynamics in the soil (Stevenson &
Cole 1999). The role of soil pH in the biogeochemical N cycle is more complex. Contrast-
ing results have been reported concerning the effect of pH on microbial activity and the
associated nitrification rate. While some authors conclude that low pH reduces nitrification
because of reduced activity of the autotroph nitrifiers (Kilham 1990) others did not detect a
significant relationship between pH and nitrification rates in temperate forests (Robertson
1982).

In pristine forests with steady—state conditions, nutrient cycles are generally tight except
if there is a release of some elements by weathering of the subsoil (McDowell & Asbury
1994; Ulrich 1981). Thus, setting up an input—output budget of forested catchments helps
in detecting whether the studied forest is in equilibrium and whether there is a loss of nu-

trients by the weathering of the subsoil.

4.4.1 Concentrations of dissolved inorganic nitrogen, phosphorus, and sulphur

The low DIN concentrations in the input and output fluxes accompanied by high DIN con-
centrations in the organic layer solutions indicated a tight N cycling between the canopy
and the soil in the study forest. Such a tight nutrient cycle has frequently been observed in
tropical forests on nutrient—poor soils (e.g. Brinkmann 1985; Herrera et al. 1978; Jordan
1989). However, I did not determine gaseous N fluxes (dry deposition, N, fixation, denitri-
fication). Therefore, my N budget is incomplete. Denitrification might play an important
role because of the frequently low redox potentials and high N mineralization rates (own
unpublished data and Wilcke et al. 2002). Furthermore, I observed a high interannual
variation in NO3;—N fluxes. A reliable budget may therefore also require a longer monitor-
ing period.

The cycling of DIP, which was mainly restricted to the canopy and the organic layer,
indicated by extremely low DIP concentrations in rainfall, mineral soil solutions and

stream water, was tight. The low DIP concentrations in the mineral soil solution and the
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stream water can be explained by a strong sorption to clay minerals and Fe and Al oxides.
The finding that DIP concentrations were highest in throughfall and stemflow indicated
leaching of inorganic P from the canopy, i.e. plant tissue, phyllosphere organisms, and
canopy litter (Figure 27). This confirmed conclusions of Wilcke et al. (2001) that P is
taken up by the plants from the organic layer and recycled by leaching from the canopy in
the study forest. High enrichment factors for DIP in throughfall were also reported by
Cavelier et al. (3.07, 1997) for a tropical montane cloud forest in Panama.

The cycling of DIS was clearly different from that of DIN and DIP. The concentrations
of DIS varied little in stream water during the monitored year indicating a continuous DIS
release from the soils of the studied catchments (Figure 29). The concentrations of DIS in
the stream water of microcatchments MC1 and MC2 were consistently higher than in rain-
fall indicating DIS sources in the mineral soil. The assumption of DIS sources in the min-
eral soil is further supported by the fact that the mean annual DIS concentrations in the
litter leachate were less than half of that in the mineral soil solutions. Given the high den-
sity of roots in the organic layer (Wilcke et al. 2002) and the marked decrease in N and P
concentrations between the organic layer and the mineral soil, it seems unlikely that the
higher DIS concentration in the mineral soil than in the litter leachate can be attributed to
incomplete S uptake by the plants. This is further unlikely as there are even indications of
insufficient S supply for plant nutrition in the organic layer (Wilcke et al. 2002). A possi-
ble source of DIS in the mineral soil may be the weathering of S minerals, e.g. pyrite,
which probably occur in the parent material (shists and phyllites). Furthermore, temporary
water logging of the soil might result in the precipitation of less crystalized reduced S

forms that are released during drier periods.

4.4.2 Controls of the DIN, DIP, and DIS dynamics

Periods with increased NO3;—N concentrations in rainfall coincided with dry periods (Fig-
ures 24a—b) characterized by a change of the prevailing wind direction from generally E to
W at the end of the monitored years (data from a meteorological station on the highest
peak of the study area, ‘Cerro de Consuelo’, 3180 m a.s.l.; P. Emck, personal communica-

tion). I suggest that vegetation fires in and dust from the much drier, agriculturally used
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Loja basin and probably to a smaller extent also from the valley of the Rio San Francisco
(own field observations) were sources for the increased NO3;—N concentrations in rainfall
of my study site during drier periods. A similar relationship for NH4—N concentrations in
rainfall and throughfall was not evident, since NHs—N concentrations were not only ele-
vated in drier but also in the wettest periods.

The assumed transport of air masses from the Loja basin during drier periods seemed to
play a minor role as source of inorganic P and S in wet deposition to the study forest, since
concentrations in rainfall were consistently low throughout the monitored period. Further-
more, local vegetation fires and the eruptions of the Tungurahua volcano, which is located
at a distance of ¢. 200 km and had several eruptions during the monitored year, did not
substantially contribute to DIS deposition.

The NH4s—N and NOs—N concentrations in litter leachate and mineral soil solutions also
increased during dry periods. Furthermore, NH4—N concentrations appeared to be affected
by heavy rainstorms occurring in wet periods with near waterlogged soil conditions (Figure
25a—c). Soil drying and rewetting is known as a DIN generating process. The inorganic N
results from the bursting of dead cells during drying, an enhanced mineralization during
rewetting favored by the increased exposure of substrate surfaces to microbial attack be-
cause of the breakdown of water—stable aggregates (Stevenson & Cole 1999).

The course of the mean weekly NO3;—N concentrations in stream water paralleled the
hydrographs of the three microcatchments indicating that the export of NOs;—N from the
study forest was mainly governed by the hydrological runoff conditions (Figure 26). The
rapid increase in NO3;—N concentrations in stream water at the beginning of the wetter pe-
riods indicated an elevated NOs;—N input from the catchment soils. I suggest that this was
induced by two processes: (i) a direct NO3—N input from the organic layer via shallow
interflow during stormflow conditions, which was found to be an important runoff mecha-
nism in the study catchments (chapter 4.2) and was also reported for NO3;—N by Hagedorn
et al. (2001) in a temperate montane forest in Switzerland and (i) the leaching of NO3;—N
from the upper mineral soil and transfer through preferential flow paths, which are abun-
dant in the stone—rich catchment mineral soils (J. Zeilinger, University of Bayreuth, per-

sonal communication) directly to the streams. Although mean NO;—N concentrations in
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stream water were not significantly higher during stormflow conditions, the strong in-
creases in NO3;—N concentrations in response to discharge peaks, particularly at the begin-
ning of the wetter season (May 2000 and June 2001, Figure 26), suggested that stormflow
plays an appreciable role in NOs—N export. The consistent decrease in NOs—N concentra-
tions in stream water following the beginning of wetter periods indicated reduced nitrifica-
tion and enhanced denitrification because of (near—)waterlogged conditions (Figure 25a).

Similar to DIN, DIP and DIS concentrations in throughfall, stemflow, lateral flow, and
litter leachate seemed to be negatively related to humidity. However, this might be partly
explained by concentration/dilution effects because of reduced water fluxes during drier
periods particularly in the canopy, since DIP and DIS concentrations in throughfall and
stemflow were negatively related to the respective water fluxes (Figure 30). However, DIP
and DIS concentrations were also strongly elevated in the organic layer solutions in No-
vember 2000, which was the driest month of the monitored year (87 mm rainfall) without
rainfall during the first three weeks (own field observation). Since evaporation from the
forest floor of tropical rain forests is known to be small (Jordan & Heuveldop 1981), the
elevated DIP and DIS concentrations in litter leachate cannot be attributed to a concentra-
tion/dilution effect. I suggest that the dry weather conditions were responsible for the dying
of microbes in the canopy and the organic layer. Subsequently, the rapid decay of the dead
biomass led to a release of labile organic compounds, which were quickly mineralized and
oxidized to phosphate and sulphate (Stevenson & Cole 1999). At the same time, P and S
uptake by the vegetation might be reduced because of enhanced litterfall in the study forest
during the drier period at the end of the year (Wilcke et al. 2002).

In the mineral soil, the positive relationship between rainfall and DIS concentrations
showed that inorganic S dynamics were mainly controlled by hydrologic conditions. Fur-
thermore, the sulphate release in the soil is promoted by alternating soil drying and rewet-
ting because of the stimulation of the microbial activity (Stevenson & Cole 1999).

The NOs;—N concentration in litter leachate and mineral soil solutions were significantly
lower (p<0.01, Table 10) at the most acid transect MC2.1 than at all other transects indicat-
ing reduced microbial activity. This confirms findings of Wilcke et al. (2002) in the study

forest, who reported a reduced nutrient turnover in the organic layer on transect MC2.1
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compared with the transects MC1 and MC3. However, NOs—N concentrations in mineral
soil solutions of transect MC2.2, which had a similar pH as transect MC2.1, were the high-
est of all transects, although NOs;—N concentrations in litter leachate were similar to those
of transect MC2.1. In spite of the low pH, organic matter is turned over at MC2.2 at a hig-
her rate as indicated by lower annual median DOC/DON ratios in the second and third
monitored years in the mineral soil solutions at 0.15 m depth (DOC/DON: 20 and 18, re-
spectively) and at 0.30 m depth (DOC/DON: 19 and 19, respectively) on transect MC2.2
than on transect MC2.1 (0.15 m: 31 and 31 and 0.30 m: 29 and 27, respectively — own un-
published data, methods explained in Wilcke et al. 2001). This is likely to be related with a
higher NO;—N release. In contrast, the NH4—N concentration in the soil solutions at the

five transects seemed to be independent of the pH.

4.4.3 Fluxes of inorganic nitrogen, phosphorus, and sulphur

The mean annual NH4—N input with rainfall was at the lower end, mean NO;—N and
PO4—P well within, and mean SO4—S distinctly below the ranges given by Hatkenscheid
(Tables 12 and 13). The higher SO4—S concentrations in rainfall of the studies summarized
by Hafkenscheid (2000) than at the study site may be attributed to sea water spray and ex-
halations and ashes of active volcanoes. Net throughfall deposition of NHs—N was well
within and NOs;—N at the upper end of the range in Hafkenscheid (2000), indicating a con-
siderable NO;—N flux to the forest floor at the study site. This contrasts the results from
several other tropical montane forests (Hatkenscheid 2000; McDowell & Asbury 1994;
Schrumpf 2004) where a net retention of NH4s—N and NO3;—N in the canopy has been ob-
served. The absorption of inorganic N in the canopy is common in N—deficient ecosystems
(Lindberg et al. 1986). This supports the conclusions of Wilcke et al. (2002) that the study
forest is not N—limited.

The ‘throughfall enhancement’, i.e. the increase in DIN, DIP, and DIS concentrations in
throughfall and stemflow compared to rainfall, is attributable to the washoff of the canopy
surface and leaching of plant tissue (Parker 1983). The contribution of particulate and
gaseous dry deposition to net throughfall can be significant for N and S in industrialized

regions (Parker et al. 1983). For the study forest, the overall contribution of dry deposition
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was likely to be smaller than in many temperate forests because of the remote location of
the study area. Lin et al. (2000) found that the contribution of dry deposition to total depo-
sition in a subtropical rain forest in northeast Taiwan was generally small relative to many
temperate forests and might have resulted from the lack of longer dry periods which is also
the case at the study site. However, as indicated by elevated concentrations in the through-
fall, the dry deposition probably increased during the drier periods at the end of the year.

The lack of correlation between rainfall volumes and net throughfall deposition, which
was also observed by Hafkenscheid (2000) in a tropical montane forest in Jamaica, indi-
cated that the leaching of DIN, DIP, and DIS from plant tissue played a minor role. Thus,
dry deposition (particulate and gaseous), N fixation and microbial nutrient release in the
phyllosphere are likely sources of DIN, DIP, and DIS for throughfall and stemflow. A
similar microbial biomass in canopy organic matter as in the organic layer was reported by
Vance and Nadkarni (1990) for a tropical montane forest in Costa Rica.

The nutrient export of both NH4s—N and NOs;—N via stream water was low (Table 12)
and within the range of other tropical montane forests in Hatkenscheid (2000) for NH4s—N,
but distinctly lower for NO;—N, again indicating a tight nutrient cycle for inorganic N in
the study forest.

Exports of DIP and DIS were at the lower end of the range in Hafkenscheid (2000) for
PO4—P and much lower than values reported by McDowell & Asbury (1994) for SO4—S
from a small water catchment under a subtropical rain forest in Puerto Rico. The latter
might be explained by the geologically young bedrock in Puerto Rico. However, results
indicated that DIS was lost from MC1 and MC2, since the output via stream water ex-
ceeded the net precipitation in throughfall plus stemflow fluxes. A higher sulphate export
has often been reported for forested catchments of regions receiving high ambient SO,
input (Likens et al. 2002; Prechtel et al. 2001). Suggested reasons for this mass imbalance
are S additions by dry deposition, mineral weathering, ‘excess mineralisation’, and oxida-
tion of reduced S species (Mitchell 2001; Prechtel et al. 2001). I assume that the reasons
for the observed DIS loss from microcatchments MC1 and MC2 were SO4—S mobilisation

through mineral weathering and partly re—oxidation of reduced S during drier periods.
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5 General conclusions

The first part of my work addressed the flow paths of water in the studied tropical montane
forest. The 8'°0 in rainfall on the Cordillera Real was highly variable during the monitored
year. This was also true for throughfall and lateral flow in which the 8'°O paralleled that of
the rainfall. Soil water and particularly stream water showed considerably less variation in
880 and consistently lower values. This allowed to distinguish between event input water
and pre—event soil and groundwater. The 8'°0 values of the various ecosystem fluxes indi-
cated that during normal wet conditions vertical water flow dominated resulting in a sys-
tematic decrease in the mean 8'*0 when the water passed through the forest from rainfall
to stream water. This decrease is attributed to higher 8'°0 values of the input water during
almost the whole year when compared to the long—term 8'*O value in rainfall at the nearest
IAEA station. During rainstorm events transport conditions switch to rapid lateral flow
which occurs near—surface and results in rapid changes of the 5'°0 signal in the stream
water and becomes more similar to the 8'°0 of rain water and near—surface soil solution.
Results from a two—component hydrograph separation of three adjacent microcatchments
show a high contribution of event water to stormflow runoff in two microcatchments. The
distinctly lower event water contribution in MC2 indicates that the significance of storm-
flow generating processes may vary even in catchments with comparable climatic and ed-
aphic conditions. I conclude that the loss of the organic layer and the topsoil as a conse-
quence of forest destruction would markedly change the runoff generation processes.

In the second part of my work, I investigated the sources and fate of dissolved organic
C, N, P, and S with particular attention to the influence of hydrological conditions on their
fate. In the studied forest, the organic layer was the major source for DOC, DON, DOP,
and DOS followed by the forest canopy, whereas the mineral soil acted as a sink for all
compounds, which is similar to findings in temperate forests. The mean annual DOC and
DON concentrations in a vertical ecosystem profile at five study transects paralleled each
other during the three—year study period confirming that C and N cycles were closely

linked. I observed a comparable vertical distribution for DOS and in a slightly modified
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manner for DOP indicating a similar fate of all organically bound nutrients during the pas-
sage through the forest. The concentrations of organically bound nutrients in soil solutions
tended to be positively related to pH. Hydrological conditions controlled DON transport
and transformation through the ecosystem. Dissolved organic N concentrations in soil solu-
tions were reduced during dry periods followed by a DON pulse from the organic layer
after rewetting. Rainstorms associated with short—time high—intensive rainfall, occurring
from time to time at the study site, appeared to be responsible for a considerable increase
in DOC and DON concentrations in catchment runoff. This indicated an elevated export of
these elements from the studied forest during periods of stormflow because of fast
near—surface lateral water flow. My findings demonstrate that DOM was the major vector
for the cycling of N, P, and S in the studied forest except for S in the mineral soil. Al-
though the concentrations of DON, DOP, and DOS were all correlated with those of DOC
indicating that their biogeochemical dynamics were linked, differences in the contributions
of the organic forms to the total nutrient fluxes imply that the cycles of N, P, and S are
partly decoupled, particularly in the soil.

In the third part of my work, I focussed on the sources and fate of inorganic N, P, and S
as related to the dynamics of their organic forms and to hydrological conditions. Similar to
DOM, the organic layer was the major source for DIN followed by the canopy, whereas
the mineral soil acted as a sink, especially for NHs—N. Most DIP originated from the can-
opy, which was almost completely retained in the mineral soil. In contrast, the mineral soil
was the major source for DIS. Thus, the dynamics of DIN, DIP, and DIS were independent
of each other. Hydrological conditions were the main factor controlling the dynamics of
DIN, DIP, and DIS. Drying and rewetting cycles played a key role in the release of inor-
ganic N from the organic layer. Furthermore, NO3;—N concentrations in the ecosystem out-
put were mainly governed by runoff conditions. Strong rainstorms were responsible for
NO;—N and partly NH4—N pulses to the stream water. Soil acidity appeared as a further
control of the DIN and DIP dynamics in the organic layer, since DIN and DIP concentra-
tions were positively related to the pH in the organic layer. In the studied tropical montane
forest, nutrient cycles were tight for DIN and DIP with low ecosystem input and output,

except for a short period at the end of the year, when concentrations in stream water in-



General conclusions 86

creased. In contrast, the export of DIS partly exceeded the input by wet deposition because
of mineral weathering in the subsoil.

Summarizing, the findings of my study show that the hydrologic conditions of the stud-
ied tropical montane forest have a major impact on the dynamics of C, N, P, and S within
the ecosystem. My results further indicate a tight nutrient cycle for C, N, and P with rela-
tively low input and output fluxes under non—storm conditions, whereby the gaseous N
fluxes were not considered. This balance is short—time interrupted during rainstorm events
with associated strongly elevated water fluxes (stormflow), which cause an increased out-
put of DON, DOC, NOs—N and eventually NH4s—N. However, since other studies showed
that the flushing of elements only occurs in the first phase of storm events and lasts only
for a very short time period (hours), one might assume that the associated total nutrient loss
is low. To quantify the nutrient loss during storm events, a short—interval sampling during

storm events is required.
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