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This dissertation consists of several studies conducted at various spatial and

temporal scales designed to identify the important processes that affect organic matter

(OM) inputs from the Andes mountains to the Amazon headwaters, as well as carbon (C)

and nitrogen (N) cycles in the rivers themselves.  Andean rivers supplied approximately

equal amounts of fine and coarse sediments to the Amazon, but most coarse sediments

were retained in the Andean foreland while fine sediments continued downstream.

Terrestrial plant δ13C increased with elevation, but terrestrial soil δ13C did not and was

enriched by 1-3‰ over plants.  Particulate organic matter (POM) concentrations were

generally low, with periodic high concentrations during storms. There were significant

differences in the isotopic composition of POM between seasons (wet vs. dry), reflecting

changes in sediment source.  During high flow, POM resembled terrestrial materials, but

during drier periods there was evidence for a resuspended bottom sediment or algal

source.  During wet periods, OM content of soils and river POM decreased downstream,

but the POM trend was complicated during drier months.  Δ14C of POM decreased
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downstream, suggesting that young, fresh OM introduced in small headwater streams was

respired preferentially in rivers or diluted with older material downstream.  Fine

suspended POM was higher in δ15N and δ13C than coarse POM, indicating either greater

degradation in the fine fraction or sorption of isotopically enriched dissolved OM.

Deforestation is reflected in suspended POM in small headwaters, with enrichment in

both 13C (due to introduced C4 grasses) and 15N.  Epiphytic plants living in forest canopies

were δ15N-deplete compared to rooted plants, and the biomass of these epiphytes was so

high that their δ15N was reflected in stream POM.  Precipitation was a major source of

isotopically enriched dissolved organic N (DON) to cloudforests in the central Andes.

Inorganic N export from these systems in streams was very low, but this seems to be the

result of high demand for DIN by microbes and fine roots in riparian soils, not a high

reactivity of dissolved inorganic N (DIN) in the stream.  Low deposition of and demand

for inorganic N in these forests appear to explain low ambient stream DIN

concentrations.
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Chapter 1: Introduction and Overview

Rivers are the main means of transport of terrestrial organic carbon (C) and

nitrogen (N) to the oceans, and they can be important biogeochemical reactors in and of

themselves (Schlesinger 1997).  The Amazon River is the world’s largest river: it is the

largest single source of fresh water and terrestrial organic C to the oceans (Richey et al.

1980).   The Amazon has the world’s largest watershed (Figure 1.1).  The basin is

bordered on the west by the Andes Mountains (Figure 1.1), which comprise about 12% of

the total basin but are the source of most of the suspended solids and dissolved minerals

in the Amazon (Gibbs 1967, Meade et al. 1995).  The Andes are also thought to be a

major source (~35%) of particulate organic C (POC) to the Amazon (Quay et al. 1992),

but because of inaccessibility and political instability in many Andean countries during

the late 20th century, few studies of C cycling have been conducted in the Andes

(McClain et al. 1995, Hedges et al. 2000, Mayorga et al. 2005).

The western tropical Andes have levels of pollution, deforestation, urbanization,

and other human impacts that are lower than many other areas of the world (Holland et

al. 1999, Perakis and Hedin 2001, McClain and Naiman in prep).  Studies of Andean

rivers can provide baseline information about biogeochemistry of human-impacted rivers

and streams, which can aid in predicting the responses of these systems to global change.

Climate models predict that lowland deforestation will lead to decreased rainfall in the

Andes (Avissar and Werth 2005, Chagnon and Bras 2005), which may lead to decreased

river discharge and sediment loading due to reduced runoff.  Also, local land use change

due to increases in population and road building is expected to increase in the Andes this

century (McClain and Naiman in prep).  Thus, studies of baseline biogeochemical
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functioning in the Andes, and natural experiments designed to test how rivers respond to

changes in precipitation, discharge, and climate are important in evaluating how the

Amazon headwaters will respond to global change.  In particular, these studies will

provide important baseline information useful in evaluating the effects of changes in

climate and C cycling on Amazonian ecosystems.

The major question of this dissertation is: what are the important factors

controlling the concentrations and sources of organic matter and nutrients in the Peruvian

Amazon headwaters?  Several different studies are presented here that attempt to

constrain these factors from small to large size scales.  All of these studies were

conducted within the Pachitea River basin, located in central Peru (Figure 1.1).  The

Pachitea is an excellent representative of the range of ecosystems present in the Amazon

headwaters: altitude in this watershed ranges from above 4500 to approximately 150

meters above sea level (masl).  The Pachitea River joins the Ucayali River at the city of

Pucallpa, Peru; the Ucayali subsequently joins the Amazon near the city of Iquitos, Peru.

Chapters 2 and 3 of this dissertation present information gathered during field

campaigns along altitudinal gradients in the Pachitea Basin.  Chapter 2 is built around

samples gathered from the highest reaches of the Pachitea (above 4000 masl) and

downstream to the lowlands around 700 masl.  I present data on the stable isotopic (δ13C

and δ15N) and elemental (%C and %N) composition of terrestrial soils and plants as well

as river materials that provide information on important sources of C and N to the

Amazon headwaters and the processes that affect their transport downstream.  This study

is a detailed survey of C and N cycling in an Andean river.  Chapter 3 is a similar

altitudinal transect but is conducted on a smaller scale: samples of riverine organic matter

were taken from about 2500 to 300 masl in the Pozuzo River, a sub-basin in the Pachitea.

Here stable isotopic analyses were combined with radiocarbon measurements (Δ14C) of
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riverine POM to provide an indication of C sources to rivers and an indication of the time

scale of C cycling in Andean headwater catchments.  This chapter includes comparisons

to the findings in Chapter 2, which was conducted during a much drier year than Chapter

3.

Small mountainous rivers have large dynamic ranges in both flow and suspended

sediment content.  Thus a shortcoming of “snapshot” studies like those presented in

Chapters 2 and 3 is that they can miss “hot moments” that provide much of the flux of

material out of the basin (McClain et al. 2003).  Therefore, a comparison of riverine POM

elemental composition and concentrations was conducted in a one-year time series study

of three rivers with contrasting watershed physical characteristics and land uses,

presented in Chapter 4.  All of these rivers were located in Oxapampa, Peru, near the

Andean Amazon Research Station at about 1800 masl.  Because most of the annual

precipitation occurs during the summer months in Peru (October through March), the

study presented an opportunity to explore how the source of OM in rivers varies with

river discharge and precipitation, which is an important indicator of how the Amazon

headwaters might respond to climate change.  This study also provides information about

how land use change affects C and N transport from the landscape to rivers.  In general,

the detailed time series experiment presented in Chapter 4 provides information about

sediment and OM dynamics in Andean rivers, which is needed to understand how these

systems interact with precipitation, climate, and land use change.

In Chapters 5 and 6, the focus shifts to small catchment studies.  Such catchments

form the initial sources and filters of OM and nutrients entering Andean rivers.  Chapter 5

presents an overview of C and N isotopic composition of various OM compartments in

two adjacent watersheds in the tropical montane cloud forest region of the Peruvian

Andes (~2400 masl).  One of these watersheds was deforested three or four years before
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the study began, and the other is covered by pristine old-growth forest.  A comparison of

C and N stocks and isotopic composition in these two watersheds provides information

for predicting the effects of land use change on Andean OM exports to the Amazon

lowlands.  This information is also useful for determining the important factors

controlling C and N cycles in these ecosystems, and the factors that control OM transport

from the landscape to headwater streams.  This study provides important information on

how various C and N cycling processes affect the δ13C and δ15N of OM in this area.

The final chapter presents information gathered during a series of 15N tracer

addition experiments conducted in the pristine watershed previously studied in Chapter 5.

Labeled N compounds (15NO3
-, 15NH4

+, and 15N-glycine) were added to the stream and to

riparian soils in order to estimate reactivity and fate of each compound.  These techniques

can show the relative importance of aquatic and terrestrial N reactions in controlling N

retention and export in these systems.  This knowledge is important for the Amazon

headwaters because these streams have much lower inorganic N export than rivers in

industrialized areas and because N export from headwater watersheds can impact OM

dynamics downstream even in very large rivers such as the Amazon.
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Figure 1.1.  Topographic map of the Amazon River Basin (yellow and black line).  The
Pachitea River Basin is shown in orange.  Modified from Glauber (2001).
The highest elevations in the basin are shown in dark brown, transitioning to
white and then bright green as altitude decreases.
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Chapter 2:  Contributions of carbon and nitrogen from the Andes
Mountains to the Amazon River: Evidence from an elevational gradient

of soils, plants, and river material1

ABSTRACT

We determined the carbon (C) and nitrogen (N) elemental and stable isotopic

composition of riverine and terrestrial organic matter (OM), as well as the concentration

of dissolved organic C (DOC), δ15NO3
- and δ18O of river water along an altitudinal (4043

to 720 meters above sea level [masl]) transect in the Andes of Peru.  Plant δ13C increased

with increasing elevation, but unlike previous studies, foliar δ13C and %N were

negatively correlated.  Soil δ13C values did not exhibit similar trends and were enriched

by 1-3‰ over plants.  Isotopically, riverine fine particulate OM (FPOM, < 60 µm)

resembled soils, and coarse particulate OM (CPOM, > 60 µm) resembled leaves. Both

FPOM and CPOM exhibited OM levels beyond those attributable to sorption.  Percent

OC and N of soils and FPOM were positively correlated with altitude, and highlight a

trend of sequential downstream dilution of OM with inorganic material. FPOM began to

resemble plant OM isotopically at lower altitudes, perhaps due to increased plant and

surface soil inputs to lower rivers.  The compositional similarity of POM to terrestrial

plants and soils indicates that the dominant processes affecting riverine OM are occurring

on the landscape, not within the river.  Dissolved OC (< 0.2 µm) concentration, δ15NO3
-,

and δ18O of H2O are variable in high altitude tributaries but approach constant values

downstream.  Elemental and isotopic analyses of riverine OM suggest compositional

differences between size fractions, similar to the lower Amazon; however, unlike

previous studies, we have found significant within-stream changes with altitude in OM

composition.
                                                  
1 Significant portions of this chapter have been previously published as Townsend-Small et al. (2005).
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INTRODUCTION

Rivers are the main means of transport of terrestrial organic carbon (OC) to the

world’s oceans, so an understanding of riverine C dynamics is critical to global C

budgets.  The Amazon River contributes about 36 x 109 kg yr-1 of OC to the oceans, of

which about 62% is dissolved, 34% is fine particulate OC (FPOC, <63 µm) and 4% is

coarse particulate OC (CPOC, >63 µm; Richey et al. 1990).  Most of this flux is thought

to be allochthonous (McClain and Richey 1996).  Isotopic and biomarker OC studies in

the lower Amazon have shown that coarse particulate organic matter (CPOM) is

dominated by fresh plant material, and that fine particulate organic matter (FPOM) and

dissolved organic matter (DOM) are more degraded (Hedges et al. 1986a, 2000).  The

organic composition of FPOM and DOM in the Amazon differs despite their presumed

close interaction (Hedges et al. 1986a, 1994), implying different diagenetic histories.

Biodegradation of fresh plant material leads to chemical alteration of OM into

progressively smaller molecules, and isotopic, biochemical, and/or size fractionation of

various molecules during degradation and transport is likely one control on OM

distribution (Hedges et al. 2000).

The “regional chromatography model” was developed to explain the

compositional differences in FPOM and DOM in the Amazon (Hedges et al. 1994, Devol

and Hedges 2001).  This model is based on observations that N-rich, hydrophobic organic

molecules are more likely to be sorbed to terrestrial and riverine fine mineral particles

than their N-poor, hydrophilic counterparts, which remain dissolved and are washed out

of soils (Hedges et al. 1994).  A laboratory study confirmed this partitioning of N during

sorption (Aufdenkampe et al. 2001), and sorbed material is the majority of FPOM in the

lower Amazon (Mayorga and Aufdenkampe 2002).  Evidence for the regional

chromatography model suggests spatial and temporal variability in OM distribution in the
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Amazon, but sampling of the mainstem has failed to catch any major variations (Hedges

et al. 2000, Devol and Hedges 2001).  Past studies (Hedges et al. 1986a, 1994, 2000;

Richey et al. 1980, 1990) have been modeled on the river continuum concept, which

emphasizes longitudinal patterns in rivers from source to delta (Vannote et al. 1980).  In

contrast, small headwater streams often exhibit variable chemical characteristics because

they reflect geomorphology and ecology in individual watersheds, consistent with a

“river discontinuum” theory recognizing the uniqueness of small streams draining

dramatically different catchments and gaps in downstream patterns that occur as

tributaries merge (Poole 2002).  Mountain rivers are especially likely to exhibit variable

biogeochemical characteristics, when altitudinal changes in terrestrial ecosystems are

reflected in streams.

It has been proposed that Andean headwater streams partially control OM

distribution and composition in the Amazon (Hedges et al. 1994, 2000, Richey et al.

1990, Quay et al. 1992) although the Andes remain largely unstudied (McClain et al.

1995).  Headwater streams may exert significant influence over C and N cycling in large

rivers (Peterson et al. 2001).  Consistent longitudinal patterns in mainstem OM led

Hedges et al. (2000) to conclude that patterns were set in low-order headwater streams,

whose variable chemical characteristics are integrated as water flows downstream.

Andean tributaries are implicated as C, N, and phosphorus (P) sources because

concentrations in the mainstem are often higher than in lowland tributaries (Devol and

Hedges 2001).  Enriched δ13C values of FPOM in the mainstem, relative to local sources,

have been attributed to the Andes (Quay et al. 1992).  The Andes are also implicated

because they are the source of the vast majority of sediments to the Amazon (Meade et al.

1985), which may carry sorbed OM and nutrients (Aufdenkampe et al. 2001).
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However, many questions remain about Andean river OM sources and factors

influencing its transport and eventual deposition into the ocean, since no comprehensive

study has been conducted to answer them.  Cai et al. (1988) analyzed the δ13C of Andean

river POM but not that of its potential sources.  Guyot and Wasson (1994) studied DOC

concentrations along an altitudinal gradient, but the highest samples were taken at 2500

meters above sea level (masl), well below the highest reaches of the Amazon.  Hedges et

al. (2000) studied C and N cycling in Bolivian tributaries of the Amazon, but only one

high-altitude sample was taken at 3900 masl; the next highest sample was at 430 masl.

These previous sampling efforts were insufficient to capture spatial or temporal

variability in concentrations and compositions of OM size fractions, which is critical to

understanding how OM is transported from headwater streams to the Amazon mainstem

and eventually to the ocean.

Stable isotopes are natural indicators of geochemical and ecological processes and

are useful in studies requiring small sample volumes and a time lapse between sampling

and analysis.  Carbon-13 (13C) shows an altitude effect in plants, with increasing δ13C

values at higher altitudes (Körner et al. 1991).  Plant 13C content also reflects its C source

and its water-use efficiency; water stress increases δ13C values (Körner et al. 1991), and

its photosynthetic pathway, either the Calvin cycle (C3), the Hatch-Slack cycle (C4), or

Crassulacean acid metabolism (CAM; Lajtha and Marshall 1994).  Nitrogen-15 (15N) has

not been shown to vary with altitude, but the δ15N of soil OM does vary with precipitation

and temperature (Amundson et al. 2003), both of which may vary with altitude.  δ15N and

δ13C can also be used to assess the diagenetic history of OM (Nadelhoffer and Fry 1988).

In addition, oxygen-18 (18O) in river water generally becomes depleted at increasing

altitude (Seigenthaler and Oescheger 1980).
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In order to investigate these concepts, we conducted a field study of the Pachitea

River basin in the Andean Amazon of Peru in July of 2002.  The purpose of this study

was to determine OM inputs into Andean streams, identify OM sources and factors

controlling its transport, and survey trends in C and N concentrations and δ13C and δ15N

of plants, soils, and suspended and dissolved OM.   More specifically, this study

addresses the question of how the composition and concentration of different OM

reservoirs vary in the rivers of the Peruvian Amazon and whether these patterns are

variable or conservative as streams flow into larger rivers downstream.

STUDY AREA

All samples were collected during July 2002.  Samples were taken in the

Huancabamba, Chontabamba, and Santa Cruz River watersheds in the central Andes of

Peru (Figure 2.1).  Sampling began just east of the Huagaruncho range (5879 masl) in the

Amazon drainage.  Site elevations ranged from 4043 masl to 720 masl (Table 2.1).

Highest elevation sampling was conducted above the treeline in the Santa Cruz and

Huancabamba valleys.  Samples were collected at mid-elevations on the Chontabamba

River, and lowest elevation samples were taken from the Santa Cruz and Huancabamba

Rivers near the town of Pozuzo (Figure 2.1).

METHODS

Sampling–River water for particulate analysis was collected from the edge of the

stream in a 1 liter polycarbonate bottle and filtered immediately, taking care to agitate the

bottle before pouring to ensure particulate resuspension.  Water for CPOM collection was

filtered through preweighed, 47 mm diameter, 60 µm pore size MilliporeTM nylon filters.

The filtrate was then filtered through precombusted, preweighed 50 mm diameter, 0.7 µm

pore size WhatmanTM glass fiber filters using a hand-operated vacuum pump to isolate

FPOM.  Filters were kept in 50 mm diameter petri dishes.  At the end of sampling, filters
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were dried at 40°C at the Andean Amazon Research Station in Oxapampa (Figure 2.1).

Unfiltered water for δ18O analysis was collected in 20 ml glass vials with polycarbonate

cone tops.  This water was carefully contained without headspace gas by filling and

capping the bottles underwater.  Water for DOC analysis was filtered on site through 0.2

µm nylon syringe filters into precleaned, precombusted 20 ml glass vials containing 20 µl

H2SO4.  Water for δ15NO3
- analysis was syringe filtered into precleaned, precombusted 40

ml amber borosilicate vials containing 40 µl of H2SO4.  The first 10 ml of all syringe-

filtered water was discarded to prevent contamination from the syringe filter.  All bottles

were capped and sealed on the outside with ParafilmTM.

Six soil samples were collected at each location, three at the riparian zone, not

more than 1 m from the stream, and three about 100 m uphill, perpendicular to the

stream.  Soils were collected from three approximate depths: the surface below

vegetation, 10 cm, and 20 cm.  Soils were placed in precombusted 40 ml amber

borosilicate vials.  Leaves from the most abundant (by visual inspection) plants were also

collected from each subsite at each sampling location.  Small pieces of living, not visibly

diseased or damaged leaves were removed and placed in precleaned, precombusted 40 ml

amber borosilicate vials.  Because most sampling sites were remote, it was impossible to

dry all plants, soils and filters immediately, but all were kept dark and cool until arrival at

the field station, when they were placed into an oven at 40ºC.

Sample analyses–Dried particulate samples were analyzed for δ13C and δ15N and

mass % C and N on a Carlo Erba NC 1500 elemental analyzer coupled to a Finnigan

MAT DELTA plus continuous flow isotope ratio mass spectrometer.  Carbonates were

removed from soils and river particulates prior to δ13C analysis by vapor phase

acidification with HCl for 24 hours followed by drying at 40ºC for 24 hours (Hedges and

Stern 1984).  Inorganic C was, on average, 2.5% of soil C, based on %C measurements
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before and after acidification.  Neither particulate samples for δ15N analysis nor plants

were acidified.  Fine particulates on glass fiber filters were analyzed directly on the

elemental analyzer; coarse particulates were washed onto glass filters.  Glass fiber filter

results were corrected for the filter blank.

Acidified water samples were neutralized with NaOH prior to δ15NO3
- analysis

with the “denitrifier” method (Sigman et al. 2001).  Nitrous oxide produced by this

method was analyzed on a Finnegan MAT DELTAplus with a ThermoFinnegan Trace GC

and a PreCon interface.  DOC was analyzed on a Shimadzu TOC Vcsh analyzer.  The

δ18O of H2O was measured by CO2 equilibration at the Jackson School of Geological

Sciences at the University of Texas at Austin. C, N and O stable isotope ratios are

reported as δ13C, δ15N, and δ18O relative to the Vienna Pee Dee Belemnite, atmospheric

N2, and Vienna Standard Mean Ocean Water standards, respectively.

Data analysis–Location and elevation at each sampling location were recorded

using hand-held GPS units.  Results for plants and soils were averaged for each site; all

trends shown are representative of the full data set.  Plant data shown are for C3 plants

only; plants whose δ13C indicated a C4 pathway (~ -10‰) were not included in our

calculations.  C4 plants were scarce (5 out of 68) and found only at sites below 2400 masl.

Statistical significance of correlations was determined using critical values of r2.  A

correlation was considered significant after a two-way regression analysis if the p value

was 0.05 or below.  Averages are expressed plus or minus the standard deviation (± SD).

RESULTS

Plants–Plant δ13C values were positively correlated with altitude (r2 = 0.3029, p

<0.02, n = 20; Figure 2.2A); the average δ13C of leaves from all sites was -28.2‰ ±

1.8‰.  δ15N of plants showed no significant trend with altitude (r2 = 0.0007), with an

average δ15N of 1.1‰ ± 2.1‰ (Figure 2.2B). Percent N of leaves was negatively
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correlated with altitude (r2 = 0.4477, p < 0.002, n = 20; Figure 2.2D).  Percent C was not

correlated with altitude (r2 = 0.0007; Figure 2.2C).  C:Nmolar of plant leaves was

negatively correlated with altitude (r2 = 0.4568, p < 0.002, n = 20; Figure 2.2E).  Mean

C:Nmolar of plants was 24.7 ± 8.7.

Soils–Stable isotope content of soils did not vary with altitude: neither δ13C (r2 =

0.0581) nor δ15N (r2 = 0.0577) of soils is correlated with altitude (Figure 2.3A and 2.3B).

Soils were more enriched than plants in both 13C and 15N.  The average δ13C of all soils

sampled was –24.4‰ ± 1.9‰ and the average δ15N was 4.3‰ ± 1.6‰.  Soils had greater

OM content at higher altitudes.  Percent C in soils was positively correlated with altitude

(r2 = 0.5477, p < 0.001, n = 20), as was %N (r2 = 0.3951, p < 0.005, n = 20; Figure 2.3C

and 2.3D).  C:Nmolar was positively correlated with altitude (r2 = 0.2616, p < 0.05, n = 20;

Figure 2.3E).  C:Nmolar of soils was markedly different than that of aboveground biomass,

averaging 11.8 ± 3.7 (Figure 2.2E).  Percent C and N in soils were well correlated to each

other (r2 = 0.8107,  p < 0.001, n =20; Figure 2.3F), but with a positive y-intercept at 0.04

%N.  The slope-derived C:N of soils was 15.3  (Figure 2.3F).

Suspended particulates–δ13C and δ15N show that FPOM more closely resembled

soils than plants.  The δ13C of FPOM was positively correlated with altitude (r2 = 0.2687,

p < 0.02, n = 20; Figure 2.4A), with the average for all sites being –25.3‰ ± 2.3‰.  δ15N

of FPOM was not correlated with altitude (r2 = 0.1189; Figure 2.4B), and the average was

3.6‰ ± 0.9‰.  Percent C of fine suspended sediments (FSS) was positively correlated

with altitude (r2 = 0.4017, p < 0.01, n = 17; Figure 2.4C), as was %N (r2 = 0.5585, p <

0.001, n = 18; Figure 2.4D).  There was no correlation of C:Nmolar of FPOM with altitude

(r2 = 0.0256; Figure 2.4E), with an average value of 10.6 ± 5.7.  %C and N of FSS were

well correlated with each other (r2 = 0.8127, p < 0.001, n = 17; Figure 2.4F), but with a

positive y-intercept at 0.12 %N.  The slope derived C:N of FPOM was 12.5 (Figure
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2.4F).  There was a significant inverse logarithmic relationship (as initially expressed in

Meybeck 1982) between %OC in fine sediments and the total fine sediment load (r2 =

0.5962, p < 0.02, n = 15).

On the other hand, the elemental and isotopic composition of CPOM more closely

resembled that of fresh leaves than soils.  Some trends are not statistically significant for

CPOM because the sample number was reduced by a lab accident.  δ13C of CPOM had a

positive, although statistically insignificant, relationship with altitude (r2 = 0.1191), and

the average was –26.6‰ ± 1.1‰ (Figure 2.5A).  The δ15N of CPOM is positively

correlated with altitude (r2 = 0.7548, p < 0.05, n =6), with an average value of 1.9‰ ±

2.1‰ (Figure 2.5B).  Percent C of coarse suspended sediments (CSS) is positively

correlated with altitude (r2 = 0.4157, p < 0.05, n = 12), although %N is not (Figure 2.5C

and 2.5D).  C:Nmolar was not correlated with altitude.  The average C:Nmolar of CPOM was

16.7 ± 7.6 (Figure 2.5E).  Percent C and N of CSS were more poorly correlated (r2 =

0.5485) than those of soils and FSS.  There was no significant logarithmic relationship

between %OC in coarse particulates and total CSS (r2 = 0.0933), to be expected in a size

class strongly influenced by plant litter, not mineral grains.

Dissolved components–Dissolved OC concentrations in rivers were not correlated

with altitude (r2  = 0.0124; Table 2.1).  The overall average DOC concentration was 2.4

mg L-1 ± 1.4 mg L-1.  DOC concentrations were more variable in streams above 3000

masl (average 2.5 ± 1.5 mg L-1) and approached the average value in lower altitude rivers

(average 2.3 ± 1.1 mg L-1). δ18O of H2O was negatively correlated with altitude (r2 =

0.482, p < 0.001, n = 22; Table 2.1).  River δ18O was more scattered above 3000 masl

(average -12.3‰ ± 1.2‰) than below (average -10.9‰ ± 0.8‰). The δ15NO3
- varied

between 1.4‰ and 6.3‰ and was not correlated with altitude (r2 = 0.0007; Table 2.1).

The average δ15NO3
- was 3.8‰ ± 1.2‰, which was closer to that of FPOM (3.6‰) and
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soils (4.3‰) than plants (1.1‰).  δ15NO3
-
 was more scattered above 3000 masl (average

3.7‰ ± 1.4‰) than below (average 4.1‰ ± 0.5‰).

DISCUSSION

Our results reveal distinct shifts in the biogeochemistry of riverine organic matter

between 4000 and 700 masl, indicating that processes operating in this zone of the

Andean Amazon are instrumental in determining the biogeochemistry of organic matter

observed in lower reaches of the river system.  The following discussion is divided into

three sections.  The first identifies and discusses downstream or altitudinal patterns in the

data.  The second considers whether these patterns are useful in tracing sources of

organic matter to Andean rivers and, ultimately, to the Amazon River as a whole.  These

are pertinent questions to the study of the organic geochemistry of the Amazon, and in

answering them this discussion incorporates patterns seen and questions raised in the past

40+ years of research in the Amazon.  The final section attempts to place the results of

this study within an appropriate conceptual framework.

Altitudinal distributions– Previous montane plant studies have shown increasing

δ13C with increasing altitude, attributed to an increase in carboxylation efficiency at

altitude that decreases the ratio of internal to atmospheric CO2 (pi/pa) (Körner et al. 1991).

Plants in this study follow this trend (Figure 2.2A).  Several studies report a concurrent

increase in leaf N with altitudinal δ13C increases (Morecroft et al. 1992, Sparks and

Ehleringer 1997), attributed to an increase in N-rich, C-fixing enzymes such as ribulose

1,5-biphosphate carboxylase (RuBP carboxylase) at altitude (Hultine and Marshall 2000).

However, the plant data in the current study do not have the same relationship (Figure

2.2D), and, in fact, δ13C of plants is significantly negatively correlated to leaf %N (r2 =

0.4371, p < 0.002, n = 20), suggesting that different processes may control plant C and N

in this region.
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Besides enzyme content, other factors may influence leaf %N, such as soil N

availability and species composition. Venezuelan trees showed no change in %N with

increasing altitude, attributed to lower N availability in upland soils (Diaz et al. 1996).

Alternate explanations for the variation in δ13C of plants include water stress, variations

in atmospheric CO2 content, and species composition.  Water stress can increase δ13C

(Körner et al. 1991), and precipitation decreases at altitude in the Andes (Mayorga and

Aufdenkampe 2002).  It is possible that ambient CO2 does not vary conservatively with

atmospheric pressure because CO2 levels in forested areas are higher than in watersheds

above the tree line; this may be an alternate explanation for our trend of increasing foliar

δ13C with altitude.  Furthermore, foliar δ13C does not always increase with altitude: Diaz

et al. (1996) found that C3 trees in the Venezuelan Andes were not 13C enriched at

altitude.  Species composition can also affect δ13C: functional grouping of life forms is

often a better predictor of altitudinal patterns of δ13C than pi/pa (Brooks et al. 1997).  This

is likely to be the case in this study, since a visible transition in plant ecosystems was

observed down the mountain.  If a change in plant functional groups, not an increase in

RuBP carboxylase content, is the cause of the altitudinal δ13C trend, this may explain why

leaf δ13C is negatively correlated with leaf N.

Neither δ13C nor δ15N of soils exhibited an altitudinal gradient (Figure 2.3A and

2.3B).  Previous studies of altitudinal trends in soil δ13C have found patterns mirroring

those of plants (Bird et al. 1994).  In natural terrestrial ecosystems, soil OM typically is

either derived from plants growing above or from root, microbial and/or fungal biomass

growing in the soils (Ehleringer et al. 2000).  Plant degradation, root inputs, and

microbial growth can lead to 13C and 15N-enriched soils, and the dominant mechanism

controlling soil isotope ratios is uncertain (Lehmann et al. 2002). Sorption can also

influence the isotopic composition of POM (Aufdenkampe et al. 2001).  Studies have
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shown that fine roots are often enriched in 13C and 15N with respect to leaves (Kitayama

and Iwamoto 2001, Hobbie et al. 2002), and preliminary data from another study site in

the region confirm this (data not shown).  Soils collected for this study are 1-3‰ more

enriched in 13C and 15N than leaves.  Also, the C:N of soils (11.3) indicates that they are a

mixture of plant and microbial sources, since microbial biomass has a C:N from about 5-

8 and plant material C:N is ~24.  Unlike plant leaves, soil C:N decreased at lower

altitudes (Figure 2.3E), possibly indicating a greater microbial component in low-altitude

soils or faster decomposition rates at lower altitudes.  Regardless of mechanism, the

isotope shift between plants and soils is a potential indicator of riverine OM sources.

Past changes in plant populations and soil contributions from mass movement

processes can potentially complicate the interpretation of soil patterns. Although soils are

often derived from past plant populations, there is no evidence (isotopic or otherwise)

that there has been a major shift in vegetation coverage in this area.  Alluvial soil

contributions are often important to riparian ecosystems, but no isotopic or elemental

differences were found between riverbank soils and those located 100m away from the

river.  Belowground recycling of root biomass may also be a significant source of OM in

these soils.  Soil formation is also dependent on underlying geology.  Rocks underlying

the study area are mostly late Permian granites and granodiorites (Instituto Geologico,

Minero y Metalurgico 1996).  Old sedimentary rocks containing kerogen can be a source

of OC in soil formation (Hedges and Oades 1997), but the igneous rocks found in this

study area are unlikely to be a significant OC source.  However, geology and sediment

transport are very poorly studied in this area, and a better understanding of these

processes will be necessary in the future to better constrain Andean sources of OM to the

Amazon.
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Unlike plants, %C and %N of soils sampled in this study are both significantly

positively correlated with altitude (Figure 2.3C and 2.3D), indicating higher

organic:mineral ratios with increasing altitude.  Increases in soil OM degradation are

usually accompanied by a decrease in %OC and %N (Nadelhoffer and Fry 1988).  Soil

stable isotope signatures also support this hypothesis.  Our data indicate that soil OM at

higher altitudes was closer in isotopic composition to plants and thus less degraded than

soils at lower altitudes.  Increasing dampness and lower temperatures at higher altitudes

likely slow decomposition rates (Batjes 1996, Coûteaux et al. 2002).  Peat soils (found at

our highest altitude sites) are often OC-rich and minimally degraded (Batjes 1996). Thus,

the combination of elemental and isotopic comparisons between soils and plant leaves

supports the hypothesis of a soil decomposition gradient in the Peruvian Andean

Amazon.

All the dissolved parameters measured in this study have more scattered

distributions at higher altitudes and approach averages at lower altitudes, demonstrating

the integrating effect of rivers and indicating that adjacent headwater streams can have

dramatically different geochemical characteristics. The same trend can be seen in isotopic

and elemental composition of FSS (Figure 2.4).  Since high altitude samples represent

smaller catchments, small differences in ecosystem C, N, and H2O cycling can lead to

large differences in the chemical composition of exported water.  Dissolved organic

carbon concentrations in this study ranged from 0.7 to 6.1 mg L-1 (Table 2.1).  Previous

studies found concentrations in the Andes to range from ~1 to 2 mg L-1 (Guyot and

Wasson 1994, Hedges et al. 2000), although one of these studies did not sample above

2500 masl (Guyot and Wasson 1994), and the other had only one sample above 450 masl,

at 3900 masl (Hedges et al. 2000).  And Guyot and Wasson (1994) found that DOC

concentration increased at approximately 200 masl where the topography flattened and
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wetlands appeared along the channels to a mainstem average of 5 mg L-1 (Richey et al.

1980, 1990). In contrast, the current study shows no significant trend of downstream

DOC enrichment (Table 2.1), and the highest concentrations are found in high-altitude

streams draining peat soils.  This is in sharp contrast to other high-mountain river studies,

where DOC is usually among the lowest concentrations in the world (Meybeck 1982,

Hedges et al. 2000), but most of these studies were conducted at higher latitudes where

organic-rich peat soils do not occur at very high altitudes.  Also, our high altitude

samples were taken from small headwater streams, where the importance of stream order

on riverine biogeochemistry is magnified during storm events, when runoff is generated

rapidly in small streams but delayed in larger rivers (McGlynn and McDonnell 2003).

DOC concentrations in this study were affected by the amount of precipitation (Table

2.1) as well as ecological and topographical differences between watersheds.

River water δ18O values become enriched downstream, as expected, except that

isotopically heavy rains during sample collection weaken the correlation.  In general, the

highest δ18O values occurred when rainfall was heaviest, due to an enriched rain or runoff

source.  Stream δ18O is positively correlated (although insignificantly) to DOC

concentration (r2 = 0.1687), raising the possibility that storm events contribute to loading

of OC-rich, isotopically heavy soil waters, especially in small, low-order streams.

The average δ15NO3
- in this study is 3.8‰ ± 1.2‰, close to that measured in the

Amazon mainstem at Manaus (4.1‰ ± 0.3‰, Brandes and Devol 2002).  Nitrate

concentrations in the mainstem are controlled by river-floodplain interactions and in-

channel processes (Devol et al. 1995, McClain et al. 1997).  However, mechanisms

controlling NO3
- concentrations in upstream tributaries are unknown.  However,

remineralization of organic N and uptake of DIN by heterotrophic microbes is likely

significant; in fact, Brandes et al. (1996) found that in-stream remineralization of organic
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N was the most likely source of NO3
- to a small stream in the lower Amazon.  Overall

δ15NO3
- values in this study are also consistent with a soil or POM (~ 4%) mineralization

source, although values are not significantly correlated to each other (δ15N of FSS vs.

NO3
- r2 = 0.0077; δ15N of soil N vs. NO3

- r2 = 0.0367). Nitrate may be isotopically lighter

than POM at a site due to incomplete oxidation, a rainwater NO3
- source, or the presence

of N2 fixation, whereas an enriched NO3
- pool may have been subjected to fractionation

such as during denitrification or uptake (Brandes et al. 1996).

Tracers of riverine OM sources–δ13C, δ15N and C:Nmolar of fine particulate organic

matter (FPOM; Figure 2.4) are similar to those of soils (Figure 2.3), supporting the

hypothesis that soils are the predominant source of C to these rivers.  Phytoplankton

growing in the Andean Amazon have an estimated δ13C of –33 to –55‰ (Cai et al. 1988),

which, when compared to the average δ13C for both FPOM (-25.3‰) and CPOM (-

26.3‰), indicate that algae is a minor component in these rivers.  Also, undisturbed

lowland Amazonian streams are thought to have virtually no in-situ photosynthesis

(McClain and Elsenbeer 2001).  FPOM δ13C and δ15N are more enriched than plants, but

are similar to soils.  Isotopic analyses as well as relatively high %C compositions at lower

altitudes indicate that CPOM may be less degraded or altered from plant sources as

compared to FPOM (Figure 2.5).  δ13C values of CPOM are intermediate between plants

and soils, and the low average δ15N of CPOM strongly resembles a plant source.  In the

lower Amazon, CPOM has chemical characteristics between those of plants and soils,

and the original OM source is mainly leaves (Hedges et al. 1986a, 1986b, 2000).

Previous studies of the Amazon using biochemical indicators of decomposition found

that FPOM was more degraded than CPOM (Hedges et al. 1986a, 1994).  In this study,

FPOM is more enriched in δ13C and δ15N than CPOM, which may indicate that FPOM

comes from a more degraded source than CPOM in the Andes as well as in the Amazon
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mainstem.  This study shows that sources of riverine fine and coarse particulate OM in

the Andean Amazon are probably similar, at first approximation, to those determined for

the lower Amazon, but, unlike the lower Amazon, chemical composition of those sources

and fractions differs with altitude.

Despite their relatively distinct C and N isotopic signatures, elemental

compositions of FSS and CSS exhibit similar patterns (Figure 2.4C, 2.4D, 2.5C, and

2.5D).  Both FSS and CSS are enriched in OC with respect to soils (Figure 2.3C), with

CSS more so and approaching plant values at high altitude (Figure 2.4C).  FSS and CSS

have similar N content as compared to plants (Figure 2.2C) but are slightly less N-rich

than soils (Figure 2.3C).  Both size classes of suspended sediment collected in this study

are more enriched in OC than those found in the mainstem.  FSS in the Amazon has from

0.9 to 1.5% OC by weight and CSS from 0.5 to 3.4% OC, with no downstream trend in

%C of FSS (Richey et al. 1990).  In contrast, OM contents of both FSS and CSS in the

current study are positively correlated with altitude.

While δ13C and δ15N seem to indicate that FPOM is soil-derived, in general, OC

and N are higher in FSS than in soils (Figure 2.3C, 2.3D, 2.4C, and 2.4D).  In some

cases, %C and N of FSS are nearly twice those of soils, indicating some type of in-stream

process affecting the composition of FSS.  Previously, Aufdenkampe et al. (2001)

determined that sorption of DOM could increase the OM content of suspended kaolinite

in simulated Amazonian rivers, but only from 0 to 3%.  There are two possible reasons

for the observed enrichment in OC and N in FPOM in this study over the probable soil

source.  The first possibility is that sorption of dissolved OM to riverine particles is

greater than indicated by laboratory studies (Aufdenkampe et al. 2001), thus supporting

the “regional chromatography model” of organic matter transport in the Amazon (Hedges

et al. 1994, Devol and Hedges 2001).  During a recent study of OM dynamics in the
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Andean Amazon, Hedges et al. (2000) found a similar offset in N content of FSS and

soils, and attributed it to the sorption of 15N-rich DOM to suspended soil minerals.  The

current study indicates a similar offset.  Although the isotopic composition of DOM was

not measured in this study, FPOM does have consistently lower δ15N values (~0.5‰)

overall than soil OM (Figure 2.3B, 2.4B), indicating that sorbed DOM is isotopically

light, consistent with a possible leaf leachate source.  The second possibility is that

FPOM in the Andes consists at least partially of small pieces of plant material and more

OM-rich surface litter as opposed to deeper OM-poor soil minerals, which is supported

by altitudinal trends in isotopic composition of FPOM (see further discussion below).

These ideas will be further investigated in future studies using compound-specific

analyses and/or radiocarbon measurements of soils and particulates.

Results from this study show a significant increase in δ13C of FPOM at higher

altitudes (Figure 2.4A), consistent with Cai et al. (1988), whose highest δ13C values (-

24.6‰) in bulk POM were found in the high Andes.  However, while Cai et al. (1988)

attributed altitudinal patterns in POM δ13C values directly to changes in plant 13C, the

results of this study indicate that FPOM is mainly soil, not plant, derived.  We attribute

elevational patterns in POM δ13C values to changes in the relative contribution of sources

rather than to changes in δ13C of a single source.  Decreasing POM δ13C values at lower

altitudes support an increased contribution of plant material to FPOM at lower altitudes

where riparian forests appear and litterfall inputs are greater (McClain and Richey 1996).

At high altitudes (~4000 masl), cold temperatures and relatively low rainfall levels lead

to the production of OM-rich soils, which are transported to the river by shallow runoff

during rain events.  On the other hand, OM inputs at lower altitudes are likely to be a

mixture of fresh leaf litter and OM-poor soils added during frequent landslides or other

disturbances as well as material exported from upstream.  The OM-poor nature of lower
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altitude soils will make any leaf litter contributions to rivers more important, as compared

to higher altitudes where more OM-rich soils dominate riverine OM sources.  These

hypotheses are supported by elemental data (discussed below), as well as isotopic

analyses: FPOM δ13C values approach those recorded for CPOM and plants at low

altitude sampling sites (Figure 2.4A, 2.5A).  There is no significant trend of δ15N of

FPOM with altitude in this study (Figure 2.4B), consistent with both soils and plants

(Figure 2.2B, 2.3B).  Unlike the δ13C trend, δ15N of FPOM and CPOM seem to converge

upstream, indicating that CPOM at sites above the tree line is derived from soils rather

than plants, a logical conclusion for streams draining basins where more biomass is

below ground than above.  However, these hypotheses will need to be tested in other,

more detailed studies.

Percent of C and N in FPOM and CPOM are positively correlated with altitude

(Figure 2.4C, 2.4D, 2.5C, and 2.5D).  This may be attributed to in-stream processing of

POM, but as the same trend is apparent for soils (Figure 2.3C and 2.3D), the loss of C

and N mass in particulates is a likely indicator of the downstream addition of low OM

mineral soils.  Previous river studies have shown that %OC of suspended particulates

decreases when sediment load and discharge increase (Meybeck 1982), either because of

dilution of suspended OM with mineral soils or because of differences in source and

processing of OM at different locations along the river.  In this study, %OC of FSS

decreases with increasing total FSS load, but this relationship is not true for CSS, perhaps

due to either low overall suspended sediment loads (< 10 mg L-1) or low number of

samples.  Similarly, in the lower Amazon, TSS controls FPOM concentrations while

CPOM concentrations are relatively independent of total CSS concentration (Hedges et

al. 2000).  However, unlike the present study, in the lower Amazon, FPOM

concentrations increase as FSS increases (Hedges et al. 2000), because high-topography
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Andean rivers are dominated by erosion as opposed to deposition and sorption.  Because

samples in this study were taken along a known altitudinal gradient, we can infer a

decreased input of mineral soils at the highest altitudes.

The Andes have been proposed as a significant particulate inorganic N source to

the Amazon based on C:N of FPOM and CPOM with positive N intercepts, indicating

that an average of 50% of N was inorganic (Hedges et al. 2000).  FPOM, CPOM, and

soils (Figure 2.3F, 2.4F, and 2.5F) in the current study show evidence for only a small

percentage at most (< 10% on average) of inorganic N in Andean particulates.  In

addition, unlike Hedges et al. (2000), we do not see a significant downstream increase in

δ15N in any particulate fraction.  Samples collected in this study were from higher

altitudes than most of those in Hedges et al. (2000), and due to a combination of factors

(different regions of the basin, different number of samples), our study indicates that the

central Peruvian Andes are not a significant source of particulate inorganic N to lower

altitude tributaries.  In fact, the Andes are likely a greater source of dissolved than

particulate inorganic N.  Given an average FSS concentration of 5.3 mg L-1, an average

%N of FSS of 1.9%, and assuming that a maximum 10% of that N is inorganic, the

approximate concentration of fine particulate inorganic N in these rivers is 0.7 µmol L-1.

This is more than an order of magnitude lower than the approximate maximum NO3
-

concentration of 5 µmol L-1.

One goal of this and other studies has been to determine the extent to which

Andean organic matter persists in the Amazon mainstem and estuary.  Andean POM

derived from high-altitude plants was thought to be the source of the enriched δ13C value

of POM at Obidos (Quay et al. 1992).  Quay et al. (1992) used the δ13C of POM from Cai

et al. (1988) to calculate that approximately 65% of POC in the Amazon mainstem was

Andean.  More recently, this figure was revised based on other δ13C of FPOM data from
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the Andes, to less than 40% (Hedges et al. 2000).  Using the average δ13C of FPOM from

all Andean rivers sampled in this study (-25.3‰) and the lowland endmember of -28.5‰

(Quay et al. 1992), 35% (by isotope balance) of FPOM in the Amazon mainstem at

Obidos (-27.4‰, Hedges et al. 2000) is derived from Andean rivers above 700 masl. This

is very close to the estimate of Andean FPOM loading by Hedges et al. (2000). This mass

balance calculation for CPOM also yields the same results as Hedges et al. (2000): less

than 40% of CPOM in the mainstem is derived from the Andes.  Since the Andes supply

~85% of suspended sediment to the Amazon River (Meade et al. 1985), our results imply

that OM transported with suspended particles is remineralized, replaced, and/or amended

during transport through lowland portions of the river basin, in agreement with previous

studies (Hedges et al. 2000).  However, in contrast to previous work (e.g., Hedges et al.

2000), the present study shows that highly degraded soil C, as opposed to plant leaves, is

the dominant source of POM in the Andes; indeed, if Andean riverine OC consisted of

plants in the 1000 to 3000 masl region where most sediment loading occurs, it would be

much lighter in δ13C and δ15N than what we find.  Therefore, it seems that the dominant

processes affecting OM composition in the Andean Amazon take place prior to entering

the river, not within it.

The existing conceptual model of organic matter dynamics in the Amazon River

system is the “regional chromatography model ” (Hedges et al. 1986b, 1994, Devol and

Hedges 2001), based on years of work in the mainstem Amazon.  This model was

developed to explain the different compositions and concentrations of various OM size

classes.  In the mainstem Amazon, leaves are the ultimate source of riverine organic

matter.  According to the regional chromatography model, leaf litter decays rapidly on

the forest floor, where it is either exported as relatively intact CPOM or further

decomposed into dissolved organic molecules.  Depending on its hydrophobicity, this
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DOM either remains dissolved or sorbs to soil minerals, producing FPOM.  These

patterns, as reflected in the chemical composition of these OM size classes, were found to

be remarkably consistent along the entire ~1800 km of the Amazon mainstem.  Although

the current study does not include all the analytical techniques used to describe the above

patterns, a preliminary comparison can be made between OM dynamics in the Peruvian

Andes and those explained by regional chromatography.  First of all, similar to the

lowland Amazon, our data indicate that terrestrial plants are the ultimate source of

riverine OM, although more specific evidence would strengthen this argument.  In

addition, stable isotopic evidence indicates that CPOM is derived from minimally

degraded terrestrial plants, and that FPOM is more degraded, just as has been found in

the mainstem.  We also show preliminary evidence for sorption of dissolved organic N to

FSS, but the levels of organic C and N in fine particulates are too high for sorption of

DOM to be the main source of FPOM, as the regional chromatography model predicts

(Hedges et al. 2000, Aufdenkampe et al. 2001), unless sorption is occurring at a much

higher proportion in Andean rivers.  We propose that soil OM consisting of highly

degraded plant material, as opposed to mineral-sorbed DOM, is the primary source of

FPOM in the Andean Amazon.  As predicted by the regional chromatography concept,

results presented here indicate that processes operating outside the river are the most

important control on riverine organic matter composition, and downstream changes in in-

stream compositional patterns are due to changes in terrestrial sources.  However,

important differences from the regional chromatography model are apparent in Andean

riverine OM dynamics, namely, the much greater roles for altitude and climate-correlated

soil diagenesis and erosion in the Andes.

Based on the results of this study we propose a preliminary conceptual model of

OM dynamics in the Andean Amazon (Figure 2.6).  At the highest reaches of the
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Amazon (region A, Figure 2.6), above about 3000 masl, catchments and streams are

small and rainfall is reduced.  Low temperatures slow decomposition and soils

accumulate particulate and dissolved OC.  Erosion of mineral soils is low and erosion of

surface (high OC) riparian soils dominates particulate loading to streams.  Since streams

and catchments are smaller, δ15NO3
- and DOC concentrations are highly variable.

Between about 3500 and 2000 masl (region B, Figure 2.6), greater rainfall leads to rapid,

constant OC leaching and erosion of mineral rich, OC-poor soils.  Soil OM is more

degraded due to warmer temperatures and rapid flushing, and river FPOM reflects the

input of soil OM from erosion.  DOC is lower than in high altitude streams draining peat

soils and δ15NO3
- values are constant, reflecting the integrating nature of the larger rivers

in this region.  Finally, in the foothills of the Andes (2000 – 750 masl), where rainfall is

at a maximum and topography is gentler, FPOM and CPOM begin to reflect the input of

less degraded surface soil and leaf litter inputs (region C, Figure 2.6).  DOC

concentrations remain low and δ15NO3
- values are consistent throughout the landscape.

The assumptions of this model can be tested in future studies of the Andes, optimally

including broader spatial coverage, identification of salient geomorphological features,

river discharge, and more measurements of OM sources, transport, and residence times.

This study allows for several conclusions about carbon and nitrogen cycling in the

Andean Amazon.  Plants show a positive correlation of δ13C with altitude consistent with

other studies, but the negative correlation of foliar N content with altitude indicates that

nutrient limitation, water stress, or species composition are more important in

determining foliar chemistry than internal CO2 levels.  Soil OM is consistently degraded

beyond the leaf litter stage, with a strong gradient in weight % OM with altitude.  At all

sites, riverine suspended FPOM is predominantly soil derived and becomes progressively

enriched in δ13C at low altitudes, whereas CPOM compositionally resembles minimally
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or partially degraded leaf litter. Overall, riverine FSS and CSS are enriched in OC and N

over soils, indicating additional contributions from either sorption of DOM or C-rich

POM sources such as leaf litter.  Such leaf litter inputs may become an important source

of FPOC to rivers at the lowest altitudes in our system.  In general, riverine OM

compositions are driven by erosion-dominated soil inputs, which are in turn controlled by

physical factors such as rainfall, temperature, and topography.  High altitude OM-rich

soil inputs give way to OM-poor soil inputs at mid to low altitudes, resulting in a sharp

gradient in riverine %OM with altitude. The high levels of degradation experienced by

most Andean soils prior to transport to rivers and out to the main basin, as well as

sorptive protection on mineral surfaces, may be primary reasons why this material

survives in-river processing to provide a significant source of organic matter to the

Amazon River.  Delta 15N values indicate that riverine NO3
- is derived from soils or

POM.  Dissolved OC concentrations observed at high altitudes (>2000 masl) were

variable, but correlated to storm events, and decreased to relatively low values (1-2 mg L-

1) in the lower basin.  Indeed, all three solute parameters, δ18O of H2O, δ15N of NO3, and

DOC concentration, in headwater streams were highly variable.  This illustrates the need

to consider rivers, especially their mountain headwaters, within a longitudinal (e.g.,

Vannote et al. 1980) as well as a lateral framework embracing variability and abrupt

geochemical transitions (e.g., Poole 2002).  Perhaps the most important finding of this

work is that soils are a more important source of riverine FPOM in Andean rivers as

compared to rivers of the lower Amazon (Hedges et al. 1986a, 1986b, 1994, 2000).

Moreover, in sharp contrast to the stable longitudinal biogeochemical patterns that

characterize lowland rivers, the concentration and composition of various OM size

classes, in plant and soil sources as well as riverine particulate exports, vary with altitude

and downstream distance in the Andean Amazon.
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Site Altitude
(masl)

Latitude
(ºS)

Longitude
(ºW)

DOC
(mg L-1)

δ15N of
NO3

- (‰)
δ18O of

H2O (‰)
Río Lecma, near lake source 4043 10º 27' 52.4" 76º 6' 39.4" 1.3 5.6 -14.2
Río Munapampa, lake source 4016 10º 30' 0.7" 76º 8' 1.6" 1.3 2.6 -13.7
Río Muñapampa 7/5/02 3797 10º 27' 52.4" 76º 9' 15.5" 1.6 5.1 -13.2
Río Muñapampa 7/9/02 ★ 3797 10º 27' 52.4" 76º 9' 15.5" 2.6 2.4 -12.7
Río Lecma, high altitude 3780 10º 27' 37.0" 76º 9' 13.6" 1.3 6.3 -13.2
Río Galvez near source ★ 3749 10º 25' 59.1" 76º 11' 15.0" 4.7 n/d -10.8
Río Lecma, mid-altitude 3562 10º 28' 6.2" 76º 11' 11.9" 3.2 3.8 -12.0
Río Ramos ★ 3500* n/d n/d 2.4 2.0 -11.3
Stream entering Río Ramos ★ 3488 10º 24' 15.2" 76º 10' 47.0" 1.3 4.4 -12.2
Bog draining into Río Galvez ★ 3433 10º 23' 54.7" 76º 11' 28.4" 0.7 3.6 -12.4
Río Galvez at treeline ★ 3433 10º 23' 54.7" 76º 11' 28.4" 2.8 2.9 -11.6
Confluence of Ríos Galvez and Ramos 3400* n/d n/d 2.8 1.4 -11.5
Río Galvez during storm ★ 3360 10º 23' 37.8" 76º 11' 10.5" 6.1 4.0 -10.6
Río Lecma, low altitude ★ 2760 10º 29' 39.9" 76º 14' 57.5" 3.8 3.6 -12.5
Río Muspes ★ 2422 10º 31' 6.1" 76º 16' 36.4" 3.8 4.3 -12.1
Río Llamaquizú 2394 10º 37' 26.3" 76º 42' 16.0" 4.6 n/d -10.5
Río Huaylamayo ★ 2387 10º 30' 55.4" 76º 16' 49.3" 1.1 5.2 -12.0
Río Churumazu, high altitude 2200 10º 38' 11.8" 76º 32' 24.2" n/d n/d -10.2
Río Churumazu, low altitude 1908 10º 36' 43.8" 76º 33' 4.2" n/d 4.2 -9.7
Río San Alberto 1867 10º 34' 38.8" 76º 36' 27.8" 2.2 n/d -10.8
Río Chontabamba, high altitude 1854 10º 36' 1.8" 76º 33' 25.5" n/d 3.5 n/d
Río Chontabamba, mid altitude 1830 10º 34' 4.9" 76º 35' 12.4" 1.8 n/d -10.5
Río Huancabamba upstream of Pozuzo 1756 n/d n/d n/d 3.8 -10.4
Río Chontabamba, low altitude 1752 10º 26' 1.4" 76º 28' 55.4" 1.9 4.7 -10.6
Río Huancabamba above Chontabamba 1715 10º 24' 0.5" 76º 26' 36.0" 1.4 n/d -11.6
Río Huancabamba below Pozuzo 764 10º 6' 4.9" 76º 27' 28.7" 1.1 n/d -10.3
Río Santa Cruz, above Huancabamba 720 10º 2' 32.0" 76º 27' 33.4" n/d 3.8 -10.8
★ = sample was collected during a storm event
n/d = not determined
* = estimated altitude, GPS not available

Table 2.1.  Locations, names, and elevations of sampling sites in this study, with water
characteristics as determined for each site.
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Figure 2.1.  Map of the study area including areas of intense sampling (white triangles)
and names of major rivers and towns.  The dotted line indicates the position
of the treeline.  Large black triangle indicates the location of the highest
mountain in the range (5879 masl).  Inset shows location within
northwestern South America.
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Figure 2.2.  Elevational trends of A) δ13C, B)δ15N, C) %C, D) %N and E) molar C:N of
plant leaves collected during this study.  Each point represents an average
value for all plants (riparian and upland) sampled at that station.
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Figure 2.3. Elevational trends of A) δ13C, B) δ15N, C) %C, D) %N and E) molar C:N of
soils collected during this study. Each point represents an average value for
all soil horizons sampled at that station.  Weight percent of carbon versus
weight percent of nitrogen of soil samples is shown in panel (F).
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Figure 2.4. Elevational trends of A) δ13C, B) δ15N, C) %C, D) %N and E) molar C:N of
fine POM (> 0.2 µm, < 60 µm) collected from rivers on glass fiber filters
during this study. Weight percent of carbon versus weight percent of
nitrogen of fine particulate samples is shown in panel (F).
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Figure 2.5. Elevational trends of A) δ13C, B) δ15N, C) %C, D) %N and E) molar C:N of
coarse POM (> 60 µm) collected from rivers on nylon filters during this
study. Weight percent of carbon versus weight percent of nitrogen of coarse
particulate samples is shown in panel (F).
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Figure 2.6.  Conceptual diagram of organic matter dynamics in the Peruvian Andean
Amazon.  Three major zones are depicted: A), the high-altitude puna,
located above the treeline, or from about 3500 to 4500 masl; B), the
montane cloud forest, situated between 2000 and 3500 masl; and C), the low
jungle, or selva baja, which extends from 750 to 2000 masl, approximately.
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Chapter 3:  Stable and radioactive isotopic constraints on organic
matter cycling in the Pachitea River Basin, Peruvian Andean Amazon

ABSTRACT

Rivers are critical links in the global carbon (C) cycle because they are the main

means of transport of terrestrial organic C to the oceans.  This study uses stable and

radioactive isotopic tracers of organic C and nitrogen (N) cycling to determine the

sources of organic matter to Andean rivers and the extent of their preservation and

delivery downstream to the Amazon.  We measured the δ13C, δ15N, and Δ14C of organic

matter in suspended sediments from the headwaters to below the lowland jungle in the

Pozuzo River, a tributary of the Amazon River located in the Peruvian Andes.  Particulate

organic Δ14C decreases with downstream distance, suggesting that young, fresh organic

matter introduced in small headwater streams is respired preferentially in rivers and

older, more refractory material persists or is added downriver.  Headwaters stream

sediments were distinct isotopically from each other and from the mainstem samples,

suggesting that differences in land use and other landscape processes in small catchments

may impact the concentration and composition of organic C and N in streams.  Unlike

previous studies, the δ13C of POM was not correlated with altitude, indicating that in-

stream processes such as photosynthesis or resuspension of degraded sediments might be

more influential during dry conditions. Fine POM was higher in δ15N and δ13C than

coarse POM, indicating either greater degradation in the fine fraction or sorption of

enriched dissolved organic matter.
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INTRODUCTION

An understanding of carbon (C) cycling in rivers is vital to constraining the global

C budget, because rivers are a critical biogeochemical link between the land and the

oceans.  Processes operating at the headwaters of rivers can influence water and element

cycling downstream and at the mouths of rivers (e.g., Vannote et al. 1980, Peterson et al.

2001).  The Peruvian Andes are a major source of water and sediments to the Amazon

River, which is the largest single source of fresh water and terrestrial organic C to the

oceans (Gibbs 1967, Sioli 1984).  For many years, researchers have estimated that

Andean rivers may provide a significant portion of organic C to the Amazon (Richey et

al. 1990, Quay et al. 1992, Hedges et al. 1994, 2000), although very few studies have

examined this hypothesis (McClain et al. 1995).  Previous studies conducted in the Andes

have concluded that the Andean headwaters may contribute about 35% of total particulate

OC (POC) observed in the Amazon (Hedges et al. 2000, Chapter 2, this volume), but

other studies have shown that the Andean C may not persist beyond the Andean foreland

(Mayorga et al. 2005).

This study combines radioactive and stable isotopic tracers in order to determine

sources and processing of organic C in rivers of the Peruvian Amazon.  There are three

natural C isotopes: 12C and 13C are both stable, and 14C is a cosmogenic radionuclide and

decays with a half-life of 5370 years.  Carbon-12 makes up the bulk of all C atoms on

Earth, with 13C and 14C accounting for 1.11% and 1 x 10-10%, respectively (Faure 1986).

Carbon-13 content (as δ13C) is a useful tracer of organic C sources and diagenetic history

for several reasons.  Various photosynthetic pathways and the isotopic composition of

inorganic C substrates can lead to differences in stable isotopic composition among

terrestrial plants, aquatic plants and algae (Peterson and Fry 1987, Fogel and Cifuentes
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1993).  Also, δ13C signatures decrease during the process of degradation from fresh plants

to leaf litter to soils (Wedin et al. 1995).

Radiocarbon, or 14C, is useful as a tracer of organic C (OC) sources in river basins

as well as a dating tool (Hedges et al. 1986, Masiello and Druffel 2001, Raymond and

Bauer 2001, Druffel et al. 2005).  The atmospheric content of 14C increased during the

middle of the 20th century due to above-ground nuclear weapons testing, and any fraction

containing this so-called “bomb” radiocarbon is now defined as modern, or generated

after 1950 (Stuiver and Polach 1977).  Only a few studies have used radiocarbon as a

tracer of organic matter cycling in the Amazon Basin.  The Δ14C of dissolved and

particulate OC was measured at several points along the Brazilian Amazon as part of the

“Carbon in the Amazon River Experiment” (CAMREX) project (Hedges et al. 1986b).

Their results showed a consistent offset in chemical composition of various size classes

of organic matter, indicating their different sources and diagenetic histories, in line with

other CAMREX tracers (Hedges et al. 1986b).  All Δ14C values were positive, indicating

that they contained “bomb” 14C.   Most pertinent to the current study are the Δ14C values

for fine (+19‰) and coarse (+227‰) particulate organic matter (POM) measured at

Santo Antônio do Içá (Hedges et al. 1986b).  This coarse POM (CPOM) sample was

almost identical in 14C content to atmospheric CO2 at the time of sampling (234‰),

indicating that it was derived from fresh terrestrial plant material.  Fine POM (FPOM),

the oldest fraction sampled, was considered to be derived from degraded terrestrial soils

(Hedges et al. 1986b).  The dissolved fractions (humic and fulvic acids) sampled in this

study were also modern, and considerably younger than the fine POM, ranging from

+141 to +344‰ (Hedges et al. 1986b).

The Hedges et al. (1986b) effort was the first to report radiocarbon abundances

for Amazonian organic matter.  Subsequent studies reported the chemical composition of
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organic matter emerging from the Amazon into the Atlantic Ocean, a few of which

included radiocarbon dates.  Raymond and Bauer (2001) reported DOC and POC Δ14C

for the Amazon mouth and several other rivers discharging into the Atlantic.  As in the

Hedges et al. (1986b) study, DOC was considerably younger than POC, but both

fractions were older (28‰ and –145‰, for DOC and POC, respectively) than in the

Hedges et al. (1986b) study (Raymond and Bauer 2001).  The advanced age of the POC

fraction was attributed in part to weathering of old sedimentary carbon in the Andean

headwaters.  A similar study of the Amazon mouth attributed the advanced age of the

POC (with respect to the CAMREX results from the central Amazon) to a mixture of

resuspended shelf sediments and POC from the river itself (Druffel et al. 2005).

However, the CAMREX data represent a flux-weighted average of POC composition

over several years in the inner Amazon, whereas both the Raymond and Bauer (2001)

and Druffel et al. (2005) studies reported data for samples taken at a single time at the

Amazon mouth during baseflow.  Younger material may be transported more during high

flow conditions when runoff and sediment load are greatest, whereas more aged or

Andean carbon may be transported during baseflow.  Radiocarbon content (as Δ14C) of

Amazonian soils decreases with depth from a maximum of about +150‰ in the organic

layer to as low as about –750‰ in the lowest horizons (Telles et al. 2003), and upper soil

horizons might be preferentially transported in runoff.

Recently, both radioactive and stable C isotopic composition of dissolved CO2

gas, DOC, and coarse and fine POC were studied in rivers throughout the Amazon basin,

including some Andean headwaters (Mayorga et al. 2005).  The δ13C of CO2 indicated

that the youngest organic matter was preferentially respired, while the OM transported

downstream can range in age from tens to thousands of years, in contrast to previous

results (Hedges et al. 1986b).  The Δ14C of CO2 increased and the δ13C of CO2 decreased
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from the Peruvian Andes to the mainstem Amazon, indicating that dissolution of

carbonate minerals and solid earth degassing are major sources of dissolved CO2 in

Andean rivers.  The authors also suggest that the observed high CO2 fluxes from Andean

and Amazonian rivers indicate that little, if any, OC is transported from the Andes to the

mainstem Amazon, although only a few samples were taken at high altitudes.

The Pachitea Basin is an excellent location to study carbon dynamics in riverine

sediments because it encompasses such a wide range of ecotones, as was described in

Chapter 2 of this dissertation.  The Pachitea extends from the high-altitude puna

ecosystems above 3500 meters above sea level (masl).  This region has low sediment

loading but high OC transfer from the landscape to rivers.  From the puna the Pachitea

headwaters descend through the Andean cloudforest, which is a region of both high

sediment and terrestrial OC transfer due to rapid erosion rates, high rainfall, and frequent

landslides.  Finally, the lower parts of the basin are more traditional Amazonian jungles,

which have less sediment and OC transfer to rivers due to decreased topography and

lower soil OC content.

The main objectives of this study are to trace the relationship between soils and

suspended particulates in rivers in the Peruvian Andean Amazon using stable and

radioactive isotopes, and to provide information on in-stream processing of these

materials.  To address these issues, we studied the Pozuzo River basin, sampling from the

high basin at about 2500 meters above sea level (masl) to the base of the Andes at 350

masl.  These samples cover the cloudforest and jungle ecotones of the Pachitea Basin.

MATERIALS AND METHODS

Site description – Samples were collected during July and August of 2004.  Three

headwater streams were sampled near their sources: the Río Esperanza, the Río

Chontabamba, and the Río Llamaquizú (Figure 3.1).  Several mainstem samples were
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also taken, continuing down the Chorobamba/Huancabamba/Pozuzo River basin to Codo

de Pozuzo, the “elbow” of the river, located at about 350 meters above sea level and

below the high relief of the Andes.  A total of nine sites were sampled (Figure 3.1).  It is

important to note that while the previous study (Chapter 2, this volume) started above the

treeline in the Andean puna, this study starts below 3000 meters, well below the treeline

in the Andean cloudforest.  Altitudes and geographic coordinates at each site were

determined using a hand-held global positioning system (GPS).  Distance upstream from

Iquitos (where the river begins to be called the Amazon) was determined using Arc View

Geographic Information Systems software.

Sample collection – Water and suspended particulates were collected from each

site.  Water samples from Andean rivers were collected along the side of the river or

stream.  Whole water samples from these rivers were collected in site-rinsed 1-liter

polyethylene bottles and filtered on site.  Suspended sediments for δ13C analysis were

first filtered through pre-weighed 60 µm nylon net filters (Millipore Corporation) to

retain coarse particulates and then through pre-weighed, pre-combusted 0.7 µm glass

fiber filters (Whatman GF/F) to retain fine particulates.  Bulk suspended sediments for

Δ14C analysis were collected on pre-weighed, pre-combusted quartz fiber filters

(Whatman QMA), with an approximate pore size of 1 µm.  All filters were kept in tight-

fitting Petri dishes and sealed on the outside with tape.  Water samples were filtered in

the field through 0.2 µm nylon syringe filters into pre-combusted glass vials with Teflon

lined lids, which were pre-cleaned and amended with 1 µl/ml sample of H2SO4.  Soil

samples were taken from surface horizons near the banks of the rivers at the sampling

sites.  They were placed in combusted borosilicate vials and sealed tightly.  All samples

were kept cool or frozen until return to the field station in Oxapampa.  There, water

samples were refrigerated and soils and filters were dried at 40ºC for 48 hours, then
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stored in plastic Petri dishes in sealed Ziploc bags until analysis in the United States.   All

samples were handled carefully to minimize contamination.

Sample Analysis – All 14C samples were analyzed at the National Ocean Sciences

Accelerator Mass Spectrometer Facility at the Woods Hole Oceanographic Institute.

Inorganic C was removed from filter and soil samples prior to 14C analysis by vapor

phase acidification with HCl.  Nine suspended sediment samples and two soil samples

were analyzed for 14C content.  Radiocarbon content is reported here as both Δ14C and

radiocarbon age, both as defined by Stuiver and Polach (1977).

Filters were analyzed for δ13C and δ15N of organic matter on a Carlo Erba NC

1500 elemental analyzer coupled to a Finnigan MAT DELTA plus continuous-flow

isotope ratio mass spectrometer at the University of Texas Marine Science Institute.

Carbonates were removed from soils and sediments prior to δ13C analysis by vapor-phase

acidification with HCl for 24 hours, followed by drying at 60ºC for 24 hours.  Particulates

on glass fiber filters were analyzed directly on the mass spectrometer; coarse particulates

were first washed onto glass fiber filters.  Isotopes and weight percent of OC and N were

calibrated against a chitin standard.  Stable isotopic ratios of OC and N are presented in

delta notation versus the VPDB and air standards, respectively.

Dissolved organic carbon concentrations were determined by analysis on a

Shimadzu Vcsh TOC analyzer.  Carbon stable isotopic composition of dissolved organic

matter was analyzed on the elemental analyzer – mass spectrometer according to the

method of Gandhi et al. (2004).

RESULTS

Physical parameters and radiocarbon content of various organic matter fractions

are presented in Table 3.1.  The three headwaters (Llamaquizú, Esperanza, and

Chontabamba) have the youngest suspended POM.  The one soil sample for which Δ14C
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was determined in the headwaters (Río Llamaquizú, 49‰) was also very young.  Another

soil sample taken in the middle of the altitudinal gradient in this study was even younger

(Río Huancabamba, Δ14C = 68‰).  The radiocarbon content of bulk suspended sediments

decreased downstream (r2 = 0.6045, n = 8) (Figure 3.2).  In the upper basin, riparian soils

were more enriched in 14C (i.e., younger) than river sediments taken from the same

locations.  Downstream near the bottom of the Andes, however, riparian soils were older

than suspended sediments in rivers (Figure 3.3), although there is only one sample from

this region.

Stable isotopic compositions of C and N within various size classes of riverine

organic matter are presented in Table 3.2.  In contrast to previous studies (Chapter 2, this

volume; Mayorga et al. 2005, Cai et al. 1988), we observed no trend of increasing δ13C of

organic matter at high altitudes/upstream (Figure 3.4).  In fact, FPOM and CPOM

showed a slight increase in δ13C downstream, a trend driven by a few points in the

uppermost basin.  No trend in δ13C of DOC was observed with downstream distance.

Nitrogen stable isotopic composition of both FPOM and CPOM were consistent

throughout the study area (Figure 3.5).  The δ15N of CPOM increased slightly with

downstream distance, but there was no relationship between δ15N of FPOM and

downstream distance (Figure 3.5).  Consistent with previous studies (Townsend-Small et

al. 2005), the δ15N and δ13C of FPOM were higher than that of CPOM.  Fine POM was on

average 0.6‰ more enriched in 15N and 1.0‰ more enriched in 13C than CPOM (Table

3.2).

The concentrations of OC and N in various size classes in this study are presented

in Table 3.3.  The concentration of DOC decreased downstream (Figure 3.6).  On the

other hand, FPOC and CPOC concentrations both increased as the river traveled

downstream.  Concentration of FPON also increased downstream, but the concentration
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of CPON was not correlated with downstream distance (Figure 3.7).  For reference, the

weight percents of C and N in fine and coarse sediments are shown in Table 3.4.  The

weight % of C in fine sediments decreased downstream, while no trend of %C of coarse

sediments with downstream distance was observed.  The weight % of N in fine sediments

decreased downstream, as did the %N of coarse sediments.  These trends in weight

percent of C and N in suspended sediments are similar to those observed previously

(Chapter 2, this volume).

DISCUSSION

My results indicate that the Andean cloudforests are a source of young, fresh

particulate organic matter (high Δ14C, low δ13C) to streams in the upper basin, but that

this fresh POM is either replaced or remineralized in rivers in the lower basin where

suspended POM is older and more degraded.  There was a clear trend of aging organic

matter as rivers travel downstream (Figure 3.2).  Two explanations could account for this

trend.  The first possibility is that the youngest fraction of POM introduced to rivers in

the Andean headwaters is remineralized rapidly and released as CO2, leaving behind

older, more recalcitrant C as the rivers move downstream (e.g., Mayorga et al. 2005).

The other possibility is that POM becomes older as rivers travel downstream not because

of biological activity in the river, but because of temporary sequestration of sediments

along riverbanks.  In fact, both processes are at work in all major rivers, which act as

integrators of their watersheds, and where organic carbon is a mixture of upstream and

local inputs that are subject to transport and reactive processes (Richey et al. 1991).  The

data presented in this chapter can help to determine the relative importance of these

processes in the Amazon headwaters.

One interpretation of the results of this study is that young, fresh POM introduced

in Andean headwaters is rapidly oxidized and respired, and that the older, more refractory
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portion of POM persists downstream.  In general, tropical rivers, including the Amazon,

have high aquatic respiration rates supported by large inputs of terrestrial organic carbon.

A study of the δ18O of dissolved oxygen indicated that the ratio of community respiration

to gross photosynthesis (R:P) in Amazonian rivers ranges from 1.5 to 4 (Quay et al.

1995). Amazonian rivers and wetlands are also a large source of CO2 to the atmosphere

due to respiration of organic C transported from upstream (Richey et al. 2002).  Studies

in tropical rivers in Puerto Rico also showed that respiration (R) was greater than

photosynthesis (P) overall, and that both R and P increased from headwaters to

mainstems (Ortiz-Zayas et al. 2005).  Temperate rivers also have high respiration rates:

studies in the Hudson River basin of New York, USA indicated that even ancient

terrestrial organic carbon can be respired in rivers over very short time scales (Cole and

Caraco 2001).  This study did not include measurements of Δ14C of CO2 or respiration

rate, but it is likely that at least some portion of POM in Andean Amazon rivers is

consumed and respired as CO2.  However, because the concentration of suspended C and

N remains the same as Andean rivers travel downstream, the young signature of POC in

the headwaters may be dampened downstream by local erosion or resuspension of older

materials.

The observed patterns in Δ14C and δ13C of POM in this study may be caused by

the dilution of POM from the headwaters with older, more degraded material from local

inputs downstream.  Previous work (Chapter 2, this volume) showed that (1) POM in the

Andean headwaters is composed mostly of OM-rich, minimally degraded surface soils,

(2) that degraded OM, possibly associated with mineral soils, becomes a more important

source of POM to rivers in the mid-Andes, and (3) gentler topography in the Andean

foothills leads to a significant surface soil POM input.  Young, but degraded, surface

soils may be the main source of POM to the cloudforest headwaters of the Andes.
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Downstream of the headwaters, the POM may be a mixture of upstream inputs and

resuspended soils or floodplain sediments. Small headwaters, such as the ones sampled in

this study, are coupled tightly to the landscape, so steady state POM composition

resembles organic soils and plants, whereas in larger rivers OM composition is a balance

between erosion of mineral soils and upstream sources, with some hydrodynamic sorting

and in-stream processing. The dominance of soil erosion over leaf litter inputs has led to

older POM in the Piracicaba River basin of Brazil than in the Amazon (Krusche et al.

2002).  The sample taken at Codo de Pozuzo, located just below the Andean Cordillera,

illustrates this trend.  While this POM sample is the oldest observed in this study (-99‰,

or 785 years old), the sediment sample collected from the riverbank is significantly older

(-159‰, or 1320 years old).  This sediment sample was collected from the floodplain

area, so it may consist of river sediment deposited during the previous wet seasons up to

1000 years ago (Table 3.1) during flood stage and then aged in place.

The partitioning of POM sources can be estimated in the study river using an

average 14C value for the headwater streams sampled in this study.  A mass balance

calculation using Δ14C indicates that 49% of suspended sediments in high-order Andean

rivers (such as the Rio Pozuzo in this study, which had an average Δ14C of –72‰) are

derived from the headwaters (average Δ14C = 17.4‰), and 51% from local soils or

sediment resuspension (measured at –159‰ at Codo de Pozuzo) (Figure 3.8).  This may

underestimate the amount of C that is conservatively transported from the headwaters, as

sequestered sediments along the river may be younger than those observed at Codo de

Pozuzo below the topography of the Andes.  The validity of this mass balance would be

improved by additional analyses, but the current information provides an initial constraint

on the C budget of the system.  This result has important implications for global C

cycling, especially if these results are representative of other Andean rivers and POC in
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rivers exiting the Andes is aged and recalcitrant.  As much as 50% of these sediments in

Andean rivers are sequestered in the Andean foreland (Aalto et al. 2003).  If the Amazon

headwaters are a source of refractory POC to the mainstem and eventually the ocean, it is

likely that this POC is buried rather than remineralized to CO2.

In the mainstem Amazon in Brazil, the floodplain alternates between being a

sediment and OM source and being a holding tank for these materials, depending on river

stage (Junk 1985, Meade et al. 1985).  Resuspension of floodplain particulates in rivers is

a source of labile organic matter to the Amazon, and this fraction is oxidized rapidly in

the river (Richey et al. 1991).  In the lower Amazon, sediment deposition on the

floodplain and sand bars is about 30% greater than local inputs due to erosion (Dunne et

al. 1998), because the majority of suspended sediments in the Amazon are derived from

upstream in the Andes (Gibbs 1967).  However, the balance between erosion and

sedimentation in organic matter cycling is unknown for the Andean headwaters.  Because

of the steep topography in the Peruvian headwaters, floodplain exchange may be less

important than soil erosion in the Andes.  This study indicates that there may be some

exchange between the riverbanks and the channel itself, which is not surprising as these

processes occur in all rivers.  This study was conducted during the Amazonian dry season

when resuspension is expected to dominate over sedimentation and storage (Meade et al.

1985).  However, during low flow periods, heavier sediments (such as sand-sized

particles in coarse suspended sediments) are deposited selectively on the streambed and

then resuspended during higher flow velocities (Mayorga and Aufdenkampe 2002).  In

fact, most of the sediments on sand bars and riverbanks in Andean rivers are low-organic

content sands (data not shown) not muds like those found on the Amazonian floodplain

(Dunne et al. 1998).  More studies are needed to determine the extent of sediment aging

in Andean “floodplains” or riverbanks.  However, the erosive nature of the Andes leads
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to the initial assumption that few soils are alluvial in middle and upper Andean rivers.

Eventual transport of more recalcitrant material from the Andes to the Amazon can be

expected if sediment transport from the landscape to Andean rivers increases due to

climate or land use change, especially if this increased sediment load is stored in

floodplains and allowed to age.

Some of the oldest suspended POM (-800‰) sampled by Mayorga et al. (2005) in

the Amazon basin were located high in the Andes Mountains, at much higher altitudes

than the sampling sites of the current study, although both studies found that river POM

was largely modern, and probably not of geologic origin.  A gradient of increasing Δ14C

and decreasing δ13C of dissolved COs and of suspended POM was observed as rivers

traveled from the Andean headwaters to the Amazon mainstem (Mayorga et al. 2005).

This pattern is exactly opposite of the one shown here for the Pachitea basin.  However,

the Mayorga et al. (2005) study had more samples than the current one, and included

samples from higher altitudes in the Andes.  On the other hand, the previous study did not

sample the small headwater reaches of the Amazon, where the isotopic composition of

POM deters most from previous findings (Mayorga et al. 2005) and from the rest of the

samples in the current study.  It may be that small headwater streams complicate the

downstream trend in Δ14C because suspended POM is unusually fresh, while in general

soil and river POM Δ14C increases at lower altitudes in the Amazon. The results from

similar rivers and locations (Mayorga et al. 2005) are generally in line with the results of

this chapter of the dissertation.  Further sampling of headwaters above the Andean

treeline is needed to complete the carbon cycling picture for the Pachitea basin, as many

of these ecosystems are dominated by old but minimally degraded peats (Chapter 2, this

volume).
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Further information can be gleaned from a dual carbon isotope (13C and 14C) plot

(Figure 3.8).  The headwaters are isotopically distinct from each other and from the

downstream samples, whereas the downstream waters are more homogeneous.  This

observation supports the idea that initial fresh, young OC is rapidly mineralized in

streams while some older, more refractory component is transported downstream.  The

other possibility is that sediments are continually deposited and resuspended as they

travel downstream, explaining the advanced age of samples taken at lower altitudes.  This

plot also shows that POM composition in headwater streams is more variable than in

mainstems.  The Mayorga et al. (2005) study concluded that very little, if any OC from

the Andes is transported to the lower Amazon.  The data presented here seem to indicate

the opposite: the consistency of Δ14C, δ13C, and concentration of POC along the mainstem

of the Pozuzo River indicates that POC is transported somewhat conservatively in the

larger rivers of the Andes, although the fate of this material in the Amazonian floodplain

remains unknown.

One important difference between the results of this study and those of Chapter 2

(this volume) is that the 13C content of suspended sediments did not increase at high

altitude (Figure 3.9).  In fact, in 2004 the δ13C of both fine and coarse suspended

sediments is lowest at the highest altitudes, while in 2002 δ13C of both fractions increases

with altitude.  The average δ13C of FPOM for 2002 (-25.7‰) was significantly lower than

in 2004 (-24.5‰; p = 0.06), although there was no difference in the coarse fractions

between years.  Despite the sharp differences between δ13C, no difference in weight % of

OC in either CPOM or FPOM was observed for the two years.  One possible explanation

for this result is that this study did not sample as high in the basin as the previous study,

so that there may not be sufficient resolution to observe the same trend.  Secondly, a high

concentration of algae and/or phytoplankton in rivers could confound the terrestrial plant
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signal.  Little evidence of in-stream primary production has been found in previous

studies of Andean rivers (Chapter 2, this volume; Cai et al. 1988), and light availability is

thought to be too low to support photosynthesis in most Amazonian streams and rivers

(McClain and Elsenbeer 2004).  Phytoplankton in Andean rivers should have a δ13C from

–33‰ to –55‰ (Cai et al. 1988).  The Δ14C of algae is based on the 14C content of

dissolved inorganic C and is therefore unknown at this point.  Even a small increase in

the algal contribution to POM could affect the 13C content of sediments overall.

Interannual variation in climate may also affect the sediment composition in these rivers.

The 2004 sampling period was much drier than in 2002, which may mean that more

mineral soils were delivered to rivers as POM in 2002 as compared to 2004.

There is a consistent offset of δ13C and δ15N of FPOM and CPOM collected in this

study, with FPOM enriched over CPOM (Figures 3.4 and 3.5).  Previous studies have

explained this enrichment either as a product of the higher degree of degradation of

FPOM (Chapter 2, this volume; Hedges et al. 1986a, 2000), or as a product of sorption of

enriched DOM to minerals (Aufdenkampe et al. 2001).  With respect to sorption, in this

study, the δ13C of DOM is not consistently enriched as compared to FPOM or CPOM,

implying that another process may influence either the isotopic composition of sorbed

DOM or the effects of sorption of that DOM to sediments, for example, if 15N-enriched

DOM is preferentially sorbed.  The trends in δ15N of FPOM and CPOM are different

from those of δ13C (Figures 3.4 and 3.5).  For δ15N, there is a consistent enrichment of

FPOM over CPOM, but the patterns of δ13C for all the OM fractions do not indicate that

sorption of DOM is responsible for the isotopic composition of FPOM.  Clearly, the

processes that control the 15N content of suspended sediments in these rivers are not the

same as those that control the 13C content.  Previous studies (Aufdenkampe et al. 2001,

Hedges et al. 2000) have posited that sorption of N-rich DOM to minerals is the dominant
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source of FPOM in the Amazon.  This finding may explain why the δ15N of particles in

this study does not vary with δ13C.  However, the weight percents of organic C and N in

FPOM samples from this study are higher than those attributable to sorption, either

because of increased surface area of high-altitude weathered sediments (A.K.

Aufdenkampe, personal communication; Lilienfein et al. 2004) or because sorption is not

the only source of FPOM in Andean rivers.  The isotopic composition of DOC from this

study suggests the latter hypothesis.  There is no clear relationship between the δ13C of

DOC and that of either FPOM or CPOM.  It appears that DOM cycling happens at a

different scale or because of different processes than cycling of POM.

The concentrations of POC are lower in the headwaters than in the mainstem, but

DOC concentrations are higher in the headwaters (Figure 3.6).  This observation may

indicate that POC is not being uniformly broken down into DOC, and that

remineralization to CO2 or dilution of POC with lowland sediments are dominant

processes in these rivers.  Dissolved OC may be more labile than POC in Andean rivers,

or it may be diluted by groundwater and runoff with lower DOC content in the lower

basin.  Dissolved OC may also be removed by sorption to suspended minerals.  These

results reinforce the idea that the rates and scales of POC and DOC cycling are quite

different.  Inputs of terrestrial OM to rivers in the Amazon basin are driven by rain and

storm events (Chapter 2, this volume; Aalto et al., 2003).  Perhaps storm events promote

higher DOC concentrations in rivers, through increased groundwater flow, and add high

concentrations of sediments with a very low percent of organic matter.  These questions

will be further addressed in Chapter 4 of this dissertation.

CONCLUSIONS

Organic matter in suspended sediments in the Pachitea Basin exhibits a gradient

of decreasing Δ14C as rivers travel down the Andes Mountains, indicating respiration or
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other oxidation of younger, less degraded fraction of POM or dilution and replacement of

young POM from the headwaters with older, more refractory material at downstream

sites.  This older material represents a potential source of refractory POC to the Amazon

River.  Stable isotopic patterns were different from previous observations, indicating

significant large-scale controls on POM composition other than altitude or downstream

distance.  Comparisons with previous studies indicate that variability in climate and river

discharge may affect the composition of dissolved and particulate OM in the Andean

Amazon.  Imminent land use and climate change could therefore have a significant

impact on C cycling and transport in the Amazon River.  More studies are needed to

determine how suspended sediments are deposited, sequestered, and resuspended in

Andean rivers, and how such sequestration might influence the lability of POM in

Andean ecosystems.
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Table 3.1.  Site names, sampling dates, locations, and radiocarbon content of soils and
plants collected during this study.  Radiocarbon content is presented as Δ14C
(in ‰) and below, in italics, as age in radiocarbon years (both as defined in
Stuiver and Polach 1977).  mod = modern (or formed after 1950).  Also
included are the reference numbers assigned to each sample from
NOSAMS.

Site Date Altitude
(masl)

Distance
upstream

from
Iquitos
(km)

Latitude Longitude

Δ14C
POM
(‰)
 age
(yrs)

Δ14C
soil
(‰)
age
(yrs)

NOSAMS
Accession
Numbers

Río Llamaquizu 7/23/04 2474 1556 10º 37’ 17” -76º 37’ 17” -24
140

49
mod

OS-49051,
OS-48366

Río Esperanza 8/6/04 2270 1551 13
mod

OS-49050

Río
Chontabamba

7/24/04 2038 1560 10º 35’ 45” -76º 26’ 56” 64
mod

OS-49088

Río Chorobamba 8/17/04 1814 1542 10º 35’ 4” -76º 26’ 56” -55
400

OS-48514

Río
Huancabamba

8/14/04 1716 1520 10º 25’ 56” -76º 28’ 38” -45
315

68
mod

OS-48210
OS-49596

Cañon de
Huancabamba

8/14/04 1426 1503 10º 16’ 56” -76º 27’ 26” -74
565

OS-49052

Río Pozuzo park
edge

8/14/04 928 1488 -55
400

OS-48513

Pueblo de
Pozuzo

8/8/04 802 1475 10º 4’ 19” -76º 27’ 3”

Codo de Pozuzo 8/7/04 355 1419 9º 34’ 28” -76º 34’ 22” -99
785

-157
1320

OS-48810,
OS-48367
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Table 3.2.  Stable isotopic composition (δ13C and δ15N) of various organic matter
components sampled in this study.

Site
δ13C

DOC (‰)
δ13C

FPOM (‰)
δ13C

CPOM (‰)
δ15N

FPOM (‰)
δ15N

CPOM (‰)
Río Llamaquizu -27.6 -27.6 -27.7 2.4 0.5

Río Esperanza -26.6 -25.4 -26.8 1.8 3.2

Río Chontabamba -27.6 -23.9 -25.8 1.8 0.6

Río Chorobamba -24.8 -24.1 -25.6 3.2 1.0

Río Huancabamba -25.9 -23.9 -24.4 3.6 2.3

Cañon de
Huancabamba

-23.8 -23.8 -24.5 3.1 1.7

Río Pozuzo park
edge

-28.0 -23.6 -24.6 2.6 3.8

Pueblo de Pozuzo -23.6 -23.8 2.0 1.9

Codo de Pozuzo -26.7 -24.4 -25.1 2.2 1.9



55

Table 3.3.  Concentration of organic C and N (µg/L) in various size classes of organic
matter sampled in this study.

Site
DOC
(µg/L)

FPOC
(µg/L)

CPOC
(µg/L)

FPON
(µg/L)

CPON
(µg/L)

Río Llamaquizu 2928 180.9 15.6 12.2 3.0

Río Esperanza 1976 131.9 52.3 14.7 5.5

Río
Chontabamba

4591 114.5 16.2 11.7 6.2

Río
Chorobamba

2989 34.0 87.1 4.2 18.3

Río
Huancabamba

1951 325.5 138.5 41.9 8.3

Cañon de
Huancabamba

2123 243.5 84.6 35.8 8.6

Río Pozuzo
park edge

1788 285.9 85.0 42.3 8.2

Pueblo de
Pozuzo

2519 399.8 59.2 16.5

Codo de
Pozuzo

1647 250.4 86.8 43.7 6.2
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Site %C FSS %C CSS %N FSS %N CSS

Río Llamaquizu 9.1 4.4 0.6 0.9

Río Esperanza 7.7 9.6 0.9 1.0

Río
Chontabamba

18.5 7.8 1.9 3.0

Río
Chorobamba

9.1 8.5 1.1 1.8

Río
Huancabamba

7.3 10.5 0.9 0.6

Cañon de
Huancabamba

7.2 8.4 1.1 0.9

Río Pozuzo
park edge

5.3 8.4 0.8 0.8

Pueblo de
Pozuzo

4.1 0.6 0.5

Codo de
Pozuzo

3.5 7.4 0.6 0.5

Table 3.4.  Percent by weight of carbon and nitrogen in fine and coarse suspended
sediments (FSS and CSS) sampled during this study.
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Figure 3.1.  Map of the Pachitea River watershed with sampling points for summer 2004
labeled on left.  Position of the watershed within Peru and the western
Amazon is shown on right.
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Figure 3.2.  Radiocarbon content (as Δ14C) of suspended POM samples in this study
presented versus distance upstream from Iquitos (in kilometers).  Individual
Δ14C values are shown.  Corresponding altitudes of each sampling site are
shown in Table 3.1.
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Figure 3.3.  Δ14C (in ‰) of suspended POM and riparian soils collected in this study,
presented versus distance upstream from Iquitos.
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Figure 3.4.  Carbon stable isotopic composition of various size classes of riverine organic
matter collected during this study.  DOC = dissolved organic carbon (< 0.2
µm); FPOM = fine particulate organic matter (> 0.7 µm, < 60 µm); CPOM
= coarse particulate organic matter (> 60 µm).
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Figure 3.5.  Nitrogen stable isotopic composition of fine and coarse particulate organic
matter (FPOM and CPOM) sampled during this study. FPOM = fine
particulate organic matter (> 0.7 µm, < 60 µm); CPOM = coarse particulate
organic matter (> 60 µm).
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Figure 3.6.  Concentrations (in µg/L) of organic carbon in various size classes of river
material sampled in this study.  Note that the dissolved portion is plotted on
a separate axis from the particulate portions. Dissolved: < 0.2 µm; fine: >
0.7 µm, < 60 µm; coarse: > 60 µm.
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Figure 3.7.  Concentrations of nitrogen (in µg/L) in coarse and fine river sediments
collected during this study.  Fine: > 0.7 µm, < 60 µm; coarse: > 60 µm.
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Figure 3.8.  Radiocarbon content of bulk river sediments presented versus carbon stable
isotopic content of the same samples.  The “low-order headwaters” category
consists of the samples from the Llamaquizú, Esperanza, and Chontabamba
Rivers.  The other samples were classified as “higher-order rivers”.  Also
shown are the average δ13C and Δ14C values for each group of samples.
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Figure 3.9.  Comparison of δ13C of FPOM (A) and CPOM (A) in the study area for the
sampling years 2002 and 2004.  Data for 2002 is from Chapter 2 of this
dissertation.
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Chapter 4:  A one-year time series study of carbon and nitrogen
elemental and isotopic composition of riverine suspended sediments in

the central Andean Amazon

ABSTRACT

Only a few studies have examined the dynamics of carbon (C) and nitrogen (N)

and their export from small headwater basins in the Andes Mountains to the Amazon

River.  We measured river discharge as well as the concentration, δ15N, δ13C, %N, and

%OC of coarse and fine suspended sediments (CSS and FSS) in three tributary rivers and

the mainstem of the Chorobamba River, located in the central Andean Amazon in

Oxapampa, Peru.  The three tributary rivers have watersheds of contrasting size and land

use.  Samples were taken at least once per week from each river over the course of a year,

with additional sampling during major storm events.  The time series data indicate that

the Andes supply approximately equal amounts of fine and coarse sediments to the lower

Amazon.  Concentrations of POM were low in all of the study rivers, with periodic high

concentrations during increased runoff due to storms.  Increases in agricultural and

pasture cover in watersheds are reflected in the isotopic composition of suspended

particulate organic matter (POM), with enrichment in both 13C and 15N attributable to the

removal of natural C3 and epiphytic plants.  However, land use in the watersheds did not

have an impact on the extent of soil erosion or OM loading to rivers.  Significant

differences occurred between seasons (wet and dry) for most measured parameters in all

of the study rivers, reflecting seasonal changes in sediment sources.  The vast majority of

sediment and POM that travel from the Andes headwaters to the Amazon River are

mobilized during short, infrequent storm events and landslides.
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INTRODUCTION

Riverine suspended sediments are the primary means of transfer of terrestrial

organic carbon (OC) and nitrogen (N) to the oceans.  Tributaries draining the Andes

Mountains are the source of most sediments to the world’s largest river, the Amazon

(Gibbs 1967), and the Amazon is the third largest source of sediments to the ocean

(Milliman and Meade 1983).  Thus fluxes of organic matter (OM) from the Amazon

River are critical to the global C cycle, since much of the terrestrial OM that persists to

the ocean is refractory and eventually buried in marine sediments (Blair et al. 2004,

Burdige 2005).  Researchers have postulated that the Andes are a source of particulate

organic carbon to the Amazon (Richey et al. 1990, Quay et al. 1992, Hedges et al. 1994,

2000), yet few detailed studies have been conducted in the headwaters (McClain et al.

1995).  The Andes are tectonically active, so erosion rates are naturally high (Meade et al.

1985, Aalto et al. 2003).  Land-use change from natural ecosystems to agriculture or

pasture is progressing rapidly, which may accelerate erosion, altering stream

biogeochemistry and ecology (Ludwig and Probst 1998) and making mountain soils a

source of CO2 rather than a sink (Bellanger et al. 2004).

Although a connection between sediment loading, organic carbon content of

sediments, and storm events has been postulated for rivers in the Andean Amazon

(Chapter 2, this volume), no explicit relationship has been shown because previous

studies have been conducted at short time scales.  Physical processes such as erosion

occurring in montane watersheds exert significant control over POC composition and

concentration (Blair et al. 2004).  The percent of OC in suspended sediments decreases

during high sediment loading events (Meybeck 1982, Devol and Hedges 2001, Mayorga

and Aufdenkampe 2002, Bellanger et al. 2004, Coynel et al. 2005), because events such

as storms or landslides change the relative amounts of soil minerals, organic matter, and
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leaf litter delivered to rivers (Blair et al. 2004).  In general, particulate OM is less dense

than other suspended sediment fractions such as minerals, consequently OM may

contribute a larger component of TSS during low flow (Mayorga and Aufdenkampe

2002).

Despite the decrease in %OC with increasing sediment concentration, in most

mountainous rivers the bulk of C and N inputs from the landscape occur during floods,

whether they are induced by storms or snowmelt.  In the mountainous Santa Clara River

basin (California USA), a major El Niño-derived storm resulted in increased suspended

POC concentration derived from deep soil horizons and ancient bedrock, whereas during

low flow, younger, fresher soils were transported preferentially (Masiello and Druffel

2001).  In Puerto Rico, increases in discharge were associated with increases in

suspended sediment, POC, DOC and PON concentrations (McDowell and Asbury 1994).

However, the effects of storm or landslide events on particulate organic matter (POM)

concentration or composition in Andean rivers have not been defined.

The land use and land cover of a watershed have several impacts on adjacent

rivers.  In the lower Amazon, conversion of forest to pasture resulted in a general

decrease in water quality, with decreases in dissolved oxygen concentrations and

increases in chlorophyll, TSS, POC, and PON concentrations (Thomas et al. 2004).  Land

use change can also affect the composition and concentration of suspended sediments in

rivers.  Agricultural practices such as farming and ranching can change plant coverage,

which in turn affects soil composition and chemistry (Walling 1999).  Also, clearing and

tilling of land can increase soil erosion, which may result in higher suspended sediment

levels and/or a change in the composition of suspended sediments as deeper soils are

turned over and eroded (Walling 1999).  Because of slope stability issues, mountainous

watersheds are sensitive to changes in land use, and it is estimated that deforestation and
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agriculture have more than doubled the suspended sediment load of mountainous rivers

over the past ~2000 years (Milliman and Syvitski 1992).

While C and N content and C:N ratios have been used to examine basin–stream

interactions (McClain et al. 1997, Saunders and McClain; in press) , stable isotopes can

add another dimension of knowledge and are effective for studies of this nature.

Agricultural cultivation of C4 plants such as grasses or corn affects the carbon isotope

ratio of soils and plants (and therefore, suspended sediments) because C4 plants have

higher levels of 13C than the C3 plants (Fogel and Cifuentes 1993) that make up most of

the native vegetation in the Peruvian Andes.  Thus suspended sediments from the more

agricultural watersheds may have higher δ13C levels than do those from native forest

watersheds. In the lowland Amazonian tributary of the Ji-Paraná River, land use change

associated with deforestation and conversion to pasture was reflected in an increased δ13C

of all riverine OC size fractions, but DOC and CPOC were more influenced by the

presence of C4 plants than FPOC (Bernardes et al. 2004).  In the Venezuelan Andes, δ13C

of riverine POM was higher in watersheds covered with maize than in those covered with

coffee (Bellanger et al. 2004).  Nitrogen isotopes are also useful indicators of OM

cycling, as processes such as N fixation usually result in low 15N content, whereas

denitrification, degradation, and sewage inputs increase 15N content of organic matter

(Peterson and Fry, 1987, McClelland and Valiela 1998).

This study is driven by the following research questions.  How do the

concentration and composition of suspended sediments in the Andes change as a function

of river discharge or season?  Is there a connection between land use/land cover in

watersheds and the source and composition of suspended sediments?  We monitored river

discharge and the concentration (fine and coarse suspended sediment [FSS and CSS]) and

composition (δ13C, δ15N, %OC, %N) of suspended sediments over one year in four rivers
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with contrasting land use and physical characteristics in the Peruvian Andean Amazon to

address these questions.

STUDY AREA

The study was conducted in the vicinity of Oxapampa, Peru (10.57 ºS, 75.40 ºW;

1800 meters above sea level), located in central Peru on the eastern flanks of the Andes in

the Amazon headwaters.  Four rivers were sampled (Figure 4.1): the mouths of three

tributaries (Río Llamaquizú, Río Chontabamba, and Río Esperanza) and the union of

these tributaries (Río Chorobamba).  The Chorobamba point is located about 600 m

downstream of the other sampling points, which are all located at the mouth of the river.

All three rivers are located in the Pachitea River watershed, which combines with the

Ucayali River just upstream of the city of Pucallpa, Peru.  The study area and sampling

points are shown in Figure 4.1.  All sampling points are located in the town of

Oxapampa.

Each of the three study watersheds has different physical and ecological

characteristics that influence the concentration and composition of riverine suspended

sediments.  The Chontabamba watershed is the largest and has the greatest elevation

range (Table 4.1), extending up to 3969 meters above sea level (masl), above the tree line

in the puna ecosystem.  The Chontabamba is also the least disturbed watershed, with 76%

of the land cover existing in its natural state (Figure 4.2).  The Esperanza watershed is the

smallest of the three, but most of it is located in the Yanachaga-Chemillen National Park,

so a great majority of the land in this watershed (72%) is also unaltered (Figure 4.2).  The

Llamaquizú watershed is the most impacted, with only 53% of land unaltered.  The

Llamaquizú is the most agricultural of the three watersheds (22%): corn, peppers, and

pumpkins are the dominant crops.  Seventeen percent of this watershed is devoted to
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cattle grazing.  The Chontabamba is the largest watershed by far, with an area of 221

km2.  The Llamaquizú is the second largest with an area of 80 km2, and the Esperanza

watershed has an area of 36 km2 (Table 4.1).  The watershed of the Chorobamba River at

the sampling point in Figure 4.1 was considered to be the sum of the three headwaters

(Table 4.1).

The climate in the Peruvian Andes is generally wet in the summer months

(October through March) and dry in the winter (April through September) (Figure 4.3).

Because of this seasonal fluctuation, river discharge is greatest in the summer and lowest

in winter.  The total rainfall over the study period was 1570 mm (Figure 4.3).  The

average monthly temperature, as recorded inside the Yanachaga-Chemillen National Park

(2400 meters above sea level) ranges from 12.0ºC in July to 14.4ºC in January (D.

Catchpole, personal communication).

METHODS

Rivers at four sampling points were sampled every Wednesday for one year, from

July 2004 until July 2005.  Additional samples were collected from each river during

major storm events to determine the effects of precipitation on riverine sediment

concentration and composition. River water was collected in 1 L high-density

polyethylene wide mouth Nalgene bottles.  Water was transported back to the field

station in Oxapampa and filtered immediately.  A known volume of water was first

passed through pre-weighed 60 µm nylon mesh filters (Millipore) to collect coarse

suspended sediments (CSS).  The filtrate was passed through pre-combusted, pre-

weighed glass fiber filters (Whatman GF/F), with a pore size of about 0.7 µm: this

fraction was defined as fine suspended sediments (FSS).  Filters were dried for 48 hours
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at 60ºC and stored in tight-fitting plastic Petri dishes until they could be transported back

to the University of Texas Marine Science Institute for analysis.

Carbon and N isotopic composition of suspended sediments was determined at the

University of Texas Marine Science Institute stable isotope ecology laboratory, equipped

with a Carlo Erba NC 1500 elemental analyzer coupled to a Finnegan MAT DELTA plus

continuous-flow isotope ratio mass spectrometer.  Carbonates were removed from soils

and sediments prior to δ13C analysis by vapor-phase acidification with HCl for 24 hours,

followed by drying at 60ºC for 24 hours.  Coarse particulates were transferred onto glass

fiber filters prior to analysis.  Coarse particulate OC and ON (CPOC and CPON) are

defined as the percent of OC or N in the sample multiplied by the CSS concentration.

Fine particulate OC and ON (FPOC and FPON) are calculated by multiplying the percent

of OC and N in the sample by the FSS concentration.

During several months of the study (April through June of 2005), the Whatman

GF/F filters used for collecting fine particulates were inadvertently replaced with non-

combusted Millipore AP-15 prefilters.  These filters have the same approximate pore size

as Whatman GF/F filters, but are coated with an acrylic binding resin.  Because this resin

contained organic C and N, it was necessary to correct these isotope and weight percent

values for the filter blank.  Isotopic and elemental composition of the filter blank was

determined by repeated analysis of unused filters obtained from the manufacturer. The

blank values were replicable to better than the accuracy of the instrument (the instrument

is accurate to within 0.2‰ for isotopes and 5% for weight percent) and were determined

as follows: δ13Cfilter = -33.88‰, δ15Nfilter = -0.09‰, %OCfilter = 2.53%, and %Nfilter = 0.03%.

Weight percent values were corrected as follows:

Corrected
%OC of
sediment

=
(massfilter + sediment*%OCfilter + sediment) – (massfilter*%OCfilter)

masssediment
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The same calculation was performed for correcting %N values.  Once a corrected

weight percent value was obtained, delta values were then corrected as follows:

It proved impossible to correct δ13C values for samples on the resin-coated filters,

perhaps due to a negative interaction between the resin and the hydrochloric acid

treatment used to remove carbonates, so the δ13C values for FSS for the months of April,

May and June 2005 have been excluded.  The correction for δ15N was simpler as the AP-

15 filters contained only minor amounts of N.

River discharge measurements and rainfall amounts are from Noguera (2006).

Briefly, river stage was measured daily at the Chorobamba River and converted to

discharge by monthly calibration with a flow meter (Flowmeter Model 2030 Series).

Rainfall was measured at the Andean Amazon Research Station in Oxapampa using a

Rain-Wise™ digital rain gauge.  Discharge was measured over the entire 12-month period

of the experiment in the Chorobamba River, but staff gauges were installed after July

2004 in the other three rivers.

Land use in the three watersheds was calculated using ERDAS version 8.4 and

mapped in Arc-View GIS software.  The base map used was a LandSat 7 ETM+ from

June 2001.

To calculate the importance of storm events on sediment and OC and N transport

in this system, a storm is defined as when the river discharge increases by more than 25%

in one day and a sediment sample was taken on the first day.  Since the Chorobamba

River is the only one for which a full record of discharge exists, it is the only river that

could be modeled this way.  During the study period (July 20, 2004 through July 21,

2005), a total of five of these storms occurred.  For modeling purposes, storm sediment

Corrected
δ15N of
sediment

=
(δ15Nfilter + sediment* mg Nfilter + sediment) – (δ15Nfilter* mg Nfilter)

mg Nsediment
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concentrations were repeated for two days (one day after the event), and sediment

concentrations measured during a normal day were repeated for seven days.

RESULTS

Rainfall amounts for each month of the study are shown in Figure 4.3.  As

expected, rainfall was greater during the summer months (October through March).  The

winter of 2004 was much wetter than the winter of 2005.  Two thousand five was the

driest year in the Amazon Basin on record (J.L. Guyot, personal communication): the

Amazon River reached the lowest river stage ever recorded, and some of the rivers being

monitored for this project dropped below the lowest level of the staff gauges.  The staff

gauges were subsequently lowered and all of the reported values shown here have been

corrected to the new, lower staff gauge heights.

A summary of all measured parameters (discharge, FSS, CSS, FPOC, CPOC,

FPON, CPON, δ15NFSS, δ15NCSS, δ13CFSS, δ13CCSS, %OCFSS, %OCCSS, %NFSS, and %NCSS) for

each of the four study rivers is presented in Table 4.2.  Time series of each of the

sediment parameters are graphed along with discharge of each river in Figures 4.4, 4.5

and 4.8 through 4.15.  Coarse and fine POC and PON concentrations are graphed versus

river discharge for each of the study sites in Figures 4.6 and 4.7.

Suspended solid concentrations were low in all of the rivers, except for periodic

high concentrations driven by storm or flood events.  Figure 4.4 shows total fine

suspended sediment (TFSS) concentrations over the course of the study in each of the

four rivers, plotted with river discharge.  The average TFSS load was generally low in

each of the four rivers, but was variable based on high flow events (Table 4.2, Figure

4.4).  Total coarse suspended sediment (TCSS) concentrations followed the same trend as

FSS and were also related to discharge (Figure 4.5).
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As with sediment concentration, the concentrations of fine particulate organic

carbon (FPOC) also increased with discharge, but otherwise were low and constant

throughout the year (Figure 4.6).  Concentrations of coarse particulate organic carbon

(CPOC) were similar to those observed for FPOC, and also increased during high

discharge events (Figure 4.6).

Concentrations of fine particulate organic nitrogen (FPON) overall were lower

than FPOC concentrations for the same sampling days, but followed the same pattern and

relationship with discharge (Figure 4.7).  Coarse particulate organic nitrogen (CPON)

concentrations were similar to those of FPON, and had a similar distribution and

relationship with discharge (Figure 4.7).

The δ15N of FSS in each of the study rivers is shown in Figure 4.8.  The δ15N of

FSS in the Chorobamba River was positively correlated with discharge (y = 0.0235x +

4.2855, r2 = 0.1489), so that δ15N of fine sediments was lower in the drier months of the

year (Figure 4.8A).  The δ15N of FSS in the Llamaquizú River was significantly higher

than that observed in the other three rivers (p < 0.001).  In all of the four study rivers,

FSS was significantly enriched in 15N over CSS (p < 0.001).  The average δ15N of CSS is

significantly higher in the Llamaquizú River than in each of the other study rivers (p <

0.001).

The δ13C of FSS for the four study rivers is presented in Figure 4.12.  The δ13C of

FSS in the Llamaquizú River was significantly higher than that observed in each of the

other study rivers (p < 0.001).  Coarse suspended sediment δ13C over the duration of the

experiment is presented in Figure 4.11.  The δ13C of CSS in the Llamaquizú River was

significantly higher than that observed in all of the other rivers (p < 0.001).

In this study, the majority of sediments are transported during infrequent storms

(Table 4.4).  Five events fit the characteristics defined above for storms: October 20,
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2004; November 7, 2004; January 4, 2005; March 16, 2005; and May 25, 2005.  Most of

these events occurred during the wet season, with one or two occurring during the dry

season.  During these ten days (five storms), 81% of the sediment observed for the whole

study period was in suspension in the Chorobamba River.  These storms also accounted

for 74% of SOC and 64% of SON for the entire year (Table 4.4).

Land use does not appear to have a major effect of sediment, OC, or N loss in

these watersheds.  Table 4.5 shows the relative amounts of sediment and sedimentary

OM lost from each watershed.  Because there is not a continuous discharge record for

each of the study rivers, the three watersheds could only be compared for the period of

November 10, 2004 through July 21, 2005.  The most important factor in determining

SOC and SON export from each of the three study watersheds appeared to be watershed

size.  That is, the Llamaquizú watershed did not contribute SOC or SON to the

Chorobamba in an amount disproportionate to the size of its watershed (Table 4.5).

The percent of OC in sediments was inversely proportional to suspended sediment

concentration (Figure 4.16), thus the relationship of %OC with TSS concentration is

consistent with the accepted standard for rivers originally presented in Meybeck (1982);

that is,

Total suspended sediment concentration in the Chorobamba River increased

exponentially with increasing precipitation (p < 0.01) (Figure 4.17A).  Not surprisingly,

river discharge also increased linearly with increasing rainfall (p < 0.01) (Figure 4.17B).

DISCUSSION

The discharge hydrographs observed for the Oxapampa rivers are quite unlike that

observed in the Amazon mainstem (Devol et al. 1995), which is regular and dampened.

This is not unexpected, as the Amazon integrates about 1 million Chorobamba-sized



77

streams.  In Andean rivers, discharge is dominated by storm events, which increase

discharge over short periods of time only, similar to other small mountainous rivers (e.g.,

Masiello and Druffel 2001, Dadson et al. 2005, Restrepo et al. 2006, and reviewed in

Viviroli and Weingartner 2004).  This characteristic has major implications for sediment

and associated organic matter transport from the Andes to the Amazon.  Because the

Andes are a major source of sediments to the Amazon (Gibbs 1967), it was assumed that

most of these sediments are transported during the rainy summer months (Devol et al.

1995).  However, my results indicate that most of these sediments are transported during

several discrete storm events rather than over the entire season: sediment concentration in

our study rivers decreases rapidly following each storm event, and average sediment

concentrations are similar between the dry and wet seasons (not including storms)

(Noguera 2006).  These Andean sediments may be stored on the Amazon floodplain and

remobilized during high flow events.  Whether or not the observed patterns for sediment

concentration (i.e., high only for short periods of time) are the same for dissolved species

such as alkalinity and major ions, which in the Amazon are also thought to be derived

from the Andes, or for dissolved nutrients or OC, will be examined in a separate paper

(McClain et al. in prep).

Unlike the mainstem Amazon, in Andean rivers neither FSS nor CSS show a

regular seasonal concentration pattern (Devol et al. 1995), although there is a predictable

pattern associated with discharge.  Fine suspended sediment concentrations, on average,

are much lower in Andean rivers than in the Amazon, although they can be much higher

(above 1000 mg/L) during storms (Figure 4.4).  This result indicates that there is not a

consistent pattern of FSS loading from this region of the Andes to the Amazon, and that

the regular pattern of FSS concentration observed in the Amazon (and attributed to the
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Andes) must be regulated by sediment storage and resuspension occurring below the high

relief of the Andes, consistent with Aalto et al. 2003.

In the Andean rivers studied here, patterns of CSS concentration are similar to

those observed for FSS, and there is no difference between FSS and CSS concentrations

in any of the study rivers (Chorobamba p = 0.8, Chontabamba p = 0.9, Esperanza p = 0.6,

Llamaquizú p = 1.0).  This result contrasts those observed in the lower Amazon, where

CSS concentrations are much lower than FSS (Devol et al. 1995).  Similarly, in the

lowland Ji-Paraná tributary, FSS concentrations ranged from 15-35 mg/L whereas CSS

concentrations were almost always < 3 mg/L (Bernardes et al. 2004).  FSS was much

higher than CSS in the Beni River and headwaters in Bolivia, but this river is much more

turbid overall than the Pachitea (Hedges et al. 2000).  Andean clear water rivers may

supply just as much coarse sediment as fine sediment to the Amazon headwaters, but,

when combined with the results of the previous study (Devol et al. 1995), our results

indicate that fine sediments are preferentially transported downstream whereas coarse

sediments are more or less permanently retained in the Andean foreland.  This finding

agrees with previous studies in the Bolivian Amazon, which indicated that about half of

all sediments initially suspended in Andean rivers were retained in the lowland

floodplains (Aalto et al. 2006), although previous research did not incorporate multiple

size fractions of TSS.  The floodplain in the lower Amazon has a dampening effect on

sediment load, so TSS is more constant over the year (Meade et al. 1985).  In the Andes,

although sediment concentrations are higher on average during the wet season, there was

no distinct seasonal pattern in sediment load.  Sediment concentrations in Andean rivers

are driven by storm events (Table 4.3), which raise sediment concentrations for short

periods of time, and these events are more frequent and intense during the wet season.
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This result is similar to those for other mountain river systems (Milliman and Syvitski

1992, Milliman 1995, Farnsworth and Milliman 2003).

The dependence of sediment load on precipitation (Figure 4.17) has implications

for Amazon basin biogeochemistry in the face of global climate change.  If local

deforestation and global warming decrease rainfall in the Andean Amazon, as predicted

by climate models (Avissar and Werth 2005, Chagnon and Bras 2005), sediment transfer

from the Andes to the Amazon would decrease dramatically.  In five years of river

monitoring at the Andean Amazon Research Station in Oxapampa (2001-2005), annual

rainfall has decreased each year (Noguera 2006).  From 2003 to 2005, annual water

discharge in the Chorobamba River decreased from 762 x 109 m3 to 517 x 109 m3 (a

decrease of 32%), and sediment yield in the Chorobamba basin decreased, from 626 t km-

2 yr-1 to 119 t km-2 yr-1 (a decrease of 81%) (Noguera 2006).  For reference, the average

sediment yield for the entire Amazon basin is 203 t km-2 yr-1 (Ludwig and Probst 1998).

If the Andean precipitation and river discharge continue to decrease, so will sediment and

associated organic matter loading to the Amazon River.  This is important because POM

from upstream likely fuels Amazon food webs and provides substrate for soil formation

in floodplain areas.

The low median concentrations of CSS and FSS presented here indicate that,

overall, these Andean rivers fall into the category defined by Meybeck (1982) as “less

turbid” (5 < TSS < 5000 mg/L).  While sediment concentration in major rivers often

displays low interannual variation, sediment loads in smaller rivers, especially

mountainous ones, are often dependent on specific events (Farnsworth and Milliman

2003).  My data agree with conclusions in the review of major rivers presented in

Meybeck (1982) because as FSS and CSS concentrations increase, the percent by weight

of OC decreases (Figure 4.16).  In our study rivers, the majority of FPOC and CPOC in
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suspension occur during storms (Table 4.4), as observed for other rivers in the world

during storms (Masiello and Druffel 2001, and reviewed in Meybeck 1982 and Ittekkot

1988).

This study also provides insights into how land use change affects river

biogeochemistry.  The most impacted watershed in this study is the Llamaquizú, where

nearly 50% of the natural vegetation has been replaced with secondary forests, pastures,

and agriculture (Table 4.1).  The land use of each watershed does not appear to affect

overall sediment, C, or N losses: these parameters scaled nicely with watershed size in

this study (Table 4.5).  This implies that other parameters, such as regional precipitation,

basin slope, and soil type, have greater impact on erosion rates than land cover.

However, land cover does appear to be reflected in the isotopic composition of suspended

sediments.  Over the course of the study year, the average δ13C and δ15N of both FSS and

CSS in the Llamaquizú River were significantly higher (p < 0.001) than in the other three

rivers.  The average δ13C of FSS in the Llamaquizú was from 0.9 to 2.0‰ more enriched

than the average for the other rivers (Figure 4.12), and the δ13C of CSS was from 1.7 to

2.2‰ more enriched than that found in the other rivers (Figure 4.13).  The increase in

δ13C can be explained by the replacement of natural C3 vegetation with C4 grasses and

agriculture, especially corn.  Similar occurrences have been observed in other rivers

where forests have been converted to pastures.  In general, the deforested Piracicaba

River had higher δ13C of both CPOM and FPOM than the Amazon River (Krusche et al.

2002).  Also in the Piracicaba, tributaries with more deforestation had dissolved and

particulate OC more enriched in 13C than in forested catchments (Martinelli et al. 1999).

The same patterns were observed for heavily deforested parts of the Amazon Basin, such

as the Ji-Paraná (Bernardes et al. 2004).  In many previous studies, DOM, thought to be

the most rapidly cycling OC fraction, appeared to be most heavily influenced by the
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presence of C4 plants.  Our study agrees with previous efforts showing that relatively

recent changes in land cover (~50 years) can influence riverine biogeochemistry

(Howarth et al. 1991, Neill et al. 2001, Thomas et al. 2004).

Fine and coarse sediments are also more enriched in 15N in the Llamaquizú as

compared to the other rivers.  The average δ15N of FSS in the Llamaquizú River was from

1.1 to 1.7‰ more enriched than the average values for the three other rivers (Figure

4.10), and the average δ15N of CSS for the Llamaquizú was from 1.3 to 1.7‰ more

enriched than average values in the other study rivers (Figure 4.11).  Land conversion

from forest to pasture is often associated with increases in δ13C (Mariotti et al. 1991,

Martinelli et al. 1999, Krusche et al. 2002, Bernardes et al. 2004).  There are several

possible reasons for the observed enrichment of δ15N in sediments in the Llamaquizú

River.  Mobilization of deeper or more degraded soil horizons from agricultural or bare

soils enriches the δ13C and δ15N of suspended OM in streams (Bellanger et al. 2004): the

Llamaquizú has the highest proportion of agricultural and bare soils of any watershed in

this study (Table 4.1).  Also, the observed enrichment in 15N could be anthropogenic,

since the Llamaquizú watershed has the highest population density of humans and farm

animals (Noguera pers. comm.).  Human and animal waste has been known to enrich 15N

in aquatic systems (McClelland and Valiela 1998).  There is also a large (approximately 1

million fish at any given time) commercial trout farm in the Llamaquizú watershed.

Aquaculture facilities can cause 15N enrichments in effluent (Lojen et al. 2005), although

this particular farm is unstudied.  The other possibility is deforestation may cause plants

and other organic matter components in the Llamaquizú watershed to be more enriched in
15N.  Natural vegetation cover in this part of the world consists of montane cloud forests,

of which a large portion of biomass is epiphytes such as lichens, bryophytes, and orchids.

Epiphytes obtain nitrogen in one of two ways: through the atmosphere, via wet or dry
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deposition or through N2 fixation; or via roots in canopy soils, which are usually derived

from a mixture of host and epiphyte detritus (Coxson and Nadkarni 1995).  Thus these

epiphytes are depleted in 15N with respect to rooted plants and soils (Heitz et al. 2002).  In

fact, a study of epiphytes in the Esperanza watershed showed that they are less enriched

in 15N than rooted plants, and a side-by-side comparison of two small watersheds in the

Esperanza showed that deforestation could significantly increase 15N stocks over time

scales of less than 10 years (Chapter 5, this volume).

A consistent offset between the δ15N of FSS and CSS was observed in this study:

on average, FSS is significantly enriched over CSS in all four of the study rivers (Table

4.2, Figures 4.10 and 4.11).  This finding appears to be consistent throughout the Amazon

basin (Hedges et al. 1986a, 2000, Aufdenkampe et al. 2001, Chapter 2, this volume).

Generally this enrichment is attributed either to a higher degree of degradation of fine

particles (Hedges et al. 2000, Chapters 2 and 3, this volume), or to the sorption of 15N-

enriched DOM to suspended minerals (Aufenkampe et al. 2001).  Unlike the pattern

observed for 15N, no consistent pattern was found between the δ13C of CSS and FSS in

the study rivers.  If a higher degree of degradation were responsible for the observed

pattern in 15N, the same pattern would likely be observed for 13C.  In other words, if FSS

were derived from soils and CSS from plants in Andean rivers, as proposed in Chapter 2,
13C would be enriched in FSS as it is in soils as compared to plants (see also Chapter 5,

this volume).  More studies are needed to pinpoint the mechanisms responsible for the

nitrogen isotopic composition of suspended OM in Andean and Amazonian rivers.

More information about the processes that influence the δ13C of suspended

particles in Andean rivers can be gleaned from seasonal differences in concentrations and

chemical composition of FSS and CSS.  A significant difference (at the 95% confidence

level) was observed between the wet and dry seasons (October through March and April
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through September, respectively) for most of the measured parameters in all of the study

rivers (Table 4.3).  In almost all cases, the δ13C of both FPOM and CPOM is significantly

higher in the dry season than in the wet season.  In contrast, there is no consistent

seasonal offset of 15N in either fraction.  It is unlikely that there is a significant seasonal

difference in 13C content of potential terrestrial sources such as plants or soils, although

dry season POM may be more influenced by riparian than upland soils. If riparian soil

δ13C is higher than that of upland soils, this may explain the observed seasonal pattern in

δ13C of suspended sediments.  However, no difference was shown in the isotopic

composition of riparian versus upland soils (Chapter 2, this volume).  The observed

seasonal difference in δ13C of TSS may be due to the growth of phytoplankton or algae in

streams during the dry season, when suspended sediment concentration is lower (Table

4.3) and light penetration is theoretically sufficient to sustain aquatic photosynthesis.

Phytoplankton are assumed to be a negligible portion of suspended matter in Amazonian

streams (Cai et al. 1988, McClain and Richey 1996, McClain and Elsenbeer 2001), but

this speculation has not been verified.  A small amount of algae enriched in 13C would be

sufficient to alter the δ13C of TSS, and might also explain the increase in %OC and %N

observed in TSS during low water (Table 4.3).  The δ13C of phytoplankton in Andean

rivers has not been measured, but it has been estimated to be depleted in 13C as compared

to soils and terrestrial plants (Cai et al. 1988), not enriched.  If there is an algal fraction of

POM, it may not be transported conservatively downstream.  If so, the Andean

contribution of terrestrial and/or refractory OM to the Amazon has may have been

overestimated.  The other possibility for the seasonal patterns in δ13C of suspended

sediments is that, during the dry season, suspended particles are composed of

resuspended bottom sediments are more degraded, and thus more enriched in 13C.  The
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dominance of sorption may explain why there is no corresponding shift in δ15N of

sediments during the dry season.

CONCLUSIONS

This study represents a first step towards understanding seasonal variations in C

and N cycling in rivers of the Amazon headwaters, and supplies some new information

about mechanisms of sediment and associated OM transport from small basin rivers in

the Andean Amazon.  Sediment concentrations in Andean rivers depend on storm events;

outside of these events TSS values are very low.  Thus sediment transport to the lower

Amazon is episodic.  Concentrations of coarse and fine sediments and CPOC and FPOC

are similar, indicating that the Andes are equal source of each size fraction to the lower

basin, but that coarse sediments are probably retained preferentially in the Andean

foreland.  The connection between land use and riverine sediment concentration is less

clear, but deforestation and increases in agriculture did significantly impact the isotopic

composition of suspended sediments, if not the sediment or OM concentration.  There

was a clear difference in composition of sediments in the dry and wet seasons, indicating

that there is a seasonal shift in the source of POC to Andean rivers.  This study

demonstrates that POC transport from the Andes to the Amazon is episodic, and that

imminent land use and climate change may have significant impacts on the quantity and

quality of OM transport downstream.
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Table 4.1.  Physical and land cover characteristics of the three watersheds in this study.
Data from Noguera (2006).

Watershed
Area
(km2)

Elevation (masl) Slope (º)

min max mean min max mean

%
Natural

Ecosystem

%
Secondary

Forest

%
Pasture

%
Agriculture
or Cleared

Chontabamba 221 1804 3969 2579 0 62.8 20.6 76% 8% 7% 8%
Esperanza 36 1807 3230 2419 0.1 49.0 20.4 72% 8% 13% 8%

Llamaquizú 80 1806 3204 2273 0 63.2 17.5 53% 8% 17% 22%
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Table 4.2.  Average, median, minimum, and maximum values of measured parameters for each of the four rivers in this study.

Chorobamba Esperanza Llamaquizú Chontabamba
Avg Med Min Max Avg Med Min Max Avg Med Min Max Avg Med Min Max

Discharge (m3/s) 17.9 14.8 6.5 113 1.7 1.6 0.5 6.8 2.5 1.2 0.3 13.7 15.3 12.8 5.2 85.8

FSS (mg/L) 50.0 160 2.0 891 57.1 5.6 1.7 1346 71.7 12.2 3.5 1593 31.0 4.7 1.6 723

CSS (mg/L) 42.6 3.2 0.9 901 83.7 3.8 0.8 2340 70.4 2.7 0.5 1617 27.4 3.3 0.9 654

FPOC (mg/L) 1.4 0.4 0.2 17.8 1.1 0.3 0.1 19.5 1.6 0.7 0.2 26.9 0.9 0.3 0.0 16.4

CPOC (mg/L) 1.9 0.3 0.0 34.8 3.7 0.3 0.0 116 1.1 0.2 0.1 16.0 1.0 0.2 0.0 23.3

FPON (mg/L) 0.1 0.0 0.0 1.5 0.2 0.0 0.0 1.8 0.2 0.1 0.0 2.7 0.1 0.0 0.0 1.8

CPON (mg/L) 0.1 0.0 0.0 1.1 0.1 0.0 0.0 1.5 0.1 0.0 0.0 1.6 0.0 0.0 0.0 0.3

δ15NFSS (‰) 4.8 4.7 2.3 7.2 4.5 4.5 1.1 6.8 5.9 5.9 3.6 8.2 4.2 4.1 1.4 6.7

δ15NCSS (‰) 3.4 3.6 -1.8 6.5 3.1 3.2 1.0 4.5 4.7 4.8 1.5 8.5 3.0 3.0 0.1 5.6

δ13CFSS (‰) -25.3 -25.4 -26.6 -25.4 -24.9 -25.1 -26.6 -22.8 -24.0 -24.0 -25.6 -22.2 -26.0 -26.1 -24.2 -26.1

δ13CCSS (‰) -25.9 -26.1 -30.2 -21.4 -25.7 -25.8 -29.1 -21.6 -24.0 -24.1 -26.2 -17.9 -26.2 -26.4 -33.6 -22.9

%OCFSS 6.7 6.3 1.9 20.7 6.7 6.2 1.3 19.7 5.8 4.9 1.3 15.3 8.5 6.9 2.0 20.4

%OCCSS 7.9 7.2 1.8 15.8 7.0 7.5 0.5 14.8 8.0 7.8 0.6 17.0 9.3 9.8 1.6 16.0

%NFSS 0.7 0.6 0.2 1.9 0.8 0.7 0.1 3.4 0.6 0.5 0.2 1.8 0.9 0.7 0.2 3.7

%NCSS 0.6 0.4 0.1 2.3 0.5 0.5 0.1 2.2 0.5 0.5 0.1 1.1 0.7 0.6 0.1 1.7
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Chorobamba Chontabamba Esperanza Llamaquizú

Discharge * * *
CSS * * * *
FSS * * * *
δ15NCSS *
%NCSS ** ** **
δ13CCSS ** ** ** **
%OCCSS ** ** **
δ15NFSS * *
%NFSS ** ** ** **
δ13CFSS ** ** **
%OCFSS ** ** ** **

Table 4.3.  Measured parameters for which there is a significant difference in means (at
the 95% confidence interval) between the dry and wet seasons (April though
September, and October through March, respectively).  The difference
between means was assessed using Tukey’s honestly significant difference
procedure.  * : wet season is higher than dry season, ** : dry season is
higher than wet season; blank = no seasonal difference.
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Percent during
storm events

Total sediment 81

Coarse
sediment

85

Fine
sediment

78

POC 74

CPOC 83

FPOC 62

PON 64

CPON 68

FPON 61

Table 4.4.  Percent of total sediment and sedimentary OC and N in suspension in the
Chorobamba River during five 2-day storm events.  These calculations
account for the entire period of the study from July 20, 2004 through July
21, 2005.
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Chontabamba Llamaquizu Esperanza Total of
tributaries

Chorobamba

SOC (tons) 484.5 120.3 44.0 648.1 749.5

SON (tons) 44 9.6 4.9 58.5 59.2

Total
discharge (L)

3.3 x 1011 5.5 x 1010 3.3 x 1010 4.2 x 1011 4.2 x 1011

TSS (tons) 14789 4540 1411 20740 20381

Watershed
size (km2)

221 80 36 337

% of total 66 24 11

% of total:
TSS

73 22 7

% of total:
SOC

75 19 7

% of total:
SON

75 16 8

SOC
tons/km2

2.2 1.5 1.2

SON
tons/km2

0.20 0.12 0.14

Table 4.5.  Discharge, sediment load, and organic carbon and nitrogen losses in the study
watersheds for the period November 10, 2004 through July 21, 2005.  SOC
= sedimentary organic carbon.  SON = sedimentary organic nitrogen.
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Figure 4.1.  Map of the three watersheds and four rivers sampled during this study.  Map
on right shows the location of the study area within Peru.  Map modified
from Noguera (2006).
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Figure 4.2.  Map of the three watersheds in this study delineated by black lines and
categorized by land use.  Land use data is derived from Noguera (2006).
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Figure 4.3.  Monthly rainfall amounts during the study period, as recorded at the Andean
Amazon Research Station in Oxapampa.

85

131

66

187

149

261

134

177

216

70

22 15

58

0

50

100

150

200

250

300

Ju
l-0

4

Aug-0
4

Sep
-0

4

Oct
-0

4

Nov-
04

Dec
-0

4

Ja
n-0

5

Feb
-0

5

M
ar

-0
5

Apr-0
5

M
ay

-0
5

Ju
n-0

5

Ju
l-0

5

Date

M
o

n
th

ly
 t

o
ta

l r
ai

n
fa

ll 
(m

m
)



93

Figure 4.4.  Total fine suspended sediment concentration (points) and river discharge (solid line) throughout the experiment,
plotted versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.5.  Total coarse suspended sediment concentration (points) and river discharge (lines) throughout the experiment,
plotted versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.6.  Coarse and fine POC concentrations plotted versus river discharge.  A = Chorobamba, B = Esperanza, C =
Llamaquizú, D = Chontabamba.  Note log scale.
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Figure 4.7.  Coarse and fine PON concentrations plotted versus river discharge.  A = Chorobamba, B = Esperanza, C =
Llamaquizú, D = Chontabamba.  Note log scale.
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Figure 4.8.  δ 15N of fine suspended sediments (FSS; points) and river discharge (lines) throughout the experiment, plotted
versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba
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Figure 4.9.  δ 15N of coarse suspended sediments (CSS; points) and river discharge (lines) throughout the experiment, plotted
versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.

C

-3

-1

1

3

5

7

9

J-04 S-04 O-04 D-04 F-05 M-05 M-05 J-05

Date

δ1
5
N

 o
f 

C
S

S
 (

‰
)

0

2

4

6

8

10

12

14

16

D
is

ch
a
rg

e
 (

m
3
/

s)

D

-3

-1

1

3

5

7

9

J-04 S-04 O-04 D-04 F-05 M-05 M-05 J-05
Date

δ1
5
N

 o
f 

C
S

S
 (

‰
)

0

10

20

30

40

50

60

70

80

90

100

D
is

ch
a
rg

e
 (

m
3
/

s)

A

-3

-1

1

3

5

7

9

J-04 S-04 N-04 J-05 M-05 M-05 J-05

Date

δ1
5
N

 (
‰

)  
o

f 
C

S
S

0

20

40

60

80

100

120

D
is

ch
a
rg

e
 (

m
3
/

s)

B

-3

-1

1

3

5

7

9

J-04 S-04 O-04 D-04 F-05 M-05 M-05 J-05Date

δ1
5
N

 o
f 

C
S

S
 (

‰
) 

0

1

2

3

4

5

6

7

8

D
is

ch
a
rg

e
 (

m
3

/
s)



99

Figure 4.10.  δ 13C of fine suspended sediments (FSS; points) and river discharge (lines) throughout the experiment, plotted
versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.11.  δ 13C of coarse suspended sediments (CSS; points) and river discharge (lines) throughout the experiment, plotted
versus time. A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.12.  Weight percent of OC in fine suspended sediments (FSS; points) and river discharge (lines) throughout the
experiment, plotted versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.13.  Weight percent of OC in coarse suspended sediments (CSS; points) and river discharge (lines) throughout the
experiment, plotted versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.

A

0

2

4

6

8

10

12

14

16

18

J-04 S-04 N-04 J-05 M-05 M-05 J-05

Date

%
O

C
 o

f 
C

S
S

0

20

40

60

80

100

120

D
is

ch
a
rg

e
 (

m
3
/

s)

B

0

2

4

6

8

10

12

14

16

J-04 S-04 O-04 D-04 F-05 M-05 M-05 J-05

Date

%
 O

C
 o

f 
C

S
S

0

1

2

3

4

5

6

7

8

D
is

ch
a
rg

e
 (

m
3

/
s)

C

0

2

4

6

8

10

12

14

16

18

J-04 S-04 O-04 D-04 F-05 M-05 M-05 J-05

Date

%
 O

C
 o

f 
C

S
S

0

2

4

6

8

10

12

14

16

D
is

ch
a
rg

e
 (

m
3
/

s)

D

0

2

4

6

8

10

12

14

16

18

J-04 S-04 O-04 D-04 F-05 M-05 M-05 J-05

Date

%
 O

C
 o

f 
C

S
S

0

10

20

30

40

50

60

70

80

90

100

D
is

ch
a
rg

e
 (

m
3
/

s)



103

Figure 4.14.  Weight percent of N in fine suspended sediments (FSS; points) and river discharge (lines) throughout the
experiment, plotted versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.15.  Weight percent of N in coarse suspended sediments (CSS; points) and river discharge (lines) throughout the
experiment, plotted versus time.  A = Chorobamba, B = Esperanza, C = Llamaquizú, D = Chontabamba.
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Figure 4.16.  Percent organic carbon (OC) plotted versus the concentration of fine and
coarse suspended sediments (FSS and CSS). Note the log scale for CSS and
FSS concentration.
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 Figure 4.17.  Relationship of TSS (A) and river discharge (B) in the Chorobamba River
with rainfall measured at the Andean Amazon Research Station.  Note the
log scale in the y-axis of (A).
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Chapter 5: Natural abundance isotopic indicators of carbon and
nitrogen sources and cycling in old-growth and deforested cloudforest

catchments of the Peruvian Andean Amazon

ABSTRACT

Stable isotopes are useful indicators of large-scale transport of organic matter

from terrestrial to aquatic ecosystems, but small-scale studies are needed to confirm

hypotheses about sources and diagenetic history.  In this study I analyzed carbon (C) and

nitrogen (N) stable isotopic and elemental ratios in organic matter (OM) in two small (~5

ha) catchments in the Amazon headwaters of Peru: one recently deforested and one old-

growth forest.  Precipitation was a major source of enriched dissolved organic N (DON)

to both catchments, although DON concentrations were higher in throughfall (rain that

passes through the forest canopy) than in rain falling in a clearings.  Epiphytic plants

living in the canopy of the old-growth site have more depleted δ15N signatures than

rooted plants in either catchment.   Leaf litter decomposition and soil OM formation

complicate the isotopic composition of residual OM, indicating that δ13C and δ15N may

not be appropriate indicators of diagenetic history in this system.  This research suggests

that observed N cycling differences between pristine and impacted ecosystems may be

due to a disruption of canopy nutrient cycles during deforestation, representing a

significant loss of sequestered C and N in deforested regions.  This study supports the

idea that ecosystems unaffected by anthropogenic N deposition have very little inorganic

N storage or export.
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INTRODUCTION

The cloudforests of the Andean Amazon (located from about 3500 to 1500 meters

above sea level in the Andes Mountains) are minimally impacted by atmospheric

pollution (such as N deposition) and other human impacts such as deforestation,

urbanization, and agriculture.  These environments have different biogeochemical

characteristics than similar ecosystems located in industrialized areas, such as the

dominance of dissolved organic over inorganic N losses in pristine forest streams

(Perakis and Hedin 2001, 2002).  Studying unimpacted areas provides baseline

information needed to determine how nitrogen cycling in aquatic and riparian systems

has been altered anthropogenically, and provide an opportunity to evaluate the influence

of human impacts on biogeochemical theory (Hedin et al. 1995).  In other words, studies

such as these can help to identify how ecosystems function without additional

anthropogenic reactive N (Galloway et al. 2003).  Studies of small headwater streams are

particularly important, as these systems exert disproportionate control on the nitrogen

cycle in large river basins (Peterson et al. 2001).

The Peruvian Andes are under tremendous pressure for conversion into farmland

or urban areas (McClain and Naiman in prep): by studying how whole-catchment

biogeochemistry changes with deforestation, one can predict the large-scale impacts of

deforestation on the ecology of the Amazon headwaters and other regions.  The cloud

forests of the Amazon basin are a major source of sediments and associated organic

matter to upland Amazonian tributaries (Chapter 2, this volume).  Deforestation has a

complicated impact on river hydrology and biogeochemistry in this area (Chapter 4, this

volume), but erosion is often greater in deforested montane catchments than in pristine

ones, and deforestation can lead to an increased dominance of runoff over baseflow in

streams (Ludwig and Probst 1998, Walling 1999).
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Dissolved organic N (DON) dominates N losses from South American old-growth

forests (Hedin et al. 1995, Perakis and Hedin 2001), as opposed to streams in

industrialized areas where nitrate (NO3
-) losses dominate (Perakis and Hedin 2002). For

an ecosystem at equilibrium, dissolved nitrogen export is balanced by inputs of new

nitrogen such as N2 fixation, natural atmospheric deposition, or erosion and weathering of

geological nitrogen (Perakis and Hedin 2002, Holloway et al. 1998).  In particular, fog

and clouds can be a significant source of water and nutrients to tropical montane cloud

forests (Asbury et al. 1994, Clark et al. 1998b, Chang et al. 2002). In this study we

analyze the inputs of N into high altitude cloudforest ecosystems by measuring N content

and composition in rain and throughfall, in plants and soils in the forest canopy, and in

stream N exports.

Epiphytes are an often-overlooked portion of biomass in tropical forests (Clark et

al. 1998a, Nadkarni et al. 2004).  They may represent completely separate

biogeochemical cycles that are disconnected or minimally connected to the traditional

soil-root-leaf N cycle because they live exclusively in the forest canopy.  However, when

these epiphytes die or fall to the ground, or release organic and inorganic N, they

represent a new N source to forest floor communities.  Deforestation and regrowth of

secondary forests abruptly halts N cycling in canopy communities, and may cause large-

scale disruptions in N cycling to the forest or to the watershed as a whole (Benzing

1998).  The implications of deforestation and the subsequent loss of epiphytic N on

terrestrial ecosystems are broad and understudied.   Epiphytes obtain N in one of two

ways: through the atmosphere, via wet or dry deposition or through N2 fixation; or via

roots in canopy soils, which are usually derived from a mixture of host and epiphyte

detritus (Coxson and Nadkarni 1995).  Thus, canopy communities can represent both a

sink for atmospheric fixed N (Clark et al. 2005) and a source of N to communities
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growing on the forest floor (Coxson 1991, Vera et al. 1999).  Litter from the host tree can

be intercepted by canopy ecosystems and incorporated into canopy soils (Nadkarni and

Matelson 1991).  Stable isotopic analysis is a convenient tool to identify epiphytic N and

C sources (Heitz et al. 2002).  Because epiphytes growing in forest canopies lack access

to soil nutrients available to rooted plants, their δ15N values often differ from those of

host plants. Concurrent analysis of weight percents of C and N with stable isotopes in

epiphyte leaves contributes to determination of chemical budgets in these systems.

The isotopic and elemental effects of leaf litter decomposition and soil organic

matter formation are well studied but vary significantly depending on climate, amount of

precipitation, and litter quality (Aber and Melillo 1991, Krull et al. 2003).  In addition,

the mechanisms of changes in stable isotopic content during the decomposition process

are hotly debated (Ehleringer et al. 2000, Lehmann et al. 2004).  Small scale studies of

isotopic patterns in whole ecosystems are necessary to validate studies that attempt to use

stable isotopes as tracers of organic matter processing in larger basins, such as the studies

presented previously in this dissertation (Chapters 2, 3, and 4; this volume).

Only a few studies have addressed the biogeochemistry of cloud forest

ecosystems, and several questions still remain. What are the sources of N to cloudforest

headwater catchments?  What can natural stable isotopic signatures tell us about C and N

cycling in natural and impacted forest systems?  How will land use change, specifically

deforestation, change C and N dynamics and export in forested headwaters of the

Amazon River?  To answer these questions, we performed a series of experiments in two

small headwater catchments in the Peruvian Andean Amazon, located at about 2500

meters above sea level (masl).  One catchment was pristine forest; the other was

completely deforested in 1999.
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STUDY AREA

This study was conducted in the Parque Nacional Yanachaga-Chemillen, located

on the eastern flank of the Peruvian Andes in the Amazon headwaters (Figure 5.1).   This

area is characterized by lower montane tropical cloud forests.  We sampled two adjacent

headwater stream catchments in the park.  One stream basin (“Wara”) is located within

Yanachaga-Chemillen National Park and the other (“Killa”) is just outside the park

border.  The two catchments are about 500 m apart and are both located at approximately

2400 meters above sea level.  Killa was completely deforested and burned for

experimental purposes in 1999, while Wara is classified as a primary forest. Wara is

approximately 4.5 ha in area, and Killa is about 3.8 ha.  The sites are approximately 4 km

away from the Andean Amazon Research Station in Oxapampa.  The average annual

temperature at the field station is 15ºC and the average annual rainfall is 2302 mm.  The

average annual rainfall in the park is approximately the same, but the temperature is

about 1º lower (Catchpole 2004).  It rains frequently in the park and the forest canopy is

almost always in constant contact with clouds and mist. Epiphyte biomass is extensive in

the pristine sections of the forest (Catchpole 2004).

Methods

Sample collection–Rain and throughfall were collected weekly from the Parque

Nacional Yanachaga-Chemillen from February to July 2004 (Gomez 2005).  Rain

collectors were located near the Wara stream.  Rain was collected in a small (1000 m2)

clearing near the weather station.  Throughfall was collected below a large tree in an old-

growth section of the forest.  Sample collection protocol was as follows: acid washed and

rinsed plastic bottles were placed on the rain collectors, and the following day any rain or

throughfall was transferred to pre-cleaned, pre-combusted amber borosilicate vials, then
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immediately transported to the field station in Oxapampa, where they were frozen (Keene

et al. 2002) until analysis in Texas.

Epiphytes and canopy soils were collected in 2003 from a mature Ficus tree

located in the Wara catchment.  Vascular epiphytes (bryophytes and orchids) were

collected according to the zonation scheme of Johansson (1974), shown in Figure 5.2.

Epiphytes were only found in zones 3, 4, and 5.  Zone 3 is located on the upper trunk of

the tree, zone 4 is the innermost part of the canopy, and zone 5 is the middle of the

canopy.  Epiphytes were collected using rope access and traditional arborist techniques

(Catchpole 2004), which allow for epiphyte sampling without removing branches and

with minimal disturbance.

The isotopic and elemental effects of leaf litter decomposition were analyzed in a

10 month litter bag study.  The leaves of two species of very common trees in the Wara

catchment (Gomez 2001), one from the upper canopy (species A) and one from the lower

canopy (Species B) were selected for the experiment.  Fresh leaves were dried at 60º C to

constant mass at the field station in Oxapampa.  The leaves were broken into 500 mg

pieces and placed in litter bags made from 1 mm mesh nylon plankton net.  A set of 12

bags for each species were placed on the soil and nailed down to approximate the fate of

leaves that fall to the forest floor.  Two more sets were placed in the stream and anchored

in place to the datalogger near the weir.  One of each type of bag for each treatment was

removed approximately every 30 days.  The bags were returned to the field station where

they were dried at 60ºC for 48 hours, then removed from the oven and stored in a cool (~

15º C) dark place in sealed plastic bags until the end of the experiment, when the leaves

were removed and weighed, then taken back to the laboratory in Texas for C and N

elemental and isotopic analysis.  Transport from the park to the field station was
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controlled for: samples from the first time point were brought to and from the park on the

first day of the experiment.

Samples for comparison of the pristine and deforested catchments were collected

from 2000 to 2004.  Stream suspended particulates were filtered in the field from water

sampled at the mouth of both watersheds (Figure 5.1) onto pre-combusted glass fiber

filters (Whatman GF/F).  Plants and soil horizons were collected in pre-cleaned, pre-

combusted glass vials.  Soils were collected in the summer of 2004.  Two soil pits were

dug in each watershed, within 5 meters of each other and of the weir at the mouth of each

watershed.  Soils in this area are very thin (less than 6 inches), and samples were taken

from the organic (O) horizon, the A horizon, and the mineral layer (mostly carbonates).

All solid samples were dried at 60ºC at the Andean Amazon Research Station in

Oxapampa for 48 hours and then tightly sealed until they could be analyzed at the

University of Texas Marine Science Institute.  Stream dissolved N samples were filtered

in the field through 0.2 µm nylon syringe filters into 40 ml pre-cleaned, pre-combusted

amber borosilicate vials containing 40 µl of concentrated H2SO4 as a preservative.  These

were kept in a cool, dark place until they could be transported back to the USA.

Sample analysis–Particulate (soils, sediments, plants) samples were analyzed for

δ15N, δ13C, %N by weight, and %C by weight on a Carlo Erba elemental analyzer

interfaced with a Finnigan MAT Delta PLUS isotope ratio mass spectrometer at the

University of Texas Marine Science Institute.  Inorganic C was removed from soil and

suspended particulate samples prior to organic C analysis by vapor phase acidification

with HCl for 24 hours (Hedges and Stern 1984), followed by drying at 60º for 24 hours.

Samples for nitrogen analysis were not acidified.

Nitrogen isotopic composition of NO3
- was determined using a bacterial method

(Sigman et al. 2001).  Total dissolved N (TDN) concentrations were analyzed after
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persulfate oxidation (Valderrama 1981, Bronk et al. 2000).  Nitrogen isotopic

composition of TDN was analyzed by converting TDN to NO3
- by persulfate oxidation

(Valderrama 1981, Bronk et al. 2000), then converting NO3
- to NO2

- (Jones et al. 1984),

and finally by converting NO2
- to N2O using a modification of the azide method (McIlvin

and Altabet 2005). The azide method was modified to allow for smaller sample volumes

and NO3
- concentrations.  The procedure is similar to the method presented in Knapp et

al. (2005), except that we used the azide reaction as opposed to denitrifying bacteria to

convert NO2
- to N2O.  Nitrous oxide was analyzed for δ15N using a ThermoFinnegan

Trace GC gas chromatograph with an in-line preconcentrator unit coupled to the isotope

ratio mass spectrometer at UTMSI.

RESULTS

Nitrate concentrations in both rain and throughfall were negligible.  The

concentrations and δ15N of TDN in rain and throughfall throughout the study period are

presented in Table 5.1 and Figure 5.3.  The average concentration of TDN in throughfall

was significantly higher than the average concentration in rain (p < 0.001, Figure 5.3A),

but there was no difference in δ15N of rain and throughfall (Figure 5.3B).

Vascular epiphytes were depleted in 15N with respect to the atmosphere (Table

5.2).  The δ15N of epiphyte leaves decreased with distance into the canopy.  Epiphytes in

zone 3 were more enriched in 15N than those in zone 4 (p = 0.02) and zone 5 (p = 0.001),

and zone 4 was more enriched than zone 5 (p = 0.04).  The average values of δ15N, %N,

δ13C, and %C for each species of epiphyte sampled are also shown in Table 5.2.  The

classification scheme for these vascular orchids is shown in Figure 5.4.  Three classes are

represented: Monocotyledonia, Pteridophyta, and Dicotyledonia.  Two families of

Monocotyledonia were represented: Orchidaceae and Bromeliaceae, with five and two
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different species, respectively.  There was one family (Lomariopsidaeceae) and two

species of Pteridophyta.  One family (Ericaceae) and two species represented Class

Diccotyledonia.  In general, monocots were more enriched in 15N (average δ15N = -2.9 ±

1.2‰) and significantly different than dicots and pteridophytes (average δ15N –5.7 ± 1.0

and –6.2 ± 1.9‰, respectively), which were not significantly different from each other

(Figure 5.5A).  The average δ15N of each family were significantly different from each

other, except that the δ15N of Lomaridopsidaceae and Ericaceae were the same (Figure

5.5B).  On the genus level, many species had significantly different δ15N signatures

regardless of zone.  Most notably, the Vriesia samples (the bromeliads) had a

significantly higher δ15N than any other species (Figure 5.5C).  On the other hand, the

Disterigma and Elaphoglossum species had significantly lower δ15N than almost all of the

other species sampled (Figure 5.5C).

The δ13C and δ15N of soil horizons in the forested and deforested plots are shown

in Figure 5.6.  In most cases, the δ13C of soil organic matter increases with depth in the

soil profile, but this trend is not evident in all of the soil sampling locations (Figure

5.6A), despite the fact that soil samples were taken very close to each other for each

watershed.  There was a more defined trend for δ15N (Figure 5.6B), and the δ15N values

were more similar to each other than the δ13C values.  There was one soil sampling site

(Wara B) where there was no trend in δ13C and δ15N with soil depth.  The profiles of

%OC and %N are much more clear for these soils.  In all cases, the %OC and %N was

much higher in the organic layer (mostly composed of leaf litter), decreased sharply in

the A horizon, and then stayed about the same in the mineral horizon (Figure 5.7).  Soils

on the forest floor had much less C and N by weight than canopy soils (Table 5.2).

Leaf litter mass decreased predictably with decomposition time (Figure 5.8).  By

the end of ten months, almost no leaf of either species remained in either treatment.  The
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samples in the stream decayed more slowly, or at least they had greater mass remaining,

than the samples decomposing on the forest floor.  However, by the end of the

experiment the soil treatment samples were larger in mass than those in the stream

(Figure 5.8).  Unlike the leaf mass, there was not a predictable relationship between

decomposition time and either δ13C or δ15N of the remaining leaf material (Figure 5.9).

For species A, in both treatments δ13C was periodically elevated up to 5‰ over the initial

substrate.  Species B δ13C was more consistent, although still somewhat variable,

throughout the experiment.  δ13C was never much lower than initial values in any of the

treatments (Figure 5.9).  δ15N, on the other hand, decreased initially in both soil

treatments.  In species A, the δ15N was always lower in the soil treatment than the initial

observation.  In both stream treatments, δ15N fluctuated throughout the experiment and to

an eventual value that was slightly higher than the initial observation (Figure 5.9B).

Percent of OC and N by weight did not decrease with decreasing leaf mass (Figure 5.10

A and B).  Percent OC decreased gradually in the samples decomposing in the stream,

but appeared to increase slightly in the samples stored on the forest floor, at least initially

(Figure 5.10A).  Percent N of species A in both treatments remained more or less

constant throughout the experiment, which %N of species B increased throughout the

experiment in both treatments (Figure 5.10B).

An overview of isotopic differences between Wara and Killa is presented in Table

5.3.  In most cases, the δ15N of a given compartment in Wara is lower than in Killa, with

the exception of dissolved NO3
- in the streams and TDN in the stream and in precipitation

(Table 5.3).  The dissolved δ15N values were not statistically distinguishable from site to

site.  In Wara, the epiphyte leaves were more depleted in 15N than tree leaves.  Dissolved

parameters, in general, were more enriched in 15N than plants, and the δ15N of dissolved

NO3
- and TDN in the stream was similar to those observed for riparian soils.  The
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concentrations of stream TDN were not significantly different between sites (Wara

average = 15.7 ± 6.8 µM; Killa average = 13.5 ± 6.6 µM). The δ15N of TDN was the

same for both rain and throughfall, and they were more enriched than any other canopy

fraction.  There was no consistent difference in δ13C between Wara and Killa.  Several

plants with non-C3 photosynthetic pathways were found in the Killa catchment,

explaining the variability of δ13C of shrubs and soil in this site.

DISCUSSION

Nitrogen budget– The eastern flank of the Andes experiences very little dissolved

inorganic N (DIN) deposition (Holland et al. 1999), and we were not able to measure any

NO3
- in either rain or throughfall in this study.  In contrast, DON is a minimal portion of

total dissolved N deposition in most systems in the United States and Europe (Keene et

al. 2002).  Dissolved ON ranges from 11 to 41% of TDN in rainwater in studies

conducted all over the world (Cornell et al. 2003).  However, in more remote sites DON

can be a larger percentage of total N in cloud and rain water (Weathers et al. 2000).  The

exact source of DON in precipitation is unknown, but may be derived from one of three

types of atmospheric organic N (AON): 1, organic nitrates derived from reactions of

atmospheric NO3
- with hydrocarbons; 2, aerosol amines or urea derived from marine or

agricultural systems; and 3, terrestrial organic compounds such as pollen or volatile

organic molecules (Neff et al. 2002).  In a study on the Chilean Pacific coast, DON in

cloudwater was thought to be marine in origin (Weathers et al. 2000).  Since atmospheric

NO3
- is minimal in my study area, fossil fuel combustion and marine aerosols probably

have a minor effect on atmospheric composition.  The most likely source of DON to

precipitation in this system is emission of volatile organic compounds (VOCs) from the

forest itself (Greenberg et al. 2004, Guenther 1997). I conclude that both fractions have
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the same source of organic N because the δ15N in rain was not statistically different from

that in throughfall.  VOCs emitted from the canopy are likely absorbed in clouds and then

released with rain because clouds are in constant contact with vegetation.  Throughfall

has a higher average TDN concentration than rain, perhaps because precipitation makes

physical contact with plants in the canopy as it falls.

As DON appears to dominate atmospheric N in unpolluted systems, it also

dominates dissolved N exports in streams (Perakis and Hedin 2002). Approximately 80%

of stream dissolved N export in this study site is organic (Saunders and McClain, in

press). The similarity of δ15N in precipitation at each site may also explain why dissolved

N (both NO3
- and TDN) in the pristine and deforested streams had the same isotopic

composition.  Unpolluted streams may export DON because the majority of N introduced

through precipitation is organic.  Systems unaffected by anthropogenic alterations in N

cycling have a tendency to store N in organic forms (van Breemen 2002), and our study

supports this hypothesis.

The results of this study and the previous study (Saunders and McClain in press)

allow comparison of dissolved N import and export in this system.  Given an average

throughfall TDN concentration of 30 µM, a rainfall amount of about 2000 mm per year,

and a watershed size (Wara) of 4.5 ha, throughfall provides approximately 37.8 kg of

DON to the watershed per year.  Assuming an average stream DON concentration of 8

µM and an approximate streamflow rate of 1.5 L/sec (Saunders and McClain in press),

about 1.2 kg of DON are exported annually from the watershed via the stream.  This

calculation indicates that approximately 85% of DON introduced to the watershed in

throughfall is recycled, while 14% is exported downstream. It explains why not all N

introduced in throughfall is retained, if the TDN observed in rain (average 9 µM, or 30%

of TDN in throughfall) represents N derived from outside the catchment.  Alternatively,
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all deposited DON could be retained and cycled, and a different fraction of DON could

be exported, which may explais why TDN in the stream has a heavier δ15N than TDN in

rain and throughfall (Table 5.3).

Epiphytes and N cycling– Vascular epiphytes in the forest canopy are depleted in
15N with respect to the atmosphere, vs observed in other montane forest ecosystems(Heitz

et al. 2002, Wania et al. 2002, Santiago et al. 2005, Stewart et al. 1995).  Epiphytes

obtain N from the atmosphere (N2 fixation or fixed N deposition) or from mineralization

of canopy soils (Reynolds and Hunter 2004).  Epiphytes sampled in this study were more

enriched in the upper canopy than in the lower canopy (Table 5.2), similar to results from

other tropical rainforest canopies (Wania et al. 2002).  However, in the current study

there was no significant difference in δ15N or N content of canopy soils between zones,

and the δ15N of canopy soils was higher than that of plants.  This result indicates that if

canopy soils are a source of N to epiphytes, the relative proportion of N from soils and

atmospheric N changes within the canopy.  Inorganic N availability may be greater at the

outer canopy than inside it: Lovett (1994) found that forest edges have more N deposition

than the inner forest.  However, since inorganic N deposition is minimal in this system, it

may be that epiphytes in outer zones of the canopy are getting more N from N2 fixation

and that inner canopy specimens may rely on throughfall DON and bacterial

remineralization.

Epiphyte species also has an impact on δ15N.  Bryophytes and orchids (class

Monocotyledonia) had significantly higher δ15N than the ferns (class Pteridophyta) or the

dicotyledonous flowers (class Dicotyledonia), which were not significantly different from

each other (Table 5.2, Figures 5.3 and 5.4). Epiphytes with higher δ15N obtained more of

their N from soils or from atmospheric N2 fixation, while plants with lower δ15N had

more fixed N from cloudwater DIN, which in that study was depleted in 15N with respect
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to atmospheric N2 (Wania et al. 2002).  In fact, orchids are the only epiphytic species

known to associate with microrrhizae (Lesica and Antibus 1990).  I was not able to detect

inorganic N (the most likely source of fixed N to canopy plants) in rain or throughfall –

either due to a lack of pollution or to high uptake rates of canopy plants – so we cannot

attribute a lower δ15N to a greater uptake of atmospheric fixed N.  Also, I could not

measure N concentrations or isotopes in clouds or fog water, which may be a significant

source of water and N to canopy communities (Asbury et al. 1994, Clark et al. 1998b,

Chang et al. 2002).  I did not measure the δ15N or concentration of canopy soil dissolved

N, nor do we have any information on N remineralization rates in canopy microbial

communities.  Measurements of atmospheric NH4
+ and other sources of dissolved N to

the canopy are needed to definitively capture the sources of N to canopy plants in these

communities, since reduced DIN is often more prevalent than NO3
- in rain and fog, and N

concentrations are often higher in cloudwater than in rain or throughfall (Asbury et al.

1994).  The nutrient uptake mechanisms of epiphytes are poorly understood, and may

depend on many different climatic and environmental factors (Zotz and Hietz 2001).

For the purposes of this study, epiphytes are most important as drivers of C and N

cycling in old-growth forests.  We observed a persistent difference in the δ15N of

particulate organic matter between the pristine and deforested sample sites in this study

(Table 5.3), with Wara (the old-growth site) consistently lower than Killa.  On average,

POM in Wara (not including dissolved N) was 1.8‰ lower in δ15N than Killa (Table 5.3).

This difference indicates that epiphyte and other canopy biomass have a major impact on

N stocks and cycling in old-growth forests.  Canopy soils are very high in organic matter,

with almost as much OC by weight as the epiphytes they support, and more than twice as

much N by weight as canopy plants (Table 5.2).  The persistent difference in δ15N

between the two catchments provides further evidence that canopy epiphytes are fixing
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atmospheric N2.  If epiphytes were simply taking up some labile, isotopically depleted N

from precipitation or clouds, that fraction should have been picked up by another fraction

in the deforested site.  Epiphytes in the forest canopy may draw on a N source

unavailable to other kinds of organisms.

The high biomass of epiphytes (Catchpole 2004) and canopy detritus and leaf

litter are major components of N stocks in these old-growth cloudforest systems.

Vascular epiphytes comprise up to 50% of all plant biomass in the tropical Andes (Kelly

et al. 1994, Bussmann 2001), and are persistent throughout the Andes from 1500 to 3000

meters above sea level (Catchpole 2004).  This fraction represents about 9% of the

Amazon Basin, or about 550,000 km2.  Vascular epiphytes such as orchids and

bromeliads in Andean cloudforests alone may represent around 5% of total biomass in

the Amazon basin, and thus they represent a significant source of N for the basin due to

atmospheric uptake and N2 fixation.

Isotopic effects of OM decomposition–Soils in both catchments did not have a

predictable relationship with depth of either δ13C or δ15N (Figure 5.5).  Previous studies

have shown that δ13C, in particular, and to some extent δ15N increases with depth in soil

profiles, either due to differential degradation of organic molecules, microbial

fractionation, or shifts in the relative fractions of microbial and plant OM as degradation

increases (Peterson and Fry 1987, Wedin et al. 1995, Ehleringer et al. 2000).  In my

study, δ13C and δ15N decreased with depth in some places, but stayed the same or even

increased in others.  Landslides are thought to turn over soils in this area about once

every 100 years (Glauber 2001).  As a result, soils are very thin (~10 - 15 cm) and consist

mostly of a thick organic layer with much smaller A and mineral horizons.  The

inconsistent trend in isotopic composition of soils may be due to frequent disturbance.
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Also, due to the steep grade of these forests, landslides can result in total removal of

organic matter to downstream areas.

The leaf litter decomposition experiment indicates that decomposition does not

predictably change the isotopic composition of organic matter in this system.

Decomposition caused almost no net change in δ13C or δ15N of decomposing leaves, even

though significant variability occurred in both parameters during the experiment (Figure

5.9).  This result indicates that incorporation of microbial biomass (with variable isotopic

signatures) is significant during litter decomposition in this system (Wedin et al. 1995).

This conclusion is supported by data on %OC and %N by weight during the

decomposition process (Figure 5.10).  Although mass of remaining litter decreased

throughout the experiment, very little net change in the proportion of either C or N was

observed.  This result contrasted with those of most other studies tracking nutrient

composition during litter decay (Aber and Melillo 1991), where C was lost exponentially

and N initially increased then began to decrease.  The current experiment shows that the

organic layer in soils in this region consisted of large pieces of litter and a significant

amount of microbial biomass rather than a homogeneous mixture of OM and minerals as

it is traditionally defined (Aber and Melillo 1991).

CONCLUSIONS

These findings on soil OM composition and the effects of litter decomposition

have important implications for our studies of organic matter dynamics in the Andes and

transport to the Amazon River.  In Chapter 2 of this volume, we hypothesized that POM

in high altitude headwater streams consisted of small pieces of leaf litter, not minerals

with sorbed DOM as has been observed in lower-altitude tropical rivers (Aufdenkampe et

al. 2001).  This study supports this hypothesis.  Traditional soil organic matter sorbed to
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minerals appears to be transported only during landslides and other very high flow

events.  In small Andean headwaters such as the ones studied here, stream suspended

POM is composed of leaf litter that may have a significant portion of microbial biomass.

This trend is evident in the POM composition of the pristine and deforested sites.  The

δ15N of stream POM in the deforested site was characteristic of fresher leaf litter, not

deeper horizons, and was offset in the deforested site due to the lack of epiphytic

biomass.

This study has implications for our study of 14C content of POM in the Andean

headwaters (Chapter 3, this volume).  The three highest altitude streams sampled in that

study were very similar to the ones studied here.  If POM in these systems is a mixture of

leaf litter and microbial biomass, this result could explain the extreme variability in

radiocarbon content of POM in these systems.  While leaf litter likely has a modern 14C

signature, microbial biomass Δ14C depends on the substrate, which appears to vary over

the timescale of hundreds of years (Chapter 3, this volume).  As material from these

small headwaters travels downstream, the fresh litter and less refractory microbial

components of POM are consumed and minerals are a larger portion of POM (Chapter 4,

this volume), so overall POM has lower %C and more consistent isotopic signatures, due

to the influence and more consistent nature of sorption of DOM to minerals

(Aufdenkampe et al. 2001).

I conclude that land use change may alter standing stocks of organic C and N in

Andean cloudforests, and that these changes can be reflected in the composition of stream

POM.  This conclusion is important in systems with extensive epiphytic biomass such as

Yanachaga-Chemillen.  Dissolved constituents of precipitation and streams seem to be

independent of land use or land cover, or else they are controlled by forces larger than the

watershed scale or on longer time scales than the one studied here (~ 5 years).  More



124

information on the amount of canopy biomass is necessary to estimate of the effects of

deforestation on local and global C and N budgets.  Exactly where epiphytes in this

system obtain their nutrients remains unclear.  More studies on smaller scales, and

including cloudwater samples, are needed to pinpoint N sources to canopy ecosystems in

the Peruvian Andes.
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Throughfall Rain

Date collected
TDN

concentration
(µM)

δ15N of TDN
(‰)

TDN
concentration

(µM)
δ15N of TDN

(‰)
2/10/04 32.4 n/d 0.7 0.1
2/17/04 10.0 2.2 1.4 1.8
2/24/04 20.5 0.5 n/d n/d
3/2/04 33.3 1.4 26.4 -5.9
3/9/04 19.3 1.7 6.0 8.3

3/16/04 44.4 2.1 1.4 2.0
3/23/04 9.9 0.9 1.4 4.5
3/30/04 12.9 2.2 0.0 6.5
4/7/04 49.9 -1.2 1.5 5.6

4/13/04 n/d n/d 22.6 1.4
4/20/04 75.6 2.9 3.2 0.3
4/27/04 59.2 3.0 10.9 6.4
5/4/04 28.5 -1.1 9.7 -1.8

5/11/04 11.8 3.1 3.2 -0.9
5/18/04 76.1 3.7 7.1 3.9
5/25/04 21.8 0.3 4.9 -3.8
6/1/04 n/d n/d 31.7 3.1
6/8/04 n/d n/d 3.6 2.7

6/15/04 34.0 2.3 2.2 7.9
6/22/04 18.5 0.9 52.9 3.2
6/29/04 n/d n/d 6.5 -3.8
7/6/04 4.1 1.8 0.0 0.3

7/13/04 32.4 4.2 1.9 6.0

Average 31.3 1.7 9.1 2.2
Std. Deviation 21.3 1.5 13.2 3.9

Table 5.1.  Concentrations and δ15N of total dissolved nitrogen (TDN) in rain and
throughfall collected at the Parque Nacional Yanachaga-Chemillen.  n/d =
not determined.
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n δ15N Std
dev
δ15N

%N δ13C %C

Zone 3 epiphytes 11 -2.2 1.2 0.6 -29.7 54.4
Zone 4 epiphytes 23 -3.5 1.7 0.6 -29.3 56.6
Zone 5 epiphytes 31 -4.6 2.0 0.6 -29.8 56.8

Zone 3 soils 8 -0.8 0.4 1.7 -26.8 53.4
Zone 4 soils 19 -0.5 0.6 1.8 -26.3 54.6
Zone 5 soils 29 -0.7 0.4 1.8 -25.8 53.7

Sphryosperma sp. 6 -5.3 1.3 0.6 -31.0 57.5
Elaphoglossum sp. 1 6 -6.6 2.3 0.7 -30.2 51.6
Epidendrum sp. 4 -3.9 0.6 1.1 -29.7 60.7
Vriesia sp. 1 9 -1.6 1.0 0.6 -28.2 55.0
Disterigma sp. 6 -6.1 0.2 0.4 -32.1 59.4
Maxillaria sp. 1 6 -3.8 1.6 0.8 -30.7 58.5
Maxillaria sp. 2 3 -4.4 1.0 0.7 -31.9 64.4
Vriesia sp. 2 9 -2.8 1.0 0.6 -28.9 55.5
Elaphoglossum sp. 2 6 -6.0 1.7 0.5 -29.3 52.3
Pleurothalis sp. 1 9 -3.0 1.0 0.6 -30.7 57.8
Pleurothalis sp. 2 7 -2.9 0.6 0.8 -29.3 55.2

Table 5.2.  Average nitrogen and carbon stable isotopic and elemental composition of
canopy plants and soils in the Wara catchment.  Zones are as defined in
Johansson (1974).  Also shown is the number of each type of sample as well
standard deviation of the δ15N values for each type of sample (for
identification of significant differences).
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Table 5.3. δ15N and δ13C of various fractions in the pristine (“Wara”) and deforested
(“Killa”) sites.  n/a = not applicable.

Wara δ15N (‰) ±
standard deviation

Killa δ15N (‰)
± standard deviation

Wara δ13C (‰)
± standard deviation

Killa δ13C (‰)
± standard deviation

Epiphytes
(bromeliads
and orchids)

-3.8 ± 2.0 n/a -29.6 ± 1.8 n/a

Woody
epiphyte stems
and vines

-3.1 ± 2.3 n/a -31.5 ± 2.0 n/a

Canopy soils -0.7 ± 0.5 n/a -26.1 ± 0.7 n/a

O horizon soils -0.4 ± 0.1 0.0 ± 0.4 -28.2 ± 0.1 -30.2 ± 1.7

A horizon soils 1.6 ± 1.2 2.6 ± 0.3 -27.9 ± 0.9 -27.0 ± 0.1

Mineral soils 0.9 ± 2.1 3.2 ± 0.7 -27.5 ± 1.1 -26.5 ± 1.0

Tree leaves -1.9 ± 1.7 n/a -28.2 ± 1.9 n/a

Leaf litter -3.1 ± 0.7 -0.1 ± 1.5 -26.6 ± 1.3 -30.3 ± 1.4

Shrubs and
other small
plants

-2.9 ± 1.2 1.0 ± 1.1 -33.2 ± 1.4 -28.4 ± 6.3

Aquatic/
riparian plants -1.0 ± 1.5 1.0 ± 1.6 -38.3 ± 2.7 -39.4 ± 2.8

TDN in rain or
throughfall 3.6 ± 3.0 4.0 ± 5.0

Stream POM -0.5 ± 0.4 0.5 ± 1.4

Stream TDN 2.7 ± 1.9 1.3 ± 3.2

Stream NO3
- 1.4 ± 0.5 1.4 ± 0.6
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Figure 5.1.  Map of the study area.  The location of the two study catchments (Wara and
Killa) is shown within the San Alberto catchment, located in the Pachitea
River Basin of the Peruvian Amazon.
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Figure 5.2.  Canopy zonation scheme of Johansson (1974).
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Figure 5.3.  Concentration (in µM) and δ15N (‰) of TDN in rain and throughfall (TF)
collected in the Parque Nacional Yanachaga Chemillen.
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Figure 5.4.  Classification scheme of the epiphytes sampled in this study.

Monocotyledonia Pteridophyta Dicotyledonia

EricaceaeLomariopsidaceaeOrchidaceae Bromeliaceae

Epidendrum

Maxillaria sp. 1

Maxillaria sp. 2

Pleurothalis sp.1

Pleurothalis sp.2

Vriesia sp.1

Vriesia sp.2

Elaphoglossum sp. 1

Elaphoglossum sp. 2

Sphryosperma sp.

Disterigma sp.

CLASS

FAM
ILY

GENUS
AND

SPECIES
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Dicotyledonia Monocotyledonia

Monocotyledonia 0.000
Pteridophyta 0.420 0.000

Ericaceae Lomaridopsidaceae Orchidaceae
Bromeliaceae 0.000 0.000 0.001
Ericaceae 0.395 0.000
Lomaridopsidaceae 0.000

Elaphoglossum Epidendrum Maxillaria Pleurothalis Sphyrosperma Vriesia
Disterigma 0.761 0.012 0.002 0.000 0.296 0.000
Elaphoglossum 0.004 0.007 0.000 0.297 0.000
Epidendrum 0.809 0.073 0.075 0.009
Maxillaria 0.054 0.111 0.004
Pleurothalis 0.012 0.036
Sphyrosperma 0.003

Figure 5.5.  Results (as p values) of two-tailed t tests to determine significant differences
in δ15N between different categories of vascular epiphytes sampled in this
study.  Differences between classes are shown in (A), between families in
(B), and between genera in (C).  Values below p = 0.05 are highlighted in
red.

B

C

A
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Figure 5.6.  Carbon (A) and nitrogen (B) isotopic composition of soil horizons in 2
different plots each in the pristine (Wara) and deforested (Killa) sites.
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Figure 5.7.  Percent by weight of carbon (A) and nitrogen (B) of soil horizons in 2
different plots each in the pristine (Wara) and deforested (Killa) sites.

A

0

5

10

15

20

25

30

35

O A mineral

Soil horizon

%
O

C

Wara A
Wara B
Killa A
Killa B

B

0

0.5

1

1.5

2

2.5

O A mineral

Soil horizon

%
N

Wara A
Wara B
Killa A
Killa B



135

Figure 5.8.  Mass of leaf litter – two different species in two treatments – remaining as a
function of time in the leaf litter decomposition experiment.
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Figure 5.9.  Carbon and nitrogen isotopic composition (δ13C and δ15N) of leaf litter as it
decomposes.
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Figure 5.10.  Weight percent of OC and N as a function of time in leaf litter as it
decomposes.
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Chapter 6: Nitrogen transformations in soils and streams of the
Amazon headwaters of Peru: Evidence from a series of 15N tracer

addition experiments

ABSTRACT

The Andean headwaters influence many of the physical and biogeochemical

properties of the Amazon River, but the factors that control the export of biologically

important elements from catchments to streams and rivers in the Andes are not defined.

In particular, the composition of nitrogen (N) exported from these pristine systems is

quite different from that found in North American and other anthropogenically-impacted

systems.  We conducted a series of nitrogen-15 (15N) tracer injection studies (15NH4
+,

15NO3
-, 15N-glycine) in the soils and stream of a small cloudforest catchment located at

about 2500 meters above sea level in the Andes Mountains of Peru.  Inorganic N export

from these systems via streams is low, but low concentrations do not appear to result

from high reactivity of dissolved inorganic N (DIN) in the stream.  In fact, measured

rates of nitrification and uptake of dissolved N onto fine particulate matter were low.

However, microbes and fine roots in riparian soils had high demand for added DIN.

Added glycine was incorporated into soil organic matter (SOM), either by uptake or

sorption, and mineralized to NO3
-, but DON was not absorbed directly by plant roots.

Low inorganic N deposition in these forests along with high demand for inorganic N in

riparian soils explains the low ambient stream DIN concentrations.
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INTRODUCTION

The eastern Andes are the source of more than 80% of water and sediments to the

Amazon River (Gibbs 1967), but it is not known how these headwaters control organic

matter fluxes to the mainstem Amazon.  Headwater streams can exert major control over

the nitrogen (N) cycle and budget of large rivers (Peterson et al. 2001).  One example of

this control is the Mississippi River basin, where excessive N fertilizer use in the upper

basin is implicated in eutrophication at the river mouth (Turner and Rabalais 1991).

Although the Amazon is the largest source of organic carbon (C) to the oceans (Richey et

al. 1980), little is known about how the concentration and composition of organic matter

(OM) is controlled by the Andean headwaters (McClain et al. 1995).

Hydrologic N exports from small streams draining South American montane

forests are dominated by dissolved organic N (Perakis and Hedin 2001, Saunders and

McClain in press), while similar ecosystems in industrialized areas are often dominated

by dissolved inorganic N (DIN), especially nitrate (NO3
-) (Perakis and Hedin 2002).  In

Chapter 5 of this dissertation, we explored the hypothesis that these low stream DIN

levels were caused by extremely low levels of inorganic N deposition.  Rapid removal of

DIN from soil and groundwater was observed during baseflow, and greater transfer of

DIN to the stream occurred during storm events in the same watershed (Saunders and

McClain in press).  Similarly, strong and rapid retention of 15N-labeled NO3
- and NH4

+ in

was observed in cloudforest soils of Southern Chile. (Perakis and Hedin 2001).

Natural abundance stable isotope content is a useful indicator of N cycling in

forests and streams (Brandes et al. 1996, Ostrom et al. 2002, Peterson and Fry 1987).

However, additions of isotopically-labeled N compounds can elucidate pathways that

might otherwise not have a large difference in δ15N signatures between source and sink

(Fry et al. 1995, Bedard-Haughn et al. 2003, Mutchler et al. 2004).  Nitrogen-15 additions
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have helped characterize N cycling in streams (Hamilton et al. 2001; Merriam et al. 2002;

Mulholland et al. 2000, 2004; Peterson et al. 1997).  Studies conducted in areas where

DIN export is high, such as in the eastern United States (Mulholland et al. 2000, 2004)

indicate that high NO3
- export levels can be attributed to high nitrification and low

denitrification rates in the stream itself.  Few studies have been conducted in either

pristine or tropical streams.  A 15NH4
+ addition in a Puerto Rico stream showed that

nitrification rates were high in the stream, and that in-stream nitrification could explain

high dissolved NO3
- concentrations (Merriam et al. 2002).  Uptake by biota and

epilimnion were much greater sinks than nitrification for added 15NH4
+ in a pristine

stream in the Alaskan Arctic (Peterson et al. 1997), and autotrophic uptake was dominant

during the summer months (Wollheim et al. 1999).

Tracer-level additions of 15N can help determine the fates, paths, and rates of N

transformations in soils (Davidson et al. 1991, Barraclough 1995, Nadelhoffer and Fry

1995, Näsholm et al. 1998).  This technique has been employed in areas that are affected

by high DIN deposition rates, where N saturation is a problem (Aber et al. 1989).  In

European forests, a high demand exists for both NH4
+ and NO3

-, and NO3
- is preferentially

retained in soils over NH4
+, despite the fact that NO3

- is more likely to be lost in runoff

(Buchmann et al. 1996, Providoli et al. 2005).  Similarly, in soils of North America, rapid

uptake of NO3
- by both plants and soil microbes occurs, despite losses due to high runoff

events (Davidson et al. 1992, Strickland et al. 1992, Currie et al. 1999, Nadelhoffer et al.

1999).

The goal of this study is to characterize the N transformations in a first-order

stream and adjacent catchment in a tropical montane cloudforest in the Peruvian Andes.

We conducted a series of tracer addition experiments to determine the important N
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cycling processes that control dissolved and particulate N export in cloudforest

catchments in the Peruvian Andean Amazon.

METHODS

This study was conducted during 2003 and 2004 in a small stream in the Parque

Nacional Yanachaga-Chemillen, located near Oxapampa, Peru.  All experiments were

conducted in the Wara watershed (Figure 5.1).  Three stream 15N tracer injection studies

were conducted.  An addition of 15NH4Cl was conducted during January of 2003.  This

was followed by a K15NO3 addition in July of 2004, and a 15N-glycine addition in August

of 2004.  The molecular structure of glycine, the smallest amino acid, is shown in Figure

6.1.  In each case, the experimental conditions were maintained as similar as possible.

Each of the labeled compounds was prepared in a 1.17 mM N solution and dripped into

the stream at approximately 1 ml per minute over a time period of several days.  The

length of each experiment was dictated by the battery life.  During the glycine addition

experiment, the pump rate was 1.6 ml/minute.  All of the chemicals were purchased from

Sigma-Aldrich Corporation (Isotech) and were at least 98% enriched in 15N.  The level of

added tracer was low enough in not to significantly alter the ambient concentration of

NH4
+, NO3

-, or DON, but the expected isotopic enrichment at the injection site was above

30,000‰ (98 atom% 15N).

Dissolved samples were collected during the experiment by filtering a known

volume of stream water through 0.2 µm nylon syringe filters into 40 ml amber

borosilicate vials containing 40 µl of concentrated sulfuric acid (H2SO4) as a preservative.

These bottles were kept in a cool dark place until they could be analyzed at the University

of Texas Marine Science Institute (UTMSI).  Particulate samples were collected by

filtering whole stream water onto precombusted Whatman™ GF/F filters.   These filters
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were dried for 48 hours at 60º at the Andean Amazon Research Station in Oxapampa,

then sealed in Petri dishes and kept dry until they could be analyzed at UTMSI.  Stream

flow was measured at 10-minute intervals with the v-notch weir and pressure transducer

maintained by the Andean Amazon Research Station (Saunders and McClain in press).

Three soil tracer addition studies were conducted from July through August,

2004.  Three 50 x 50 cm plots were designated in the riparian zone of the Wara stream.

Three types of tracer studies were conducted: one with 15N-glycine, one with 15NH4
+, and

one with 15NO3
-.  The same 15N-enriched chemicals were used for the soil tracer

experiment as for the stream experiments.  The soil tracer experiment was modeled on

the one described in Perakis and Hedin (2001). Nitrogen was applied at a rate of 0.2 kg

N/ha, and 15N tracers were applied in a volume of deionized water equivalent to a 1.6 mm

rainfall event. Samples of approximately 100 g of soil were taken 30 minutes before the

tracer application, 30 minutes after the tracer application, two days after the tracer

application, and then once a week for the next four weeks.  Soil samples were transported

back to the field station in Oxapampa in sealed Ziploc bags and processed immediately.

Fine roots and large inclusions such as pieces of wood, litter, and rocks were picked from

each soil sample, and dissolved N was extracted from 40 g (wet weight) of soil by

soaking for 1 hour with 100 ml of 0.5 M KCl, then filtering through pre-combusted

Whatman GFF glass fiber filters.  The extracted soil was dried until constant mass at

60ºC in a laboratory oven, and then transported back to UTMSI for measurement of δ15N

of SOM.  Fine roots were also dried for δ15N analysis.  Soil KCl extracts were preserved

with 1 µl/ml of H2SO4 and refrigerated until they could be analyzed for δ15N of NO3 at

UTMSI.

The δ15N of dissolved NO3
- in samples from the stream tracer study was measured

using a bacterial denitrifier method (Sigman et al. 2001).  Briefly, this method works by
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converting dissolved NO2
- and NO3

- to N2O using denitrifying bacteria. The δ15N of

dissolved NO3
- in samples from the soil tracer experiment was determined using the

method of McIlvin and Altabet (2005), with modifications for smaller sample volume

and lower concentration (Townsend-Small and Brandes, in prep).  Nitrous oxide

produced from both of these methods was analyzed for δ15N of NO3
- on a gas

chromatograph/preconcentrator/isotope ratio mass spectrometer at the University of

Texas Marine Science Institute (UTMSI).  The δ15N of particulate organic matter (POM)

on glass fiber filters, and in fine roots and soil organic matter (SOM) was analyzed on a

Carlo Erba 2500 elemental analyzer coupled to the isotope ratio mass spectrometer at

UTMSI.

RESULTS

15NH4
+ stream addition– The maximum δ15N of NO3

- observed during the 15NH4
+

addition experiment in the stream was 20.8 ‰, from an average pre-tracer level of –2.7‰

(Figure 6.2).  The maximum expected increase in δ15N of NH4
+ in this experiment,

assuming a baseline NH4
+ concentration of 1.6 µM (Saunders and McClain in press) and

a tracer enrichment of 98 atom%, is 31,137‰.  The maximum increase in δ15N of NO3
- in

the NH4
+ tracer addition study was observed during the first day of the experiment; in

fact, δ15N of NO3
- increased steadily throughout the day (Figure 6.2B).  The average δ15N

of NO3
- during the following days was 8.4‰ (Figure 6.2A).

The δ15N of POM during the NH4
+ addition experiment increased throughout the

entire length of the experiment (Figure 6.3), unlike the trend observed for NO3
- isotopes

in this study.  The average pre-tracer δ15N of POM in the stream was 0.9‰.  The
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maximum δ15N of POM observed in this study was 32.4‰, and the average for the final

day of the experiment was 27.2‰ (Figure 6.3).
15NO3

- stream addition– During the 15NO3
- stream tracer experiment, the δ15N of

NO3
- increased to a maximum value of 1120‰ during the second day (Figure 6.4).  After

this maximum value was observed, the δ15N of NO3
- began to decrease to a value of

380‰ observed just before the pump was turned off (Figure 6.4). The δ15N of NO3
-

increased by 56‰ (from 2‰ to 58‰) just 21 minutes after the pump was turned on

(Figure 6.4A).  After the pump was turned off, the δ15N of NO3
- decreased to near

background levels.  The average δ15N of NO3
- after the pump was turned off was 15‰

(Figure 6.4A). The standard deviation of the measurement of δ15N of NO3
- was higher

than normal for samples with very enriched values.  The average standard deviation for

the δ15N of NO3
- method described above with non-tracer enriched samples is 0.2‰ or

better, but for samples taken during the time when 15NO3
- was added to the stream, the

standard deviation of measurement ranged from 0.4 to 82.9‰ and the average was

10.9‰.

The δ15N of POM during the 15NO3
- stream tracer addition is shown in Figure 6.5.

The average δ15N of POM before the pump was turned on was 0.9‰.  During the first

day of the experiment, the δ15N of POM increased to 13.0‰ in approximately 3 hours,

but on the second day the average δ15N of POM was 3.3‰.  On the third day of the

experiment, the δ15N of POM increased again to an average of 6.6‰ (Figure 6.5B).  After

the experiment, the δ15N of POM appeared to fluctuate, and the δ15N of POM remained

slightly elevated up to nine days after the experiment was terminated (3.8‰, Figure

6.5A).

Reliable stream discharge measurements could not be made in experiments other

than the 15NO3
- addition experiment due to problems with the pressure transducer.  The
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δ15N of NO3
- and POM are plotted along with stream discharge in Figure 6.6.  The initial

peak observed in δ15N of NO3
- was concurrent with an increase in stream discharge

associated with a heavy rain event (Figure 6.6A).  This storm event had the opposite

effect on δ15N of POM (Figure 6.6B).
15N-glycine stream addition– The δ15N of NO3

- during the 15N-glycine stream

tracer addition experiment is shown in Figure 6.7.  The initial δ15N of NO3
- observed

during this experiment was 2.6‰ (Figure 6.7A).  During the first day of the experiment,

the δ15N of NO3
- increased rapidly to a maximum value of 520‰, and remained more or

less constant until the pump was turned off (Figure 6.7B).   Once the pump was turned

off, the δ15N of NO3
- decreased rapidly to 120‰, and decreased gradually thereafter

(Figure 6.7A).  The final sample was taken 6 days after the experiment commenced, and

the δ15N of NO3
- remained elevated (14.2‰, Figure 6.7A).

The δ 15N of POM observed during the 15N-glycine stream tracer addition

experiment is shown in Figure 6.8.  Before the experiment, the average δ15N of POM was

1.8‰ (Figure 6.8A).  The δ15N of POM did not respond to the tracer addition initially,

and in fact decreased slightly, but increased to 10.1‰ by the end of the experiment

(Figure 6.8B).  After the experiment, the δ15N of POM increased to 13.4‰, and remained

elevated over initial values (7.3‰) when the last sample was taken four days later (Figure

6.8A).

Soil tracer additions– Soil tracer experiment results are presented in Figures 6.9

through 6.11.  In general, roots and SOM responded most to NO3
- additions, then NH4

-,

then glycine, indicating that demand for oxidized DIN is greatest in soil plants and

microbes. When 15NO3
- was added to the soil, initially soil δ15N of soil NO3

- increased

dramatically from –5.1‰ to 970‰ (Figure 6.10A), then decreased gradually throughout

the remainder of the experiment (Figure 6.9A).  There was no initial increase in NO3
-
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concentration in the NO3
- addition plot, although the tracer did cycle through DIN and

PON at a time scale of a week or two (Figure 6.9A and 6.11A).  Fine roots and soil OM

responded quickly to both 15NO3
- and 15NH4

+ additions, but then the level of tracer in each

of these compartments decreased (Figures 6.9 and 6.10 A and B).  The δ15N of fine roots

seemed to mirror the δ15N of soil NO3
- in the 15NO3

- and 15NH4
+ additions, while in the

15N-glycine addition, the isotopic composition of soil NO3
- was more closely mirrored by

the δ15N of SOM (Figure 6.9).

In the 15N-glycine addition, an initial increase in δ15N of soil NO3
- was followed

by a decrease and then another, more gradual increase in NO3
- (Figure 6.9).  Glycine was

not initially incorporated directly into either SOM or fine roots (Figure 6.10C).  Rather,

the added 15N was incorporated into biomass only after it was remineralized into DIN.  In

the glycine addition plot, the δ15N of SOM was related to the δ15N of soil NO3
-, while fine

roots may have depended on another source of N such as dissolved NH4
+.  In the 15NH4

+

addition, soil NO3
- increased quickly (Figure 6.10B) then decreased and increased again

slowly (Figure 6.9B), indicating the possible remineralization of ON into NO3
-.  The

remineralization of reduced or organic N into NO3
- is supported by NO3

- concentration

patterns, which peaked several days after the initial tracer addition in both the 15NH4
+  and

glycine addition plots.

DISCUSSION

Stream N transformations– All three types of N added to the stream exhibited

some degree of reactivity, indicating that dissolved N is not transported conservatively in

this system.  Added NH4
+ is both nitrified and taken up onto particles.  Fluxes of 15NO3

-

(analogous to nitrification rate) for this experiment were estimated from the equation of

Mulholland et al. (2000):
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15NO3 flux = (Δδ15N-NO3/1000) x 0.003663 (Q) ([NO3-N]),

where the units of the flux of 15NO3 are µg15N per second.  In this equation, Δδ15N-NO3

represents the increase in the isotopic composition of NO3
-, 0.003663 represents the ratio

of 15N/14N in air, Q represents the stream flow rate in liters per second, and [NO3-N]

represents the nitrate concentration in µg N per liter.  The flux of 15NO3 (in ng15N/sec) for

every sampling point in the 15NH4
+ experiment is shown in Figure 6.12A.  Due to

mechanical error in the stream weir, I do not have stream discharge measurements or

nutrient concentrations for each sampling point, so we used the same estimated values for

streamflow and NO3
- concentration for each time point.  For the 15NH4

+ addition

experiment, the literature value for streamflow was 1.4 L/sec and NO3
- concentration was

1.7 µM or 23.8 µg/L (Saunders and McClain in press).  This assumption limits our

calculation in several ways.  If the average value of discharge or NO3
- concentration is

lower than the actual value, underestimate the flux of 15NO3
-, and if the average value is

higher than the actual value, my flux calculation is an overestimate.  Nonetheless it is a

useful calculation to provide rough estimates of the fate of added tracer in this system.

The maximum calculated flux of 15NO3 observed during the 15NH4
+ addition

experiment was 2.8 ng15N/sec, with a total of about 9.6% of added 15N being converted to

NO3
-, based on average δ15N of NO3

- and NO3
- concentration of 11.9‰ and 23.8µg/L,

respectively. This rate is about 6 times lower than the maximum flux of 15NO3 observed

during a 15NH4
+ addition experiment (~16 ng15N/sec) in the Walker Branch stream in

Tennessee, USA (Mulholland et al. 2000).  In that study, nitrification accounted for 23%

of added 15NH4
+ flux (Mulholland et al. 2000).  In Upper Ball Creek, North Carolina,

USA, the maximum flux of 15NO3 was about 2.4 ng15N/sec, or 7% of 15NH4
+ uptake (Tank

et al. 2000), very close to our result.  Low nitrification rates in Upper Ball Creek were

attributed to very low ambient NH4
+ concentrations and low quality stream sediments (or
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POM with a high C:N ratio), which may explain our observed trend.  If nitrifying bacteria

in the Wara site are limited by NH4
+, the initial tracer addition may have stimulated

nitrification to the high level observed on day 1.  Adding 15NH4
+ to a Puerto Rican stream

resulted in high nitrification rates (maximum flux of 15NO3 ~ 200 ng15N/sec, or more than

50% of the added 15NH4
+), attributed to conditions that are conducive to nitrification such

as low light and high water temperatures (Merriam et al. 2002).  In the Puerto Rican

study, ambient NO3
- concentrations were high (129 µg N/L), and NH4

+ concentrations

were low (from 2 – 3 µg N/L; Merriam et al. 2002).  In general, nitrification rates vary

independently, and physical conditions such as temperature, irradiance, and substrate

availability drive of this transformation.  In our system, the combination of low NH4
+

availability, moderate temperatures (~10ºC), and low organic carbon availability may

have minimized the contribution of nitrification to NH4
+ losses.

Similar data for the glycine addition experiment are presented in Figure 6.12B.

The same equation for 15NO3 flux was used here, except that the value for Δδ15N-NO3 was

corrected for the increased rate of addition of the tracer (1.6 ml/min as opposed to 1

ml/min).  The stream discharge rate was estimated at 1.5 L/sec, and the background

concentration of NO3
- was 0.8 µM, or 11.2 µg/L (Saunders and McClain in press).  The

addition of 15N-glycine caused higher 15NO3
- fluxes.  The maximum flux observed was

31.1 ng15N/sec, about 2 times higher than the rate observed during the NH4
+ addition in

the Walker Branch stream (Mulholland et al. 2000).  Our values of δ15N of NO3
- observed

during the 15N-glycine addition indicate that 30% of added 15N was converted to NO3
-.

No other studies have reported the fate of labeled glycine in streams, so comparisons with

other ecosystems are impossible.  However, since nitrification was higher with glycine

than with NH4
+, I hypothesize that microbes in this stream are limited by C availability
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and are using glycine as an energy source, supports the idea that nitrification is organic

matter limited in Andean cloudforest streams.

The reactivity of dissolved NO3
- is difficult to gauge in this system, because we

do not have measurements of the δ15N of other dissolved species, or a measurement of a

conservative tracer to assess the impact of dilution.  However, the δ15N of NO3
- in the

stream varied independently of stream discharge (Figure 6.6A).  Several other studis have

measured denitrification rates in flowing waters.  Denitrification rates were high (120

µmol m-2 hr-1) but rapid nitrification and groundwater inputs were sufficient to maintain a

high ambient NO3
- concentration during high flows in an agricultural stream in the

Midwestern USA (Böhlke et al. 2004).  In Walker Branch (Tennessee, USA),

denitrification rates were much lower (12 µmol m-2 hr-1), but they were sufficient to keep

NO3
- concentrations low along with lower nitrification rates than observed in other

systems (Mulholland et al. 2004).  In the current 15N tracer addition study, the highest

δ15N of NO3
- values occurred during a slight increase in discharge (Figure 6.6A),

indicating that during increased baseflow, the main source of water to this system

(Saunders and McClain in press), did not dilute the labeled NO3
-.  The decrease in 15NO3

-

later in the experiment could have been due to dilution with NO3
- produced in the stream

by nitrification, although nitrification appeared to be minimal in this system.  Added
15NO3

- may have been converted to 15NH4
+ (not measured) via dissimilatory nitrate

reduction to ammonium (DNRA), which is less common than denitrification in flowing

waters, although it can occur in the presence of low levels of labile DOC and high NO3
-

availability (Ostrom et al. 2002).  Both denitrification and DNRA would likely increase

or have a neutral effect on δ15N of remaining NO3
-.

Increases in δ15N of particulate organic matter (POM) in each of the three studies

were probably due to uptake by microbes associated with POM (Peterson et al. 1997,



150

Tank et al. 2000, Merriam et al. 2002) and by sorption (Aufdenkampe et al. 2001).

Primary production in small Amazonian streams is low (Quay et al. 1995, McClain and

Elsenbeer 2001).  Sorption reactions occur preferentially in the presence of reduced N

rather than NO3
-, because most minerals and suspended organic material, including

humics, are negatively charged.  Ammonium may have been taken up onto particles

rather than nitrified; at least, more 15N was incorporated into POM than NO3
- (Figures 6.2

and 6.3).  In Puerto Rico, uptake of added 15NH4
+ onto fine benthic organic matter

(FBOM) was more than three times lower than the nitrification rate (Merriam et al.

2002).  Likewise, in Upper Ball Creek, where nitrification rates were closest to the

present study, nitrification was about six times higher than uptake onto FBOM (Tank et

al. 2000).  However, in the Walker Branch site, uptake of 15NH4
+ in FBOM and

nitrification were approximately equal (Mulholland et al. 2000).  Decomposing leaves

were the largest sinks for 15NH4
+ in the Walker Branch site (Mulholland et al. 2000), but I

did not size fractionate my POM samples.

Soil N transformations–Nitrate is absorbed rapidly into fine roots (within 30

minutes) and SOM (within 2 days; Figure 6.9A).  In constrast, added 15NH4
+ and 15N-

glycine were incorporated into roots and SOM later in the experiment (Figure 6.9B and

C).  This result is consistent with other studies showing a high demand for NO3
- in soils

and plants (Nadelhoffer et al. 1999, Providoli  et al. 2005).  However, 15NO3
- and 15NH4

+

were retained more or less equally by biomass in forests in the Chilean Andes, and NH4
+

demand was higher than NO3
- demand initially (Perakis and Hedin 2001).  Soil

nitrification was a significant sink for both 15NH4
+ and 15N-glycine in this study, with

consistently more 15N incorporated into soil NO3
- than into fine roots or SOM over the

entire experiment (Figure 6.9).  These observations suggest that there is a high demand

for NO3
- in these forests.  Other studies in South American forests have shown high
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mineralization and nitrification rates supporting high DIN demand by soil biota (Pérez et

al. 1998), and rapid terrestrial uptake may control low DIN exports in these systems

(Perakis and Hedin 2001, 2002). We were not able to measure the δ15N of NH4
+, but the

presence of nitrification in soils is indicated by the initial peak in δ15N of all measured

parameters in the NO3
- addition site, and later peaks (day 20) in the NH4

+ and 15N-glycine

addition sites (Figures 6.9 and 6.10).  High mineralization rates at the Wara site are

indicated by rapid degradation of leaf litter as compared to other forests (Chapter 5, this

volume), and rapid litter degradation was linked to high N mineralization rates in tropical

systems (Vitousek and Sanford 1986).

Despite evidence for high demand for NO3
- and NH4

+, only a small portion of

either tracer was retained in dissolved NO3
-, fine roots or SOM, indicating that

denitrification, nitrification or DNRA may be substantial sinks for DIN.  All of these

processes are higher in tropical than temperate forests (Vitousek and Sanford 1986).

DNRA was more than three times higher than denitrification in Puerto Rican soils (Silver

et al. 2001).  The other N sink we cannot account for is export in baseflow or runoff,

which can be high in tropical systems, especially for NO3
-, the most hydrologically

mobile N form (Providoli et al. 2005).

In the Wara stream, nitrification of added 15N-glycine was higher than that of

added 15NH4
+ (see above).  In the soils, however, the differences in δ15N of NO3

- after

addition of each tracer are slighter.  Initial nitrification of 15NH4
+ (evidenced by δ15N of

NO3
-) was higher than that of 15N-glycine, but by mid-experiment (day 15), δ15N of NO3

-

was about equal in each plot (Figure 6.9).  Similarly, about the same amount of tracer

was incorporated into SOM (Figure 6.9).  The major difference observed between the
15NH4

+ and 15N-glycine additions was the relative amount of tracer incorporated into

roots.  Plant roots in this system were unresponsive to available amino acids, despite
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studies that have shown that uptake of glycine by plants in old-growth boreal forests is

similar to uptake of NH4
+ (Näsholm et al. 1998), and others that have used 15N-glycine to

label plants for food web studies (Unsicker et al. 2005).  The slight increase in δ15N of

fine roots observed here after the addition of 15N-glycine is likely due to mineralization

and/or nitrification (Figure 6.9).

CONCLUSIONS

This is a preliminary study and measurements of conservative tracers, isotopic

composition of other dissolved N components, and accurate streamflow measurements

are necessary to definitively calculate N transformation rates.  However, this information

on the relative rates of N cycling in streams and soils of the tropical Andes suggest some

preliminary conclusions about mechanisms controlling low DIN exports from the system.

High demand for NH4
+ and NO3

- in riparian soils leads to low export of DIN to the

stream.  Nitrate and NH4
+, concentrations decrease in waters from upland to riparian zone

to the stream (Saunders and McClain in press), and this study shows rapid uptake of these

N species in soils.  Similarly, in a small stream in the Brazilian Amazon, DIN was

derived from in-stream remineralization, and most DIN in groundwater was removed at

the riparian zone, although that site had a well-defined, suboxic riparian zone where NO3
-

was replaced by NH4
+, and it also had a much gentler relief (Brandes et al. 1996).  In-

stream N cycling processes in this study were dwarfed by addition of baseflow, and

nitrification in the stream appeared to be limited by labile organic C, as indicated by the
15N-glycine addition experiment.  The low DIN levels found in Andean cloud forest

ecosystems appear to be controlled by several factors: (1), low inputs of DIN from the

riparian zone and in precipitation; (2), limitation of microbially mediated N cycling by

organic C availability; (3), low DIN uptake rates in the stream; and (4), removal of
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reduced N compounds from stream waters by sorption.  Increased inorganic N deposition

to the western Andes due to deforestation and industrialization, may cause increased DIN

exports from the Amazon headwaters to downstream regions.
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Figure 6.1.  Molecular structure, formula, and weight of glycine.

H2N
O
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Figure 6.2.  Isotopic composition (δ15N) of dissolved NO3
- in stream water sampled

during the 15NH4
+ tracer injection experiment.  A: δ15N of NO3

- for the entire
experiment.  Arrows represent the starting and stopping of the pump, and
the box represents the time shown in (B).  B: δ15N of NO3

- observed only
during the first day of the experiment.  Arrow represents the time when the
pump was turned on.
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Figure 6.3. Isotopic composition (δ15N) of suspended POM in stream water sampled
during the 15NH4

+ tracer injection experiment in January of 2003.  A: δ15N of
POM for the entire experiment.  Arrows represent the starting and stopping
of the pump, and the box represents the time shown in (B).  B: δ15N of POM
observed only during the first day of the experiment.  Arrow represents the
time when the pump was turned on.
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Figure 6.4. Isotopic composition (δ15N) of NO3
- in stream water sampled during the

15NO3
- tracer injection experiment in July of 2004.  A: δ15N of NO3

- for the
entire experiment.  Arrows represent the starting and stopping of the pump,
and the box represents the time shown in (B).  B: δ15N of NO3

- observed
only when the pump was turned on.
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Figure 6.5. Isotopic composition (δ15N) of POM in stream water sampled during the
15NO3

- tracer injection experiment in July of 2004.  A: δ15N of POM for the
entire experiment.  Arrows represent the starting and stopping of the pump,
and the box represents the time shown in (B).  B: δ15N of POM observed
only when the pump was turned on.
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Figure 6.7. Isotopic composition (δ15N) of NO3
- in stream water sampled during the 15N-

glycine tracer injection experiment in August of 2004.  A: δ15N of NO3
- for

the entire experiment.  Arrows represent the starting and stopping of the
pump, and the box represents the time shown in (B).  B: δ15N of NO3

-

observed only when the pump was turned on.
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 Figure 6.8. Isotopic composition (δ15N) of POM in stream water sampled during the 15N-
glycine tracer injection experiment in August of 2004.  A: δ15N of POM for
the entire experiment.  Arrows represent the starting and stopping of the
pump, and the box represents the time shown in (B).  B: δ15N of POM
observed only when the pump was turned on.
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Figure 6.9.  δ15N of soil NO3
-, soil OM, and fine roots during three different 15N tracer

addition experiments in the Wara experimental forest.  A = 15NO3 addition;
B = 15NH4 addition; C = 15N-glycine addition
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Figure 6.10  δ15N of fine roots, soil OM, and soil NO3
- observed for the first 30 minutes

of the soil tracer experiments. A = 15NO3
- addition experiment; B = 15NH4

+

addition experiment; C = 15N-glycine experiment.
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Figure 6.11.  Soil dissolved NO3
- concentrations observed during the soil tracer

experiments.  Data from all three experimental plots are shown.  A:  Nitrate
concentrations over the entire experiment.  B:  Initial and t = 30 min NO3

-

concentrations.
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Figure 6.12.  Nitrification rates calculated for specific time points in the stream 15NH4
+

addition experiment (A) and the 15N-glycine addition experiment (B).
Values calculated using the equation of Mulholland et al. (2000).
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