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CHAPTER 10

Stable isotope tracing of temporal 
and spatial variability in organic 
matter sources to freshwater 
ecosystems
JACQUES C. FINLAY AND CAROL KENDALL

Introduction

The recent expansion of natural abundance stable isotope methods has 
rapidly increased our understanding of freshwater food web ecology. Inves-
tigators now routinely use stable isotopes to answer questions related to plant 
and animal ecophysiology, trophic structure, and energy pathways within 
freshwater ecosystems and at their interfaces with marine and terrestrial 
ecosystems. Stable isotope studies are particularly useful in aquatic settings 
because of limited opportunities for direct observations, high degree of 
spatial complexity and diverse potential sources of nutrients, organic matter, 
and prey.

All applications of natural abundance methods to trace nutrient and 
energy sources and trophic interactions depend on variation in isotope ratios 
in organisms and their environment. While natural abundance stable isotope 
techniques have been applied to food web research for over 25 years (i.e., 
Fry et al. 1978; Rounick et al. 1982), the increased availability of automated 
preparation systems for analyses of carbon (C), nitrogen (N), and sulfur (S) 
stable isotopes has led to a recent, rapid increase in data. These data have 
allowed greater exploration of isotopic variation in the environment, leading 
to many new applications in ecological studies. Moreover, increased knowl-
edge of isotopic variability at the base of food webs, especially in aquatic 
ecosystems, provides an opportunity to re-evaluate poorly tested assumptions 
and improve older, established methods.

Isotopic variation of basal resources (detritus and primary producers at the 
base of food webs) and prey determine if, how, and when stable isotope 
techniques may be applied. Overlapping or variable isotopic compositions 
may make natural abundance methods ineffective (e.g., Phillips & Gregg 
2003). However, if recognized, such isotopic variability may sometimes prove 
to be a useful natural signal that may actually enhance the power of isotope 
methods. Because isotope methods are still rapidly evolving, however, there 
is currently limited ability to predict when and where natural abundance 
tracers will be effective.
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Excellent introductions to stable isotope approaches in freshwaters are 
available elsewhere (see Peterson & Fry 1987; Hershey & Peterson 1996). In 
this chapter, we explore use of natural abundance stable isotopes (primarily 
δ13C and δ15N, and to a lesser extent, δ34S) in ecosystems, with an emphasis 
on nutrient and energy flow at the base of aquatic food webs. Our focus is 
on freshwaters, especially rivers, and their interface with surrounding water-
sheds, although the underlying principles apply to many other ecosystems. 
Below, we review the environmental basis for variation in δ13C, δ15N, and 
δ34S of organic matter at the base of river food webs, and explore broad pat-
terns, biogeochemical predictors, and applications of natural abundance mea-
surements in river environments.

Overview of river food webs and stable isotope approaches

Food webs in rivers have high spatial and temporal complexity compared 
with most other ecosystems. Fluvial ecosystems are characterized by 
strong longitudinal gradients in environmental conditions from headwaters 
to mouth, heterogeneity at all spatial scales, and considerable temporal 
variation.

Two features of rivers are particularly important to the study of food 
webs. First, drainage networks contain both allochthonous organic matter, 
derived primarily from terrestrial sources, and autochthonous organic 
matter derived from production within rivers. Five major types of living and 
dead organic matter (OM) are available to stream consumers (Figure 10.1), 
including two allochthonous sources (terrestrial plant detritus and soils), 
two autochthonous sources (aquatic macrophytes and algae), and aquatic 
heterotrophic bacteria and fungi, that may rely on a mix of the other 
sources.

The River Continuum Concept (RCC; Figure 10.2) predicts that the 
relative contribution of these sources to total organic carbon varies with 
stream size (Vannote et al. 1980). In this model, allochthonous terrestrial 
carbon is expected to be important for food webs in small forest streams 
because overhanging trees block sunlight, greatly reducing algal produc tivity,
and adding large amounts of detritus to streams. With increasing stream size, 
algal productivity (i.e. periphyton in small streams, transitioning to plank-
tonic forms in large rivers) becomes a more important source of carbon as 
canopy shading decreases. As turbidity increases in large or disturbed rivers, 
light limits autotrophic production again; hence, allochthonous forms of 
carbon are expected to dominate energy flow in food webs in large rivers as 
well as in headwater streams. However, several recent studies have shown 
that some large rivers (e.g., the Mississippi River) have appreciable amounts 
of algal productivity (Kendall et al., 2001; Wissel & Fry, 2005; Delong & Thorp 
2006). While the RCC describes broad patterns in the relative abundance of 
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organic matter sources in river networks, these sources vary greatly widely 
in nutritional quality; hence, there is little correlation between the amount 
of organic resources and its availability to higher trophic levels. As described 
later, stable isotopes have played a large role in quantifying sources of pro-
duction supporting stream consumers, greatly improving our understanding 
of energy sources to river consumers.

A second key feature of river ecosystems is that their diverse habitats are 
hydrologically connected throughout the drainage network. Hence, both 
fluvial transport of resources and movement of organisms play important and 
often definitive roles in food web structure and productivity (Vannote et al. 
1980; Power & Dietrich 2002; Woodward & Hildrew 2002). As a consequence 
of the variable hydrologic linkages among habitats, streams contain a complex 
mixture of organic matter types, and food web interactions are difficult to 
constrain by traditional approaches.

Natural abundance stable isotopes are well suited to studying processes 
and interactions in river food webs. Carbon and nitrogen stable isotope 
ratios of organic matter sources in rivers vary widely, providing the basis of 
the stable isotope tools that have provided extensive insight about transfer 
of energy and nutrients through these food webs. When key assumptions 
are satisfied, δ13C, δ15N, and δ34S may be used to trace the source of produc-
tivity fueling food webs (i.e. the habitat, resource type, or in some cases, 
the specific taxa), the origin of organisms, and the trophic position of 
consumers. Such information is essential for understanding the dynamics of 
food webs as well as for detecting responses to environmental and human-
driven change.

As discussed below in detail, δ13C values are useful because of the 
wide range of δ13C of algae at the base of food webs. The other major source 
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Figure 10.2 General predictions of the relative contribution of terrestrial and autotrophic 
organic matter to rivers, as inferred from the River Continuum Model of Vannote et al. 
(1980). Some recent publications have found that a large percent of the seston in large 
rivers in temperate climates is algal derived. (e.g., Kendall et al. 2001; Wissel & Fry 2005; 
Delong & Thorp 2006.)
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of energy in river food webs, terrestrial detritus, has a much better 
constrained δ13C, so that these two carbon sources are often isotopically 
distinct (Finlay 2001). Recent literature reviews confirm that there are very 
minor changes in δ13C during trophic transfer of organic carbon following 
fixation by plants (Vander Zanden & Rasmussen 2001; McCutchan et al. 
2003) and minimal changes during decomposition. These features often 
make δ13C the most effective tracer of organic C sources and energy flow in 
aquatic ecosystems.

In rivers, investigators have identified a growing number of ways that 
variation in δ13C may be used to distinguish carbon sources in food webs 
(Table 10.1). Variation in δ13C of sources has been applied toward basic 
research to study energy sources for riparian and aquatic consumers (e.g. 
Finlay 2001; Bastow et al. 2002; Finlay et al. 2002; Huryn et al. 2002; 
McCutchan & Lewis 2002), parasitism (Doucett et al. 1999a), and origins of 
juvenile progeny (e.g. Doucett et al. 1999b; McCarthy & Waldron 2000). δ13C
have also been used to examine applied issues in river food webs, including 

Table 10.1 Potential locations and mechanisms for stable isotope variation in organic 
matter sources in rivers and riparian zones.

Habitats or  Stable Primary Conditions or Examples
sources isotope mechanism locations observed

Longitudinal
Pool–riffle δ13C, δ15N Fractionation High algal growth, Finlay et al. (1999);

low CO2 Trudeau & 
Rasmussen (2003)

River δ13C, δ15N, Source Mixing of Figure 10.8
confluence δ34S  chemically distinct

waters
Upstream– δ13C, δ15N Source and Small or spring fed Kennedy et al. 
downstream  fractionation streams, point (2005)

source nutrient
inputs

Within site δ13C, δ15N,  Source and Widespread Finlay (2001)
Terrestrial– δ34S fractionation
aquatic

Benthic– δ13C Fractionation Rivers with  Debruyn & 
planktonic   attached and Rasmussen (2002); 

planktonic algae Delong & Thorp
(2006)

River–riparian δ13C, δ15N,  Source and Large streams,  Bastow et al. (2002);
interface δ34S fractionation rivers Kato et al. (2004)

Marine–river δ13C, δ15N,  Source Coastal streams  Chaloner et al. 
δ34S  an rivers (2002); MacAvoy

et al. (2000)
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land-use change (e.g. Hicks 1997; England & Rosemond 2004), invasive 
species (e.g. Kennedy et al. 2005), contaminant transfer (e.g. Berglund et al. 
2005), and eutrophication (e.g. Debruyn & Rasmussen 2002).

Nitrogen stable isotopes are a powerful tracer of the nitrogen cycle and 
food web interactions in freshwater ecosystems. δ15N natural abundance 
techniques are primarily used to study nitrogen sources and cycling (see 
Kendall et al., this volume, pp. 375–449), as an integrative measure of food 
chain length (Finlay et al. 2002; Jepsen & Winemiller 2002), and to quantify 
energy or nutrient sources in food webs when differences in δ15N among 
organic matter or prey sources are very large (Table 10.1). δ15N may be used 
to estimate trophic position because there is a consistent increase in δ15N of 
consumers that is related to trophic position in food webs. Reviews of con-
trolled feeding studies and comparisons with gut content analyses confirm
that δ15N yield quantitative information regarding trophic position of con-
sumers (Vander Zanden et al. 1997), although fractionation is variable and 
poorly understood for basal consumers that have N-poor diets (see McCutchan 
et al. 2003; Vanderklift & Ponsard 2003). However, δ15N offers many advan-
tages over alternate techniques to measure trophic structure in ecosystems. 
In particular, isotope-based estimates of trophic position are spatially and 
temporally integrated, in contrast to observational approaches. However, 
when prey δ15N vary among habitats or energy sources, measurements of 
δ13C or other tracers are necessary to accurately estimate trophic position 
from δ15N (see Post 2002).

As with δ13C, δ34S values are useful for determining food sources because 
of the wide range in the δ34S of organic matter at the base of food webs, 
especially those of coastal environments or ecosystems with strong gradients 
in redox conditions, and because of the apparent minimal fractionation 
during trophic transfer of S. Relatively little is known about trophic fraction-
ation, however. A recent review of controlled-diet studies found that 
organisms fed high-protein diets had higher δ34S values than when fed 
low-protein diets, with fractionation ranging from −0.5 to +2‰ (McCutchan 
et al. 2003).

As briefly summarized here, natural abundance stable isotope studies 
are increasingly integrated into food web studies in rivers and elsewhere. 
However, use of these techniques depends on key issues such as distinct end-
members, and limited or well characterized temporal and spatial variation of 
potential organic matter or prey sources. Thus, the extent of isotopic variation 
at the base of the food web determines the usefulness of these tools for studies 
of both energy and material flow, and trophic structure. While predictive 
understanding of such variation is limited in rivers and other aquatic ecosys-
tems, this situation is changing. Below, we describe spatial and temporal 
variations in the isotopic compositions of organic matter at the base of food 
webs, synthesize recent progress in understanding mechanisms driving these 
patterns, and provide recent examples of new or improved applications of 
stable isotope methods to basic and applied research in rivers.
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Table 10.2 Typical compositional values of major organic matter sources; the ranges 
of observed values are in parentheses. The data are gleaned from the references cited 
in text. For a much more detailed list of C:N values of potential contributors to stream 
seston, see Rostad et al. (1997) and Sterner & Elser (2002).

Organic matter source δ13C (‰) δ15N (‰) δ34S (‰) C : N (at.)

Heterotrophic bacteria Similar to  −15 to +20 −15 to +20 4 to 8
substrate

Freshwater autotrophs  −15 to +20 −10 to +33 5 to 12
Periphyton −35 to −18   5 to 8

 (−47 to −8)
Phytoplankton −32 to −23

 (−42 to −19)
Macrophytes* −27 to −20 −15 to +20 −10 to +33 10 to >50

Soil organic matter  0 to +5 0 to +5  8 to >25
C3 −27  (−30 to +35)

 (−32 to −22)
C4 −13

 (−16 to −9)

Terrestrial plants  −3 to +7  0 to +5  15 to >50
C3 −27 (−10 to +10) (−10 to +20)

 (−32 to −22)
C4 −13

 (−16 to −9)

* Excluding bryophytes.

Stable isotope ratios of organic matter sources in 
stream ecosystems

The main types of organic matter in rivers shown in Figure 10.1 have widely 
variable δ13C, δ15N, and δ34S values (Table 10.2). Examination of the ranges 
of δ13C and δ15N in rivers (Figure 10.3) shows substantial overlap among the 
various sources. However, isotopic ranges for organic matter sources are 
much smaller in a specific river than found in a global literature survey, and 
sources often have distinct compositions. For example, the typical range of 
δ13C and δ15N values of organic matter sources in the San Joaquin River, a 
major agricultural river in California (USA), shows that algae (phytoplank-
ton) often have distinct isotope ratios compared with other sources (Figure 
10.4). Moreover, other tracers, in particular elemental ratios, also vary among 
sources (Figures 10.3 & 10.4) and may be used to complement isotope 
approaches for determining the sources of organic matter. For example, the 
C : N of seston (suspended particulate organic matter – POM) is usually more 
useful than δ13C and/or δ15N for determining the dominant source of organic 
matter to major rivers (Kendall et al. 2001), and lower C : N values generally 
correlate with higher quality of organic matter for consumers.
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Understanding the environmental and physiological controls of stable 
isotope ratios in food webs is a first step for effective use of these tracers in 
rivers. Natural isotopic variation in the plant sources of organic materials is 
determined by two general factors:

1 the isotope ratio of inorganic source elements (i.e., C, N, S), either of 
dissolved species (such as NO3

−, HCO3
−, or SO4

−2) or gaseous compounds (such 
as CO2, N2, or H2S);
2 their subsequent fractionation during assimilation (uptake) by terrestrial 
or aquatic plants.

A well-known model of carbon isotope variation in terrestrial plants 
(Farquhar et al. 1982) provides a useful framework for discussing controls 
of isotopic variation. The model states that δ13C of plants is described by the 
following equation:

δ13CCO2 − a − (b − a)ci/ce

where a is the discrimination due to slower diffusion of 13CO2, b is the dis-
crimination against 13CO2 by Rubisco (ca. 27‰), ci is the intercellular CO2
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Figure 10.3 Typical ranges in δ15N, δ13C, and C : N (atomic) values of different particulate 
organic matter (POM) sources to rivers, based on a literature survey.
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concentration (≈ growth rate), and ce is the external CO2 concentration. The 
discrimination factor b is equivalent to the more commonly used term e, or 
fractionation factor, and is almost always >0. Similar principles apply to 
understanding variation in plant δ15N and δ34S because they also are influ-
enced by both the isotope ratio of the inorganic source and fractionation 
during uptake, but far less is known about these isotopes in freshwater 
ecosystems.

The influence of source and fractionation effects varies widely within and 
between terrestrial and aquatic ecosystems. Because both environments are 
significant sources of organic matter to river and riparian food webs (Figure 
10.1), we must consider the controls on the isotopic compositions of food 
sources in both terrestrial and freshwater ecosystems. Below we briefly
review isotopic variation within the five major sources of organic matter in 
rivers, with greater emphasis on aquatic producers because of larger, but less 
well known, isotopic variation in freshwaters.

We also consider briefly C : N ratios because of their utility in describing 
the source and quality of organic matter in ecosytems. C : N ratios can be 
reported as either atomic (at.) or mass (wt.) ratios. Mass ratios (the normal 

Figure 10.4 Typical compositions of different particulate organic matter (POM; seston) 
sources to the San Joaquin River, California, USA. Note that the ranges for different 
organic matter sources are usually much less than shown in Figure 10.3.
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output of mass spectrometer analysis of %C and %N in OM) can be con-
verted to atomic ratios by multiplying by 14/12. We use atomic ratios in this 
chapter.

Terrestrial plants

Detailed reviews of controls of terrestrial plant stable isotope ratios may be 
found elsewhere (Dawson et al. 2002 and references therein) and are only 
briefly described here. A more thorough discussion of this topic is found in 
Garten et al., this volume, pp. 61–82 and Evans, this volume, pp. 83–98.

Controls on d13C of plants

For δ13C, terrestrial plants fall into two main categories, based on different 
photosynthetic pathways for uptake of carbon: C4 plants, of which corn and 
some grasses are the most important members, and C3 plants, which include 
deciduous and coniferous trees. The average δ13C value of C3 plants is around 
−27‰ (Bender 1968; Smith & Epstein 1971; Troughton 1972), with a total 
range of about 15‰. In semi-arid regions, water limitation promotes use of 
the C4 photosynthetic pathway, which enhances water-use efficiency and 
lowers isotopic fractionation (as discussed more thoroughly in Marshall 
et al., this volume, pp. 22–60 and Evans, this volume, pp. 83–98). As a con-
sequence, the average δ13C value of C4 plants is about −13‰, with a smaller 
range of values (Figure 10.3). The δ13C values of C4 plants are higher than 
most other organic sources to rivers, except for attached algae and macro-
phytes under some conditions (Hillaire-Marcel 1986).

Terrestrial plants use a single form of inorganic carbon (CO2) derived from 
a large, well-mixed atmospheric reservoir (δ13C of −8‰); thus, source effects 
on δ13C are relatively minor. Isotopic variation for terrestrial plants is thus 
related to fractionation during CO2 assimilation, and fractionation is primarily 
related to plant growth rates and water use. The variation that arises for C3 
and C4 plants is generally small compared with freshwater autotrophs 
(aquatic photosynthetic plants), although the presence of both C3 and C4 
plants in a watershed expands the potential δ13C range of the terrestrial 
end-member substantially (Figure 10.3).

Controls on d15N of plants

Nitrogen metabolism also distinguishes plants into two general categories: 
N-fixing plants (e.g., legumes and certain grasses, notably alfalfa) that assimi-
late atmospheric N2, and non-N-fixing plants that use only other forms of 
plant-available N. These forms include inorganic N (NH4

+, NO3
−) as well as 

organic N (e.g. amino acids), that may have a wide range in δ15N values 
depending on environmental conditions (Figure 10.3). However, most ter-
restrial plants have δ15N values in the range of −6 to +5‰ (Fry 1991). Plants 
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fixing atmospheric N2 have a more restricted δ15N range of about −3 to +1‰
(Fogel & Cifuentes, 1993), close to the δ15N value of atmospheric N.

Most investigations have concluded that there is negligible fractionation 
during terrestrial plant uptake (assimilation) in most natural N-limited systems 
(Nadelhoffer & Fry 1994; Högberg 1997); nevertheless, tree tissues and litter 
typically have slightly lower δ15N values than the source of nitrogen. Under 
higher nutrient conditions, preferential uptake of 14N by plants results in a few 
per mil fractionation between plants and dissolved inorganic N (DIN). Many 
processes (e.g., volatilization, nitrification, and denitrification) can alter the 
δ15N values of the ammonium or nitrate that is ultimately utilized by the plant 
(Handley et al. 1999), as will be discussed in more detail below. As a result of 
these complications, plants with δ15N values < −10‰ or > +10‰ are not 
unusual, especially when they are growing near streams or in wetlands where 
δ15NDIN is high because of denitrification or eutrophic conditions.

Controls on d34S of plants

Sulfur isotopes (δ34S) are less commonly used than those of either C or N for 
determining sources of organic matter, primarily because the analytics are 
more complicated but also because much less is understood about sources 
of variability in ecosystems. Nevertheless, they have been used when a dual 
(C, N) isotope approach has proved unsuccessful (Peterson et al. 1985; Lon-
eragan et al. 1997; Connolly et al. 2003), especially in marine or coastal 
environments where plants are likely to be isotopically labeled with the high 
δ34S of marine sulfate (about +20‰).

Terrestrial plants and soils have δ34S values that average +2‰ (Table 10.2), 
but soils have a much larger range (Krouse et al. 1991). The wide range of 
δ34S values for soils and terrestrial plants has been attributed to atmospheric 
inputs, local mineral sources and reduction processes in anaerobic environ-
ments (Krouse et al. 1991). In areas with low atmospheric inputs of sulfur, 
the δ34S values of vegetation generally reflect those of the soil sulfate. 
However, in areas with high atmospheric S inputs, the δ34S value of vegeta-
tion may also reflect direct incorporation of S as sulfur dioxide through the 
stomata as well as possible enrichment in 34S due to biogenic emission of 
reduced sulfur gases depleted in 34S (Krouse et al. 1991; Wadleigh & Blake 
1999). An intriguing study of the δ34S of lichens across the island of New-
foundland (Canada), which showed an 11‰ gradient in δ34S related to dis-
tance from the coast and proximity to local S emission sources, beautifully 
illustrates how the spatial distribution of atmosphere δ34S sources is reflected
in the δ34S of plants (Wadleigh & Blake 1999).

C : N values

Terrestrial plant species vary widely in their nutritional quality for growth of 
stream consumers. C : N provides a general indication of their quality for 
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heterotrophs. The C : N of fresh and senesced leaves vary widely, with a mean 
value around 20 (Sterner & Elser 2002). Litter with low C : N can be a sig-
nificant food source to local stream consumers. However, OM with high C : N 
(e.g., woody debris, soil organic matter, and litter of nutrient-limited plants) 
is unlikely to be very nutritive to consumers without substantial microbial 
processing. In general, the C : N of terrestrial litter exceed those of aquatic 
production, and there is insufficient N to meet growth demands of many 
stream heterotrophs. However, decomposers colonize leaves and immobilize 
N, thus decreasing bulk C : N and improving its nutritional quality for inver-
tebrate consumers (see ‘Microbial heterotrophs’, below).

Soil organic matter

The isotopic composition of soil organic matter largely reflects the isotopic 
compositions of the plants growing on them. Soil organic matter δ13C values 
of about −27‰ and −13‰ are expected in areas dominated by C3 and C4 
plants, respectively (Boutton 1996). Most soils have δ15N values of +2 to 
+5‰ (Broadbent et al. 1980). On a regional and global scale, soil and plant 
δ15N values systematically decrease with increasing mean annual precipita-
tion and decreasing mean annual temperature (Amundson et al. 2003). 
Most soils have organic matter δ34S values in the range of 0 to +5‰. The 
δ34S of the organic matter is strongly affected by the δ34S of atmospheric 
inputs. For example, organic matter in soils in New Zealand has δ34S values 
approaching that of seawater (ca. +20‰ ), suggesting that the oceanic spray 
is the primary sulfur source (Kusakabe et al. 1976). Some soils in Alberta 
(Canada) and California (USA) with low δ34S values (ca. −30‰) have been 
encountered and it has been suggested that the sulfur was derived from the 
weathering of sulfide minerals and/or organic sulfur in shales (Krouse et al. 
1991).

Median C : N ratios of organic matter in the top 15 cm of arable soils 
range from 10 to 12, with most ratios in the range of 8 to 25 (Brady 1990; 
Aitkenhead & McDowell 2000). The ratios are higher in humid than arid 
areas, and higher in colder than warmer areas (Brady 1990). Most soil micro-
organisms have ratios between 4 and 9 (Brady 1990; Rostad et al. 1997). The 
much lower C : N values of soils compared with terrestrial plants reflect the 
cycling of plant material during decomposition (Brady 1990).

Aquatic plants

Macrophytes and algae have a wide range of δ13C and δ15N values (Figure 
10.3); the same is true of δ34S but much less data are available. These ranges 
are so large and have such extensive overlap with terrestrial plants and 
soils that one might wonder how contributions from different sources 
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of organic matter can be distinguished. The ranges of autotroph δ13C and 
δ15N values from any specific river, however, are substantially smaller 
than the total literature range (Figure 10.4), often making quantitative 
separation with two or more tracers feasible. In addition, macrophytes (and 
bryophytes) have restricted distributions in river networks, and are usually 
quantitatively unimportant in fueling food webs because they are inedible 
for most herbivores.

The isotopic compositions of aquatic plants, and the organic matter derived 
from them, are more variable and less predictable than terrestrial plants and 
detritus (Figure 10.3), mainly because of (i) the large variation in the con-
centrations and stable isotope ratios of dissolved inorganic carbon (DIC), 
nitrogen (DIN), and sulfur (DIS) in freshwater systems, and (ii) the physio-
logical diversity of aquatic autotrophs. The effects of some of the physical and 
biogeochemical processes that cause the large variations in the isotopic com-
positions of the dissolved inorganic species, and ultimately lead to variability 
in the isotopic compositions of aquatic plants, are illustrated in schematic 
form in Figure 10.5.

Because of their complexity, the controls on the carbon, nitrogen, and 
sulfur isotope biogeochemistry of aquatic plants are described separately 
below, in greater detail than for the other sources considered in this chapter. 
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, and consequently the δ13C and δ15N of aquatic plants and 
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amount of the specified process on the δ13CDIC and/or δ15NNO3
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plants. For example, increased amounts of NO3

− formed by nitrification of NH4
+ probably

causes decreases in δ15NNO3
(but usually minimal affect on δ13CDIC), and assimilation 

causes significant increases in both δ13CDIC and δ15NNO3
. The approximate δ13C and δ15N

values of important C and N sources are also shown. (e.g., C3 plants and nitrate from 
manure, respectively.)
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Furthermore, each section is subdivided into separate discussions of “source 
effects” and “fractionation effects.” The section on source effects is intended 
to provide an overview of:

1 the biogeochemistry and isotopic compositions of the major dissolved inor-
ganic species (e.g., HCO3

−, NO3
−, SO4

2+) that affect the isotopic compositions 
of aquatic plants;
2 how different watershed and in-stream processes affect the isotopic com-
positions of the dissolved species;
3 the typical ranges of fractionation factors for dissolved species caused by 
these processes;
4 how these processes vary seasonally.

The section on fractionation effects focuses only on fractionations during 
assimilation (uptake), not on fractionations that only control the isotopic 
compositions of the dissolved species.

Controls on d13C of aquatic plants and DIC

Reported values for δ13C of freshwater aquatic plants and algae range from 
about −47 to −8‰, with values typically falling in the range of −30 to −20‰
(LaZerte & Szalados 1982; Hamilton & Lewis 1992; Angradi 1993, 1994; 
Schlacher & Wooldridge 1996; Thorp et al. 1998; Cloern et al. 2002; Finlay 
2004). Macrophytes have a more restricted δ13C range, perhaps mostly because 
of their limited geographic distribution within drainage networks, i.e., lentic 
(still-water) habitats of larger rivers. Planktonic (free living, suspended) and 
periphytic (attached) algae are widely distributed in drainage networks, with 
periphyton dominating small streams and rivers, and planktonic forms more 
important in larger rivers. Where these forms co-occur, attached forms should 
have higher δ13C than planktonic forms as discussed in detail below.

Source effects
In contrast to terrestrial plants, aquatic autotrophs derive inorganic carbon 
from DIC. Depending on the pH of the stream, the DIC may be comprised 
mostly of aqueous CO2 (at pH < 6.4), HCO3

− (pH 6.4–10.3), or CO3
−2 (pH >

10.3). The δ13C of DIC has an observed range of ca. 30‰ due to variation in 
sources and subsequent physical (e.g. mixing) and biological (e.g. respiration, 
photosynthesis) processes, as discussed below. However, δ13CDIC values of −12
to −8‰ are most commonly observed in temperate rivers (Mook & Tan 1991; 
Kendall 1993; Bullen & Kendall 1998; Finlay 2003).

Variation in the sources and sinks for DIC control δ13CDIC in rivers. The 
main sources of DIC in fresh waters are atmospheric CO2, carbonate rock 
dissolution, and respiration, and each has a distinct δ13C. The DIC produced 
by carbonic acid (i.e., H2CO3) dissolution of marine carbonates (δ13C
values = ca. 0‰) generally produces δ13C values in the range of −15 to −5‰
depending mainly on whether the source of the C in the carbonic acid is C3 
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or C4 plants. Addition of respired CO2, which has a δ13C value similar to the 
organic carbon substrate (e.g., −27‰ for C3 plants) lowers δ13CDIC; respiration 
has a large effect when DIC is low and less influence when DIC is high (Fry 
& Sherr, 1984). The main sinks affecting DIC in rivers are photosynthetic 
uptake by plants, degassing of CO2 to the atmosphere, recharge to 
groundwater, and carbonate precipitation.

The δ13CDIC is affected by both in-stream and watershed-scale processes. 
The main watershed-scale processes that affect the δ13CDIC are:

1 dominance of C3 vs. C4 plants in the watershed;
2 presence of carbonate minerals in the bedrock and soil;
3 the relative proportions of groundwater vs. surface runoff contributing to 
streamflow.

As summarized in Figure 10.5, the main in-stream processes that affect δ13CDIC

in rivers are:

1 degassing and CO2 exchange with the atmosphere;
2 dissolution/precipitation of carbonate minerals in the stream;
3 discrimination during photosynthesis, which leaves the residual DIC pool 
enriched in 13C;
4 respiration.

Other processes, including oxidation of methane produced in anoxic stream 
sediments, soils, or bedrock may also affect the δ13CDIC. The relative strength 
of these processes affecting stream δ13CDIC varies spatially with stream size and 
productivity (Finlay 2003), and with geology and hydrology (Bullen & Kendall 
1998). The acidity of the stream, which is a function of both in-stream and 
watershed-scale processes, also has a profound affect on δ13CDIC because this 
controls whether the dominant form of DIC is CO2, HCO3

−, or CO3
−2.

Streams and rivers typically show large seasonal changes in δ13CDIC, caused 
by both variation in contributions of groundwater vs. soil runoff to the river 
and changes in stream metabolism. For example, Figure 10.6 shows seasonal 
variation in discharge, alkalinity (≈ DIC), and δ13CDIC in a small stream in 
Maryland, USA. Hydrology strongly affects the δ13CDIC, with the oscillations in 
δ13C during storm events reflecting shifts in the relative proportion of flow from 
soil water vs. groundwater flowpaths contributing to discharge. The broad 
seasonal changes in alkalinity (Figure 10.6c) reflect differences in the propor-
tions of DIC derived from calcite and soil CO2 (Figure 10.6d). Riverine CO2

concentrations often decrease while the δ13CDIC increases during the summer 
because of photosynthesis, whereas CO2 concentrations often increase and 
δ13CDIC decrease during the late fall as photosynthesis declines and in-stream 
decay and respiration increases (Kendall 1993; Atekwana & Krishnamurthy 
1998; Finlay 2003). Episodic algal blooms in rivers can cause the δ13C of the 
seston to oscillate as the DIC pool is drawn down by photosynthesis and then 
replenished by respiration and transport of DIC from upstream (Figure 10.7).
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Figure 10.6 Seasonal changes at Hunting Creek in the Catoctin Mountains, MD, 1986–
87. (a) Discharge. (b) δ13C of stream dissolved inorganic carbon (DIC) collected weekly. 
(c) Alkalinity. (d) Estimation of the relative contributions of carbon from CO2 and calcite 
to stream alkalinity using δ13C of calcite = −5‰ and δ13C of CO2 = −21‰; shaded areas 
show the relative proportions of carbon sources. (Modified from Kendall 1993.)

-35

-30

-25

-20

-15

-20

-10

0

10

20

O N D J F M M J JA A S O DN
19971996

δ13
C

 (
‰

)

δ15
N

 (
‰

) 
or

 C
:N

 C:N

δ13C

δ15N

Algal blooms
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assimilation. (Modified from Kendall et al. 2001.)
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An additional important source of variation in algal δ13C is that aquatic 
plants commonly use two species of DIC (i.e. dissolved CO2 and HCO3

−). The 
δ13C of these species are controlled by temperature-dependent equilibrium 
reactions, with the δ13C of aqueous CO2 being 6–11‰ lower than the δ13C of 
HCO3

− for temperatures of 35–0°C, respectively (Mook et al. 1974). Although 
rigorously studied for only a few taxa, many lotic (flowing water) autotrophs, 
including diatoms and green algae, apparently switch from CO2 to HCO3

−

when CO2 supply is insufficient (Raven & Beardall 1981). Some exceptions 
include cyanobacteria that have specialized inorganic carbon pumps to con-
centrate DIC, resulting in very little fractionation (Goericke et al. 1994), and 
red algae and bryophytes that are obligate CO2 users (Raven & Beardall 1981; 
Glime & Vitt 1984). Thus, δ13CDIC and differences in the form of DIC used by 
autotrophs can contribute considerably to variation in the δ13C of autotrophs 
in freshwaters.

Fractionation effects in aquatic plants
Fractionation during carbon uptake and assimilation also varies more widely 
in aquatic compared with terrestrial plants (Keeley & Sandquist 1992), con-
tributing to the wide range of observed algal δ13C in streams and lakes. The 
isotopic fractionations during photosynthesis are dependent on several 
factors, including aqueous CO2 concentration and diffusion rate, and plant 
growth rate (Fry & Sherr 1984; Fogel & Cifuentes 1993; Hecky & Hesslein 
1995; Laws et al. 1995). In general, when the availablility of dissolved CO2

is high and/or when the growth rate is low (i.e., little CO2 is required), the 
fractionation between the δ13CDIC and plants is greatest. However, when there 
is a scarcity of CO2 and/or when growth rates are high, plants discriminate 
less against 13CO2 and, as described above, may shift to use of HCO3

− (Fry & 
Sherr 1984; Mariotti et al. 1984; Fogel & Cifuentes 1993; Laws et al. 1995; 
Barth et al. 1998). This mechanism may explain the typical increase in algal 
δ13C during spring and summer when primary production is highest and the 
concentration of CO2 is lowest because of uptake. An additional mechanism 
affecting oscillations in δ13C of algae during successive algal blooms is that as 
photosynthesis consumes more and more of the DIC pool, the residual DIC 
becomes progressively 13C-enriched due to fractionation, resulting in a cor-
responding increase in the δ13C of algae (Figure 10.7).

Although there is a large range of growth rates for algae in rivers due to 
variable light and nutrient limitation, much more variation in e appears to 
be related to effects of CO2 supply (Finlay 2004). CO2 availability is strongly 
influenced by the physical constraints of gas diffusion in aquatic ecosystems. 
CO2 diffuses four times more slowly through water than air, and this has two 
important consequences for DIC use and isotope fractionation by freshwater 
autotrophs. First, the thickness of the diffusive (boundary) layer around 
aquatic plants varies according to water velocity or turbulence. Thick bound-
ary layers lead to a reduced “apparent fractionation” because 13CO2 that is 
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discriminated against is effectively trapped within the boundary layer and 
partially assimilated before it can diffuse away, resulting in algae with higher 
δ13C. While the actual kinetic isotope fractionation factor for assimilation may 
be unaffected by diffusion, comparison of the δ13C of the algae and δ13CDIC

of water (beyond the boundary layer) shows a smaller difference in their 
δ13C values than when the boundary layer is thinner. This effect has been 
consistently demonstrated in lakes and open canopied streams with low CO2

concentrations (e.g., Hecky & Hesslein 1995; Finlay et al. 1999).
A second consequence of slow CO2 diffusion is that the dissolved CO2 pool

(and consequently the entire DIC pool) equilibrates very slowly with the 
atmosphere, resulting in large deviations from atmospheric concentrations 
when rates of photosynthesis and respiration are not balanced, or when 
groundwater inputs of DIC are high. CO2 concentrations in rivers thus range 
from levels well below atmospheric saturation to as much as 20 fold higher 
or more (Duarte & Agusti 1998; Finlay 2003). Therefore, in contrast to 
terrestrial plants, isotopic fractionation of DIC by algae often is influenced by 
multiple factors in aquatic environments.

Controls on d15N of aquatic plants and DIN

Values for δ15N of freshwater aquatic plants range from about −15 to +20‰
(Hamilton & Lewis, 1992; Angradi 1993, 1994; Thorp et al. 1998; Cloern et al. 
2002; and unpublished U.S. Geological Survey data from the Everglades, 
Florida). The extreme δ15N values are often associated with human distur-
bances of various kinds, with δ15N values in the range of −1 to +7‰ perhaps 
typical of undisturbed riverine and marsh ecosystems. In a study of >1000 
aquatic plants in the Everglades, algae (periphyton and epiphyton) had 
the same average δ15N as macrophytes (+2‰), and both had δ15N values as 
high as +15‰; however, macrophytes (e.g. lilypads) had values as low as 
−13‰ whereas the lowest algae δ15N values were −7‰ (unpublished U.S. 
Geological Survey data). The same principles of source and fractionation 
effects described above for δ13C also apply to δ15N. The δ15N of aquatic plants is 
controlled by the type of DIN utilized, its δ15N value, and the fractionations 
associated with discrimination against 15N during uptake of N that may vary by 
plant species and environmental conditions. As for δ13C, fractionations between 
the δ15N of DIN and the plant are greatest when the pool sizes are large 
and/or growth rates low, and smallest when DIN is scarce and/or growth rates 
are high.

Controls of δ15N of basal resources in food webs have been less well studied 
than for δ13C in aquatic ecosystems, in part because of the complexity of the 
nitrogen cycle, and in part because of the analytical challenges in measuring 
the δ15NDIN and of organic matter compounds with low %N. Recent improve-
ments in natural abundance methods for analyzing NH4

+ and NO3
− are rapidly 
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increasing the available data (Sigman et al. 1997, 2001; Holmes et al. 1998; 
Sebilo et al. 2004), but there are still few studies of the effect of different DIN 
species on the δ15N of plants and detritus in rivers.

Source effects
The main N sources for non-fixing aquatic plants are NH4

+ and NO3
−

(i.e. DIN). The δ15NDIN range widely in the environment (see Kendall et al., 
this volume, pp. 375–449), from typical low values (−10 to +5‰) for N 
derived from N fixation or fossil fuel combustion to over +30‰ for N 
derived from animal waste or that has undergone intensive denitrification 
(Heaton 1986). Variation in the sources and sinks for DIN control δ15NDIN

in rivers. The main sources of DIN in fresh waters are atmospheric deposi-
tion, mineralization of organic matter (from soil, terrestrial plant detritus, 
sediments, and N-fixing aquatic plants), and fertilizer and animal waste. 
The main sinks are assimilation, degassing of N2 and other gases to the 
atmosphere via denitrification and nitrification pathways, and recharge to 
groundwater.

Like δ13CDIC, δ15NDIN are affected by both in-stream and watershed-scale 
processes. In addition, the δ15NDIN and the δ15N of plants are both strongly 
affected by the form of the DIN (i.e. NH4

+ and NO3
−). The first control is briefly

described here, and explored much more thoroughly in Kendall et al., this 
volume, pp. 375–449. The main watershed-scale influences on δ15NDIN are: 
(i) land use and extent of human disturbance in the watershed and airshed; 
(ii) the relative proportions of groundwater vs. surface runoff contributing to 
streamflow; (iii) the prevalence of N-fixing plants (such as alders and legumes) 
in the watershed; (iv) the presence of reducing conditions in groundwater, the 
riparian and hyporheic zones, and sediments; and (v) climate (e.g., tempera-
ture, rain amount).

The main processes that affect δ15NDIN in rivers are (i) assimilation, (ii) 
nitrification, (iii) denitrification, and (iv) mineralization. Redox conditions in 
the stream, a function of both in-stream and watershed-scale processes, also 
have a profound affect on δ15NDIN because it controls whether the dominant 
form of DIN is NO3

−, NO2
−, or NH4

+. All of these processes influence δ15NDIN

because the residual reactants in the water column, sediments, or soils 
become enriched in 15N (Figure 10.5). The fractionations associated with 
microbial N transformation that control, in part, δ15NDIN are discussed here, 
while plant fractionation of δ15NDIN during N uptake is discussed in the fol-
lowing section.

The δ15NDIN is strongly affected by watershed-scale processes and cycling 
of N in streams. Mineralization usually causes only a small fractionation (ca. 
1‰) between organic matter and ammonium. The extent of fractionation 
during nitrification is dependent on the size of the substrate pool (reservoir). 
In N-limited systems, the fractionation associated with nitrification is usually 
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minimal and depends on which step is rate determining. Because the oxida-
tion of nitrite to nitrate is generally rapid in natural systems, this is often not 
the rate determining step, and most of the N fractionation is probably caused 
by the slow oxidation of ammonium. Uptake of NO3

− by algae may also be 
a major control on in-stream variation in δ15NNO3

, particularly in eutrophic, 
nitrate-rich rivers.

In pristine basins, DIN from watersheds is derived mainly through mineral-
ization of organic matter and subsequent nitrification in soils and groundwater; 
nitrate is the main form of DIN transported to streams. In such streams, trans-
port of dissolved organic N (DON) may equal or exceed DIN inputs to streams; 
much less is known about δ15NDON. The δ15N of NO3

− leaving terrestrial ecosys-
tems is often low in such settings (Kendall et al., this volume, pp. 375–449). 
However, given that it is estimated that half the nitrogen added to the biosphere 
currently is from anthropogenic sources (Vitousek et al. 1997), it is likely that 
much of the N supplied by watersheds to river systems is from agricultural 
fertilizer applications, animal feed lots, atmospheric deposition, and sewage. In 
many situations, nitrate from fertilizer can be distinguished from nitrate from 
animal waste because most synthetic fertilizers are generated from air nitrogen 
and therefore possess δ15N values within a few per mil of zero, whereas nitrate 
derived from waste usually has δ15N values between +10‰ and +20‰ (Heaton 
1986; Kendall 1998; Kendall et al., this volume, pp. 375–449).

Biologically mediated reduction of nitrate to N2 and other gases (i.e. deni-
trification) in low-O2 groundwater, soils, and sediments can have a large 
influence on δ15NDIN moving from land to water, described in greater detail 
in Kendall et al., this volume, pp. 375–449. Briefly, denitrification in ground-
water and riparian zones causes the δ15N of the residual nitrate to increase 
exponentially as nitrate concentrations decrease. For example, denitrification
of fertilizer nitrate (δ15N of +0‰) can yield residual nitrate with much higher 
δ15N values (e.g., +15 to +30‰) that are within the range of compositions 
expected for nitrate from manure or septic-tank sources. Measured enrich-
ment factors (apparent fractionations) associated with denitrification range 
from −40 to −5‰ (Kendall 1998).

Denitrification in the water column in rivers is rare but common in 
benthic sediments. Benthic denitrification has been shown to cause small 
fractionations (ranging from −1.5 to −3.6‰) in the δ15NNO3

in the overlying 
waters. These fractionations are much smaller than expected for groundwater 
denitrification because nitrate diffusion through the water–sediment inter-
face, which causes minimal fractionation, is the rate determining step (Sebilo 
et al. 2003; Lehman et al. 2004). The isotopic fractionation caused by diffu-
sive transport of DIN may influence algal δ15N, and small effects have been 
observed under experimental conditions (Macleod & Barton 1998; Trudeau 
& Rasmussen 2003).

The final source effects we consider are isotopic differences between the 
two main forms of DIN available to aquatic plants, NH4

+ and NO3
−. NH4

+ is
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usually the more preferred form of DIN, so isotopic differences between these 
forms or their relative availability may have a large influence on plant δ15N.
Unlike DIC, the speciation of NH4

+ and NO3
− is not controlled by equilibrium 

chemical reactions; there is no a priori reason for their δ15N values to be 
similar or related. Instead, the relative proportion of these species is strongly 
affected by redox conditions, with NO3

− the more abundant species in well-
oxygenated waters and NH4

+ and NO2
− more abundant in low-O2 waters. The 

concentration of NO2
− can be more than 10 times that of NO3

− in highly 
eutrophic waters (e.g., organic-rich sediments or animal waste lagoons). 
Many studies have observed large and variable differences in the δ15N values 
of NH4

+ and NO3
−, particularly in disturbed or eutrophic ecosystems (Kendall 

1998); rapid and complete cycling of N may result in relatively consistent 
steady-state δ15N values among the various N pools.

Fractionation effects in aquatic plants
As for carbon, aquatic plant fractionation of δ15N is also influenced by the 
supply relative to demand for DIN, but far less is known about the fraction-
ations for freshwater algae than for terrestrial or marine plants. Under nitro-
gen-limited conditions, uptake of DIN by terrestrial and aquatic plants causes 
little or no fractionation of δ15NDIN but this situation changes rapidly in the 
presence of excess N (Fogel & Cifuentes 1993; Pennock et al 1996; Casciotti 
et al. 2002; Granger et al. 2004; Needoba et al. 2004). A conceptual model 
developed in the Great Lakes (USA) describes that the δ15N of seston is con-
trolled by the balance between NH4

+ uptake and degradative processes that 
increase the δ15N, and NO3

− uptake that decreases the δ15N of seston (McCusker 
et al. 1999).

The δ15N of algae in rivers in the USA is generally about 4–5‰ lower than 
the δ15N of the associated NO3

− (Battaglin et al. 2001a, 2001b; Kratzer et al. 
2004). Data from a longitudinal sampling of the San Joaquin River (USA) 
illustrates this pattern (Figure 10.8). Seston samples collected in the riverine 
part of this transect were > 90% algae. In this section, NH4

+ concentrations
were too low to analyze for δ15N, and NO3

− is believed to be the main source 
of N for algal growth. The downstream increase in NO3

− concentration,
δ15NNO3, and δ15NPOM in the riverine section are thought to reflect increases 
in groundwater (with higher δ15N values suggestive of animal waste) down-
stream (Kratzer et al. 2004).

Controls on d34S of aquatic plants and DIS

As described for terrestrial plants, δ34SDIS may be influenced by atmospheric 
or local mineral sources, and the isotopic fractionations associated with 
S cycling that alter the δ34S of sulfate or sulfide. The δ34S of aquatic plants 
are controlled primarily by the δ34S of DIS, and are little affected by plant 
fractionation. A survey of the δ34S of aquatic plants from the Everglades 
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Figure 10.8 Spatial changes in nitrate concentrations, nitrate δ15N, and suspended 
particulate organic matter (POM; which is predominantly algal) δ15N in the San Joaquin 
River, CA, due to downstream changes in inputs of NO3

− from groundwater, waste-water 
treatment plants (WWTPs), and other inputs. The river, delta, and bay reaches, as well as 
the locations of major tributaries (T) and WWTPs are marked. The transect spans a 
distance of >100 km, from the confluence with Mud Slough (site 25) to the Golden Gate 
Bridge (site 1). The drop in NO3

− at site 23 and the slightly downstream peaks in δ15N are 
a result of a large algal bloom at the confluence with the Merced River; the δ13C values 
of POM also oscillate near the confluence owing to algal blooms due to mixing of waters. 
(C. Kendall, unpublished U.S. Geological Survey data.)

found values of +5 to +33‰ (Kendall, unpublished U.S. Geological Survey 
data), similar to the range of δ34SSO4 observed in another study in the Ever-
glades (Bates et al. 2002). The highest plant δ34S values were found in anoxic 
areas affected by sulfate reduction (Kendall et al. 2000). More commonly, 
anoxic areas in streams and bogs result in organic matter with lower than 
normal δ34S (Trust & Fry 1992). For example, mangroves can have δ34S values 
as low as −20‰ (Fry et al. 1982).

Aquatic plants are less commonly analyzed for δ34S than for either δ13C
or δ15N because the δ34S analytics are more complicated, many aquatic 
plants and seston have low %S, and also much less is understood about 
sources of S variability in ecosystems. However, part of the explanation for 
the scarcity of δ34S data for organics is the fear (mostly unfounded) that 
analysis will cause contamination of the mass spectrometer. Recent improve-
ments in natural abundance methods for analyzing organic samples are 
rapidly increasing the available data (e.g., Fry et al. 2002; Yun et al. 2005), 
but there are still very few studies of the effect of different DIS species on 
the δ34S of plants and detritus in rivers. Despite these problems, δ34S of 
aquatic plants has been used when a dual (C, N) isotope approach has 
proved unsuccessful (Peterson et al. 1985; Loneragan et al. 1997; Connolly 
et al. 2003), especially in marine or coastal environments where plants are 
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likely to be isotopically labeled with the high δ34S of marine sulfate (about 
+20‰).

Source effects
A literature review of δ34S values in aquatic ecosystems found that the δ34SSO4

in lakes ranged from +3.5 to +87‰, with the low values found in deep waters, 
and the δ34SH2S ranged from −32 to −11‰ (Nriagu et al. 1991). The δ34SSO4

in
rivers also show a wide range (−20 to >+30‰) with mean values for rivers 
in North America, Europe, and globally of +4, +6, and +7‰, respectively 
(Nriagu et al. 1991). Marine sulfate has a δ34S of ca. +20‰, and atmospheric 
δ34SSO4

values are typically in the range of −5 to +25‰ (Wadleigh et al. 1996; 
Krouse & Mayer 2000).

Like δ13CDIC and δ15NDIN, the δ34SDIS is affected by both in-stream and water-
shed processes. In addition, the δ34SDIS and the δ34S of plants are both strongly 
affected by the form of the DIS (i.e. SO4

2− or H2S). The main watershed 
characteristics that affect δ34SDIS are: (i) land use and extent of human 
disturbance in the watershed and airshed; (ii) the presence of sulfate on 
soil exchange sites or sulfide minerals in soils, sediments, or bedrock; (iii) the 
relative proportions of groundwater vs. surface runoff contributing to stream-
flow; and (iv) the presence of reducing conditions in groundwater, the ripar-
ian and hyporheic zones, and sediments.

The main processes that affect δ34SDIS in rivers are (i) sulfate reduction and 
(ii) sulfide oxidation. Redox and pH conditions in the stream, which are a 
product of both in-stream and watershed-scale processes, also have a pro-
found affect on δ34SDIS because this controls whether the dominant form of 
DIS is SO4

2− or H2S. For good discussions of watershed and biogeochemical 
controls on the δ34S of sulfate and sulfides, see Mitchell et al. (1998) and 
Trust & Fry (1992), respectively.

As described for terrestrial plants, δ34SDIS may be influenced by the 
isotopic fractionations associated with S cycling that alter the δ34S of 
sulfate or sulfide. Bacterial reduction of sulfate is the primary source of 
the variability of δ34S observed in freshwater systems because sulfide oxida-
tion involves minimal fractionation of S. During sulfate reduction, the 
bacteria produce H2S gas that has a δ34S value ca. 25‰ lower than the sulfate 
source (Clark & Fritz 1997). Consequently, the residual pool of sulfate 
becomes progressively enriched in 34S. Thus, long-term anaerobic conditions 
ought to be reflected in the δ34S values of sulfate, and consequently δ34S
of plants, that are significantly higher than that of the original sulfate 
source.

Sulfate-reducing bacteria use dissolved sulfate as an electron acceptor 
during the oxidation of organic matter. Since this process is accompanied by 
oxidation of organic matter, there is a corresponding shift in δ13CDIC toward
that of the organic source due to the production of CO2. Under conditions 
of low concentrations of reactive organic matter, re-oxidation of mineral 



306 J.C. FINLAY AND C. KENDALL

sulfides can lead to constant recycling of the dissolved sulfur pool. In such 
cases, increases in δ34S do not occur in conjunction with reaction progress 
since the sulfide concentration in solution is held approximately constant 
(Fry 1986; Spence et al. 2001).

Fractionation effects in aquatic plants
Sulfate is the dominant DIS species used by plants, especially in environments 
where sulfide concentrations are low. However, in environments where 
sulfide concentrations are significant, H2S inhibits the uptake of sulfate 
(Brunold & Erismann 1975). In most cases, assimilatory sulfate reduction 
does not lead to significant fractionations; for aquatic plants, typical fraction-
ations range from 0 to 3‰ (Nriagu et al. 1991). The unusually low δ34S values 
of mangroves have been attributed to assimilation of H2S by plant roots in 
the mud (Fry et al. 1982).

Microbial heterotrophs

The last organic matter “source” for rivers we consider, heterotrophic bacteria 
and fungi, are potential consumers of the four other types of organic matter 
that we have considered (Figure 10.1). However, because of their ubiquity 
and potential to modify isotope ratios of other sources, we consider them 
separately from other consumers in food webs.

The δ13C of heterotrophic bacteria growing on organic carbon substrates are 
typically the same or slightly higher than the δ13C of the organic matter used 
(Coffin et al. 1989). However, δ15N relationships are considerably more com-
plicated. Since N availability often limits terrestrial plant growth, terrestrial 
detritus inputs to freshwaters initially have high C : N ratios (Sterner & Elser 
2002), with insufficient N to meet microbial growth demands. Subsequent 
microbial immobilization of DIN by bacteria can cause significant changes in 
the δ15N of bacteria, as well any organic particles they are adhered to, if the 
δ15N of DIN used by bacteria are different from the δ15N of the original organic 
matter (Caraco et al. 1998). Such effects on δ15N would be minimal where 
microbial incorporation of N does not occur (e.g. low C : N detritus). However, 
terrestrial plant litter has high C : N and frequently has lower δ15N than aquatic 
DIN, leading to conditions that favor changes in bulk δ15N during decomposi-
tion of terrestrial organic matter in aquatic ecosystems.

To illustrate this point, we compare δ15N of oak leaves decomposing in 
a large eutrophic river (Hudson River, NY) and a small pristine stream 
(Fox Creek, CA; Figure 10.9). In Fox Creek, δ15NDIN is apparently similar 
to that of leaves, so that minor temporal changes are observed during 
decomposition. In contrast, δ15NDIN in the nitrate-rich Hudson is much higher 
than δ15N of riparian plants, leading to rapid increases in the δ15N of decom-
posing leaves.
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There is little known about the δ15N and δ34S of bacteria in natural settings, 
mainly because of the difficulty of isolating pure samples. A recent study of 
different fractions of organic matter in the Ohio River (USA) showed that 
the colloidal (<0.2µm) fraction, which contains a large proportion of hetero-
trophic bacteria, had δ13C and δ15N values of about −30‰ (±2‰) and ca. 0‰ 
(±2‰), respectively. These values were ca. 2‰ lower than the values for ter-
restrial OM and 7–12‰ lower than the δ15N of both algal and detrital OM 
(Delong & Thorp 2006). Low δ15N values have previously been reported for 
bacteria. For example, Wissel & Fry (2005) suggested that the low δ15N of 
seston (to −6‰) collected in the winter from river sites near the mouth of 
the Mississippi River (USA) were due to large inputs of bacteria. This expla-
nation was consistent with the low C : N (ca. 5.5) and the low chlorophyll 
levels. This might be the explanation for δ15N values seen at other large river 
sites in the USA, where changes in seston δ15N values as low as −16‰ have 
been observed (Kendall et al. 2001; unpublished U.S. Geological Survey data 
for these same sites). Bacteria growing on organic-rich bottom sediments may 
be affected by the low δ34S of H2S produced by sulfate reduction in such 
reducing environments.

C : N ratios

Data for C : N (at.) ratios of freshwater aquatic vegetation exclusive of 
phytoplankton are sparse. The reported range of C : N ratio for freshwater 

Figure 10.9 Change in δ15N in terrestrial leaf litter (Quercus spp. for both sites) in a 
pristine stream (Fox Creek, CA; Finlay, unpublished data) and eutrophic river (Hudson 
River, NY; Caraco et al. 1998) during in situ decomposition and microbial incorporation of 
external N from river water.
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phytoplankton is about 5–8, averaging close to the Redfield ratio of 6.6 for 
marine phytoplankton (Redfield 1958; LaZerte 1983; Harris 1986). Thorp 
et al. (1998) reported C : N values ranging from about 8 to 10 for benthic 
algae and from about 11 to 12 for aquatic macrophytes in the Ohio River 
(USA). Hamilton & Lewis (1992) report C : N ratios of different size-fractions 
of algal-derived seston from the Orinoco River floodplain (Venezuela) 
between about 6 and 9. The higher and more variable C : N ratios of lacustrine 
plankton compared with marine plankton  appear to be caused by variations 
in N and P nutrient limitations in the lakes (Hecky et al. 1993). Riverine 
microorganisms from the Mississippi River (USA) have C : N values in the 
range of 5–15 (Rostad et al. 1997). Seston and algae samples collected from 
some 70 small-river sites in the upper Mississippi River basin during a dry 
period in August 1998 (unpublished U.S. Geological Survey data, C. Kendall) 
showed the following average C : N values: seston was 9.4 (±1.8, n = 68),
handpicked Spirogyra and Cladophora was 11.7 (±2.3, n = 68), and periphyton 
on woody snags was 14.6 (±3.5, n = 42). Various submerged macrophytes 
(n = 490) and periphyton (n = 640) from the Everglades (USA) have 
C : N ratios with median values of 22 and 16, respectively; C : N values for 
old, woody, and/or partially degraded Everglades aquatics can have C : N 
values > 80 (unpublished U.S. Geological Survey data, C. Kendall). A study 
of ca. 900 plants in the fresh, brackish, and salt water in the San Francisco 
Bay ecosystem showed C : N (wt.) ratios of 10 to >100 (Cloern et al. 2002). 
In summary, there can be a wide range in C : N ratio for various types 
of aquatic plants (Figure 10.3), but generally plankton has C : N 
values (5–8) that are lower than periphyton and macrophytes (10–30), 
and the C : N values of terrestrial and aquatic plants show considerable 
overlap.

C, N, and S isotopic variability and its applications in 
river ecology

Variation in stable isotope ratios among organic materials in rivers provides 
the basis of many important applications in rivers (Table 10.1). As we have 
seen, stable isotope ratios are highly varied in rivers and often influenced by 
multiple biogeochemical, physical, and physiological processes throughout 
watersheds. When well understood and predictable, this variation is useful; 
however, isotope tracers may be much less efficiently used if the signals are 
unexpectedly variable, or if source separation is ultimately not possible. 
Environmental conditions and resource type and abundance show substan-
tial seasonal and spatial variability. These changes directly influence δ13C,
δ15N, and δ34S in resources and consumers, and thus determine when, where, 
and how stable isotopes may be applied in food web studies. Below we iden-
tify the major spatial and temporal patterns in stable isotope ratios in river 
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food webs, identify predictive relationships between controlling variables, 
and show how and where this variation can serve as a useful tracer for the 
study of river ecology.

Spatial patterns and applications of stable isotope tracers

Recent studies in watersheds ranging from meters to basin scales have shown 
three types of strong spatial patterns in the isotopic compositions of organic 
matter sources that are helpful in the planning and design of stable isotope 
studies: longitudinal, water velocity gradients, and anthropogenic. These pat-
terns reflect spatial variability in the δ13C, δ15N, and δ34S of dissolved inorganic 
species, which is integrated into the isotopic compositions of organisms living 
in the river. 

Longitudinal effects on d13C

The percent of the organic C that is derived from allochthonous (terrestrial) 
sources vs. autotrophic (in stream) sources varies systematically from head-
waters to mid-size streams to major rivers (Figure 10.2; Vannote et al. 1980). 
δ13C can help determine the origin of organic matter in river networks and 
its contribution to production in food webs, but only when terrestrial detritus 
and autothonous OM have distinct δ13C values. The terrestrial detritus that 
often dominates organic matter pools in rivers has a well-constrained mean 
δ13C value of −28.2 ± 0.2‰ (± standard error; C3 plants only), with no 
consistent trend with stream size (Figure 10.10; Finlay 2001) because the 
aquatic detrital pool integrates terrestrial plant δ13C through time and space. 
In contrast, many rivers show strong longitudinal (i.e., downstream) changes 
in the δ13C of DIC, algae, seston, and consumers. For example, in small tem-
perate watersheds, algal δ13C are highly varied, from as low as −47‰ in 
headwater streams and springs to values as high as −8‰ in moderate-size 
rivers (Figure 10.10).

Longitudinal changes in algal δ13C are due to combined effects of physical 
and biogeochemical processes in streams and their watersheds. Examples of 
physical processes that can cause longitudinal changes in δ13CDIC and conse-
quently in δ13C of algae include variable percentages of water in the stream 
derived from groundwater vs. soil water with watershed scale (Bullen & 
Kendall 1998), and degassing of CO2 from springs and groundwater that 
cause a gradual increase in δ13CDIC (Kendall & Doctor 2004; Finlay 2004; 
Doctor et al. in press). The main biological processes causing longitudinal 
changes in δ13CDIC and algal δ13C are the balance of total ecosystem respira-
tion and photosynthesis (Figure 10.5). These physical and biological pro-
cesses may be occurring simultaneously along the stream reach.

In temperate forested rivers, strong longitudinal patterns in algal δ13C are 
caused by downstream changes in δ13CDIC and algal fractionation, which 
appear to be strongly linked to stream CO2 (Finlay 2004). In a study within a 
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single watershed, Finlay (2004) found that 90% of variation in benthic algal 
δ13C in riffles was explained by CO2 concentration since it directly affects frac-
tionation. However, algal δ13C also showed correlations with δ13CDIC and algal 
growth rates. Thus, measurements of CO2 or its correlates (e.g. pH, O2) may 
provide a predictive tool for identification of useful spatial variation in δ13C.

Longitudinal patterns in CO2 concentrations in river networks appear to 
control δ13C differences between algae and terrestrial OM. In the headwater 
streams, CO2 is high due to inputs from soil and groundwater, and δ13CDIC

and algal growth rates are low. These conditions result in algal δ13C values 
that are lower than the δ13C of terrestrial detritus. With increasing stream 
size, algal δ13C increase because of the combined effects of several processes, 
including lower fractionation due to low CO2 and high algal growth rates and 
biomass level, and higher δ13CDIC due to uptake of DIC and perhaps exchange 
with atmospheric CO2 and degassing. In large rivers, algal δ13C might then 

Figure 10.10 Spatial variation in δ13C of autotrophic organic carbon sources to 
temperate river and riparian food webs during summer. δ13C data representing the most 
edible algal form (usually epilithic diatoms or periphyton) within a site were used for the 
plot. Considerable variation exists between autotrophs within many of these sites, but 
most of these forms (bryophytes, rhodophyta, and filamentous chlorophytes) are inedible 
or edible only by specialist grazers. In some cases, data for herbivores with primarily algal 
diets were used instead of direct measurements. Data for other biomes (e.g. alpine, arctic, 
desert) were not included. Dotted lines indicate data for pool and riffle or benthic and 
planktonic algae pairs within a location. The * indicates data from the same river (St 
Lawrence, Canada) but different sampling sites and dates. (Data are updated and 
expanded from Finlay (2001) to include additional sources: Delong & Thorp (2006), 
Barnard et al. (2006), Finlay (2004), Huryn et al. (2002), deBruyn & Rasmussen (2002), 
McCutchan & Lewis (2002), Delong et al. (2001), and Thorp et al. (1998).)
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decrease if the rivers become strongly heterotrophic, as observed in the 
Amazon River (Araujo-Lima et al. 1986). However, some recent publications 
have found that a large percent of the seston in large rivers in the USA 
is algal derived (e.g., Kendall et al. 2001; Wissel & Fry 2005; Delong & 
Thorp 2006).

Algal δ13C are thus most different from those of terrestrial detritus in 
headwater streams, lentic habitats of small rivers, and some large, heterotro-
phic rivers (Figure 10.10; Araujo-Lima et al. 1986; Finlay 2004). Overlap 
between algal and terrestrial δ13C is most often observed in fast flowing, well-
mixed riffles of small rivers (Figure 10.10). It is important to note, however, 
that substantial variation may exist for a given stream size. In addition, con-
siderable δ13C variation exists between autotroph taxa; if diverse autotroph 
growth forms are present, and if specialist herbivores that consume macroal-
gae, bryophytes, or macrophytes are important to the food web under con-
sideration, these sources must be accounted for.

Longitudinal gradients in δ13CDIC and consequently algal δ13C can also be 
caused by physical, biogeochemical, or anthropogenic factors that create 
variations in chemical conditions over short spatial scales. Some examples 
may include springs or groundwater upwelling zones (e.g., Rounick & James 
1984; Hoffer-French & Herman 1989; Pentecost 1995; Finlay 2003, 2004; 
Kennedy et al. 2005); and junctions with other rivers, lakes, and impound-
ments that contribute nutrients and cause algal blooms. For example, Angradi 
(1993) interpreted variations in δ13C and δ15N of seston collected at intervals 
downstream from a dam on a Rocky Mountain (USA) river to reflect changes 
in the proportions of local source (e.g. riverine) materials that were rapidly 
overprinting the reservoir (e.g lacustrine) signature.

Water velocity gradient effects on d13C

Downstream changes in stream channel morphology caused by the combined 
effects of differences in bedrock geology, basin slope, and sediment transport 
create alternating pools and riffles that have very different mean water 
velocities. These changes in stream gradient can have large differences in 
algal fractionation between habitats, as discussed below, and may also influ-
ence δ13CDIC by affecting groundwater–surface-water interactions. Newly 
introduced subsurface water usually has a lower δ13CDIC than the streamwater 
because of inputs of respiratory CO2 (see Figure 10.6). However, the effect 
of the groundwater inputs may be masked by increases in δ13CDIC caused by 
rapid degassing of this CO2-rich groundwater in the turbulence of the riffle
(Doctor et al. in press).

Local water velocity conditions influence algal δ13C through a negative 
relationship between flow rate and algal fractionation of δ13C. Slower waters 



312 J.C. FINLAY AND C. KENDALL

in pools have thicker benthic boundary layers, dominated by molecular dif-
fusion, than the faster waters in riffles. The thicker diffusive layers inhibit 
diffusion of CO2 and consequently cause more build-up of 13CO2 near benthic 
algae in pools than found in riffles. The higher δ13CDIC in pools causes δ13C of 
algae to be higher in pools than in riffles (Figure 10.11). This pattern is more 
likely observed in streams with pool–riffle geomorphology, where contrasts 
in water velocity are large, and where CO2 supply is low and/or photosyn-
thesis rates are high, than in deeper streams or ones with a more constant 
stream gradient. Thus water velocity effects are not obvious in small shaded 
streams where CO2 concentrations are high and algal growth low (Macleod 
& Barton 1998; Finlay et al. 1999).

The higher δ13C of algae in pools compared with riffles can impart a 
characteristic isotopic signature to a patch or habitat, thus providing a 
useful tool for food web analyses. Specifically, water velocity effects spa-
tially label diet sources of consumers over a short distance along a stream. 
This label can then be traced through food webs, thus providing new infor-
mation on the source and scale of resource use by herbivores (e.g., Finlay 
et al. 2002). For example, in the South Fork Eel River (USA), herbivorous 
invertebrates clearly rely on local sources of algal production, while pre-
sumed leaf-eaters (shredders) were found to consume an equal mix of 
leaves and algae within their pool habitats (Figure 10.11). Diet sources of 

Figure 10.11 Relationship of water velocity with primary invertebrate functional feeding 
groups in the South Fork Eel River, CA. Herbivores included both collector-gathers and 
scraper taxa; herbivore δ13C were strongly correlated with algal δ13C at the site. The 
dashed line represents mean δ13C for terrestrial organic carbon in the river. (Modified
from Finlay et al. 2002.)
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filter-feeding taxa could not be completely resolved with δ13C because there 
are three potential sources of suspended particles available to them: 
suspended terrestrial detritus, and algae transported from both pools and 
riffles.

The presence of multiple organic matter sources within a site with similar 
isotope ratios, or isotopic variation over small spatial scales, creates condi-
tions where a single isotope diet tracer is not sufficient to address the full 
complexity of trophic interactions. Such conditions appear to be most 
common in large rivers (Delong & Thorp 2006), and potentially at junctions 
with other rivers, lakes and impoundments (Table 10.1). In some cases, 
careful separation and isotopic analysis of mixed organic materials can help 
determine the δ13C and/or δ15N of individual sources (Hamilton et al. 2005; 
Delong & Thorp 2006). Other measurements, such as gut content analyses 
or C : N ratios, may also help eliminate some potential sources for consumers. 
However, for situations where there are more than two OM sources present, 
the best solution to resolving all sources is to use a second tracer, most often 
δ15N, that shows good isotopic separation among the potential sources to 
rivers.

Anthropogenic and other spatial effects on d15N of algae and consumers

Natural variation and human alterations for the N cycle sometimes create 
large differences in δ15N among sources. Of the potential causes of spatial 
variation in δ15N in streams, human perturbations of the nitrogen cycle 
are probably the main cause of large-scale spatial changes in biota δ15N in 
watersheds.

Longitudinal changes in nitrate concentrations and δ15NNO3
 often result in 

longitudinal changes in the δ15N of algae. There are many potential causes 
of longitudinal gradients in δ15N in streams, including anthropogenic con-
taminants (e.g. fertilizer, animal waste, emissions from power plants), prox-
imity to the ocean (e.g., marine-derived nutrients), redox chemistry (e.g. 
denitrification, ammonium vs. nitrate as the dominant DIN form), and site-
specific natural labeling of DIN pools. In particular, the δ15N of aquatic biota 
can be affected by inputs of water from waste water treatment plants 
(WWTPs) and combined sewage overflows (CSOs) in urban areas, or con-
fined animal feeding operations (CAFOs) and agricultural runoff in farming 
areas.

Several of these causes of longitudinal gradients in δ15N are observed in 
data from a transect along the San Joaquin River (USA). Figure 10.8 shows 
spatial variation in the δ15N of nitrate and seston (largely algae) in the San 
Joaquin River, from the headwaters, through the deltaic wetlands, and to the 
mouth of the San Francisco Bay. In the riverine part where nitrate concen-
trations are high, probably because of inputs from agricultural activities, the 
δ15N of seston is 4–5‰ lower than δ15NNO3

. In contrast, in the bay part where 
nitrate concentrations are low and DIN may be limiting photosynthesis 



314 J.C. FINLAY AND C. KENDALL

(Wankel et al. 2006), there is little difference between the δ15N of nitrate and 
seston. The relationship between nitrate and seston δ15N is more complex in 
the delta area because of tidal mixing, multiple channels in the delta, and 
ammonium inputs to the river from insufficiently treated (oxidized) waste 
water. Nitrification of the ammonium causes decreases in nitrate δ15N; the 
subsequent uptake of the now 15N-enriched residual ammonium by algae, 
causes increases in the δ15N of the seston.

Sites with higher N concentrations or loads typically have much higher δ15N
compared with pristine watersheds (Mayer et al. 2002). Several watershed 
studies have shown that the high δ15N value of DIN derived from sewage 
(+10‰ to +25‰; Heaton 1986) can be traced in aquatic food webs influenced
by urban development (e.g., Cabana & Rasmussen 1996; McClelland & Valiela 
1998; Lake et al. 2001). Other studies have shown that the low δ15N of seston 
derived from domestic wastes can result in whole food webs having lower δ15N
in impacted sites than in non-impacted sites (e.g., Van Dover et al. 1992; 
Tucker et al. 1999; DeBruyn & Rasmussen 2002). In agricultural areas where 
animal waste is often used as a fertilizer, δ15N in aquatic organisms have been 
shown to be positively correlated with the percent of agriculture in the water-
shed (Harrington et al. 1998; Hebert & Wassenaar 2001; Udy & Bunn 2001; 
Anderson & Cabana 2005). For example, a detailed analysis of longitudinal 
changes in the δ15N values of primary consumers (and organisms of higher 
trophic levels) in nested watersheds in the St Lawrence River Basin (Canada) 
showed that the δ15N closely tracked spatial differences in land use, and that 
the percent of the watershed devoted to agricultural explained 69% of the 
total variation in δ15N (Anderson & Cabana, 2005). These increases in the δ15N
of organisms and DIN with increasing N loads, watershed size, and percent 
agricultural land use in the watershed may be caused by increased amounts 
of denitrification in the groundwater flowing into the stream. Kinetic fraction-
ation during denitrification can cause substantial increases in the δ15N of the 
residual nitrate in streams (see Kendall et al., this volume, pp. 375–449). As a 
consequence, autotroph δ15N varies with factors such as land use or amount 
of sewage input, and not watershed area per se.

Other environmental effects can cause spatial variations in δ15N in rivers. 
For example, marine organic matter and organisms often have higher δ15N
values than oligotrophic freshwater ecosystems (France 1995; Bilby et al. 
1996), creating a useful isotope separation for detecting marine-derived 
nutrients or prey in freshwater food webs. In addition, terrestrial organic 
matter appears to be often 15N-depleted relative to aquatic autotrophs (e.g. 
Harrington et al. 1998; Mulholland et al. 2000; Delong & Thorp 2006), 
perhaps due to intensive denitrification in riparian and aquatic sediments 
(Ostrom et al. 2002). At sites where there are large δ15N differences between 
autotrophic and detrital food web components, δ15N are proving useful for 
source separation, especially when used with advanced statistical techniques 
(e.g., Delong & Thorp 2006). Finally, local changes in redox chemistry due 
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to processes occurring in dams or wetlands can also cause spatial changes in 
δ15N of biota (Angradi 1993; Kendall et al. 2000, 2001). Much less is known 
about the behavior of δ15N at the base of food webs, however, suggesting 
some caution in its application particularly under highly eutrophic condi-
tions, as discussed below.

Spatial effects on d34S of biota

There is much less known about spatial distributions in the δ34S of aquatic 
resources and organisms. We identify three potential causes of longitudinal 
gradients in δ34S in streams: proximity to the ocean, bedrock geology, and 
redox chemistry. Sulfur isotopes are an effective tracer of organic matter at the 
land–ocean margin (Connolly et al. 2003) because 34S-enriched sulfate can be 
transported up to hundreds of kilometers inland. For example, the δ34S of 
marine sulfate and vegetation near the ocean are ca. +20‰ but decreases to 
+6‰ over ca. 100 km (Wadleigh et al. 1996; Wadleigh & Blake 1999). Geology 
may influence δ34S where rivers cross geologic units with large concentrations 
of sulfide minerals. Oxidation of the sulfide minerals can cause decreases in 
the δ34S of riverine sulfate, and presumably aquatic plants, as observed in the 
McKenzie River system (Hitchon & Krouse 1972). Last, reducing conditions 
typical of wetlands, bogs, and the deep waters of some lakes lead to low δ34S
values because sulfate reduction produces H2S with low δ34S values, which 
then may be assimilated into plants (Nriagu et al. 1991).

Along a river reach with variable contributions of organic matter derived 
from wetlands, the δ34S of stream organic matter and consequently consum-
ers would be expected to vary. For example, in the Everglades the δ34S of 
sulfate in canals and marshes increases as agricultural sulfate from near Lake 
Okechobee is progressively reduced as water flows to the south (Bates et al. 
2002). In contrast to the normal δ34S pattern expected for redox gradients 
(e.g., lower δ34S of biota with increasing amount of sulfate reduction 
to 34S-depleted H2S), the δ34S of algae and fish increase with increasing 
extent of eutrophication and sulfate reduction in the Everglades (Kendall 
et al. 2000).

Probably the main use of δ34S in food web studies is differentiating terres-
trial versus marine sources of organic matter in near coastal environments, 
because of the large contrast in δ34S values at the land–ocean margin (Con-
nolly et al. 2003). There are two main types of studies: ones that use δ34S to 
determine terrestrial plant contributions to coastal ecosystems (e.g., Peterson 
& Howarth 1987; Peterson & Fry 1987), and ones that use δ34S to determine 
marine-derived nutrient contributions to near-coast watersheds (e.g., 
MacAvoy et al. 1998). Because of the extremely sharp gradient in δ34S values 
between marine and terrestrial ecosystems, such studies have a high likeli-
hood of producing quantitative results. When two isotope tracers are 
employed, the combination of δ34S and δ13C separates more producers than 
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other isotope tracer combination (Connolly et al. 2003), despite the high 
within-producer variability of δ34S in coastal areas.

Temporal patterns and applications of stable isotope tracers

Implicit in the preceding discussion of source identification is the assumption 
that consumers are in approximate “isotopic equilibrium” with their food 
sources. This assumption was not widely tested in many previous applications 
of stable isotope methods, but temporal variation is increasingly evident in 
time series of δ13C and δ15N in consumers and resources (Kendall et al. 2001; 
McCutchan & Lewis 2001). Temporal variation in the δ13C, δ15N, and δ34S of 
dissolved species and consequently algae has the potential to greatly influ-
ence isotope-based inferences of food web relations (e.g. O’Reilly 2002), and 
should ideally be assessed prior to study design since it determines sampling 
frequency and the nature of other data necessary to interpret results. Thus, 
prediction of temporal variation and methods for dealing with it are impor-
tant for the use of stable isotopes in food web studies.

Seasonal variation in d13C of algae

For reasons discussed previously, terrestrial plants show limited temporal 
variation in δ13C relative to aquatic plants (e.g. Garten & Taylor 1992; Leffler
& Evans 1999; McCutchan & Lewis 2002). While some minor variation exists 
among terrestrial detrital fractions during decomposition in streams (Hicks & 
Laboyrie 1999; Finlay 2001), allochthonous detritus has a comparatively 
constant δ13C relative to autotrophic δ13C.

In contrast, autotrophs in streams and wetlands can show considerable 
seasonality in δ13C. In small unproductive streams, δ13CDIC values often 
change seasonally in response to watershed processes. In particular, seasonal 
variation in DIC sources to the stream (e.g., DIC derived from soil respiration 
vs. weathering reactions), causes higher δ13CDIC in the winter when 
DIC concentrations are low, and lower δ13CDIC in the summer when DIC 
concentrations are higher (Figure 10.6; Kendall 1993; Bullen & Kendall 
1998). The algal δ13C track the seasonality in δ13CDIC and CO2 concentrations 
(Finlay 2004).

In larger streams and rivers, biological effects (e.g., the effects of algal pro-
ductivity and/or respiration on CO2 concentrations and δ13CDIC), can overprint 
the effects of seasonality in watershed influences on δ13CDIC. For example, 
when algal productivity is the main control on CO2 or even DIC concentration, 
maximum algal δ13C are typically observed during summer baseflow when 
productivity is greatest and CO2 concentrations are lowest (McCutchan & 
Lewis 2001; Finlay 2004). Successive algal blooms can cause multiple maxima 
in the δ13C of algae, as shown in Figure 10.7, where there is a 5‰ oscillation 
in the δ13C of predominately algal POM in the Yazoo River (USA) due to 
algal blooms. Alternately, if respiration dominates ecosystem metabolism, 
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such as in streams with high detrital inputs, algal δ13C values tend to be lower 
in the summer when respiration rates are highest (Figure 10.6).

The effect of this variation on stable isotope studies depends on whether 
it occurs as gradual (i.e. seasonal) environmental changes or due to more 
stochastic processes such as floods. Seasonal changes in environmental condi-
tions may alter factors influencing algal δ13C (e.g. productivity, DIC avail-
ability, and δ13CDIC) slowly, producing predicable patterns and long periods of 
stable signals under baseflow conditions (McCutchan & Lewis 2002; Finlay 
2004). This type of situation is more amenable to straightforward use of stable 
isotope methods. If consumer growth and δ13C are measured, temporal varia-
tion in resource δ13C may be incorporated into biomass models (McCutchan 
& Lewis 2002). However, the fast turnover of autotroph biomass causes rapid 
isotopic responses to environmental changes that affect δ13C. Thus, under 
eutrophic conditions or when discharge is highly varied (e.g. Singer et al. 
2005), frequent sampling for both δ13C and growth of consumers is necessary 
to account for temporal changes in autotrophic δ13C.

Given the strong effect of discharge on parameters influencing δ13C in 
streams (e.g. nutrients, water velocity, DIC), flow data should provide a 
useful indicator of temporal variation, and inform sampling decisions and 
overall study design. For example, Kendall (1993) found a strong inverse 
relation between discharge and DIC, and between δ13CDIC and discharge 
(Figure 10.6). Finlay (2004) also found strong inverse relationships between 
DIC and discharge, and discharge determined much of the temporal variation 
in algal δ13C observed in streams and rivers of the watershed. In a eutrophic 
stream with thick periphyton, Singer et al. (2005) found that flow history 
was a better predictor than instantaneous water velocity in explaining spatial 
and temporal variation in algal δ13C. This finding makes sense considering 
that algal δ13C integrate the effects of temporal and spatial variations in local 
conditions, whereas instantaneous velocity does not.

Seasonal variability in d15N of algae

Streams commonly show seasonal variability in δ15NDIN due to temporal 
changes in DIN sources and their δ15N values, flow, and in-stream biogeo-
chemical processes (see Kendall et al., this volume, pp. 375–449). Temporal 
variation of algae δ15N is less well known. In their study of four watersheds of 
differing elevations and sizes on North St Vrain Creek in the Rocky Mountains 
(USA), McCutchan & Lewis (2002) found that only one site (the montane 
site) showed seasonality in the δ15N of algae, with δ15N values that were 
highest just before snowmelt and decreased over the summer. Several large 
rivers in the USA showed minor seasonal variations in the δ15N of algae-domi-
nated POM (Kendall et al. 2001). Subsequent multi-year data from these same 
40 river sites shows that many rivers showed significant seasonal variability, 
with δ15N oscillations frequently correlated with discharge changes (C. Kendall, 
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unpublished U.S. Geological Survey data for these same rivers, 1998–2005). 
In some cases, DIN concentrations were so high, and DIN sources sufficiently
constant, that even massive algal blooms did not cause enough drawdown of 
the DIN pool to cause changes in the algal δ15N (Figure 10.7).

Investigations of temporal changes in the δ13C and δ15N of algae in marshes 
in the Everglades (USA) have shown that the δ13C values show a strong 
inverse relation to δ15N values; spatial data also show this same inverse rela-
tion. There are several coupled reactions that could cause this pervasive 
temporal and spatial pattern: respiration and denitrification, respiration and 
mineralization, and methane formation and then oxidation and denitrifica-
tion. When water levels are low in the marshes, the δ13C of algae are lower 
than when the water levels are higher, consistent with respiration effects 
exceeding atmospheric exchange effects in the dry season. The coincidence 
of low δ13C, high δ15N, and high δ34S values with areas of increased 
eutrophication supports the theory that seasonal and spatial changes redox 
chemistry is a major control on the isotopic compositions of biota in this 
environment (Figure 10.12; Kendall et al. 2000).

Temporal changes in macrophytes related to growth and senescence cycles

Riparian plants can show significant seasonal variations in δ13C, δ15N, and 
C : N. In a study of wetland plants in the San Francisco Estuary (USA), the 
most common seasonal pattern was low C : N of foliage in spring when leaves/
shoots first emerged, a gradual increase in C : N during the growth season, 
and a rapid increase in C : N in the fall when the new biomass died (Cloern 

Eutrophic SitePristine Site

δ

big fish

little fish

insects

zooplankton

algae

big fish

little fish

insects

zooplankton

algae

low δ15N, low δ34S
high δ13C

high δ15N, high δ34S
low δ13C

Figure 10.12 Cartoon showing how the δ13C, δ15N, and δ34S of primary producers at 
oligotrophic (pristine) vs. eutrophic wetlands sites in the Everglades (USA) affect the 
isotopic compositions of the entire food web. These site-specific shifts in δ values are due 
to different suites of biogeochemical reactions that affect the δ values at the base of the 
food webs.
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et al. 2002); however, while some species (e.g., Salix, Typha) showed strong 
seasonality in C : N, others (e.g., Spartina) did not. Different species also 
showed different δ13C and δ15N patterns, with the isotopic compositions of 
specific species of plants declining, increasing, or showing no consistent 
pattern during the growth season (Cloern et al. 2002). There was no consis-
tent relation between δ15N and C : N of plants during the growth–death cycle; 
high C : N dead biomass showed high δ15N values for Spartina and low δ15N
for Typha. These species-specific patterns of seasonal variability in wetland 
plants are similar to those reported in a study of terrestrial vegetation by 
Handley & Scrimgeour (1997).

Temporal changes in isotopic composition caused by degradative processes

Once terrestrial detritus enters streams, its δ15N may be changed substan-
tially during decomposition as N is immobilized onto litter. The degree of 
modification during decomposition should depend on the amount of N 
immobilized and on the contrast between the δ15N of DIN and the terrestrial 
plants. High δ15NNO3

is commonly observed when NO3 concentrations are 
high; hence, the strongest effects should be expected in eutrophic streams. 
This is illustrated by a comparison of δ15N of decomposing oak leaves in high 
and low NO3

− ecosystems (the Hudson River, NY, and Fox Creek, CA, respec-
tively). Work of Caraco et al. (1998) shows that changes in δ15N during 
decomposition may be substantial; however, such effects are more subtle 
under low NO3

− conditions, as observed for the oligotrophic stream (Figure 
10.9). Overall, these observations suggest that use of δ15N as a source tracer 
will be least complicated in undisturbed, low DIN streams and lakes. However, 
separation of aquatic vs. terrestrial sources is usually greater in human-
impacted rivers.

Temporal changes in seston composition

Nutrient transport and food webs in larger rivers are often dominated by 
suspended organic matter so they are considered separately from the preced-
ing sections which dealt primarily with benthic OM and organisms. Few 
studies in major rivers have had sufficient temporal or spatial coverage for 
adequate assessment of seasonal or hydrologic changes in seston composi-
tion. However, detailed studies in the Amazon River (Brazil) have found 
seston compositions to be nearly constant over substantial time periods, dis-
tances, hydrologic fluctuations, and size fractions (Hedges et al. 1986; Quay 
et al. 1992). In contrast, seston in the St Lawrence River (Canada) was domi-
nated by in situ photosynthesis during warm seasons, and terrestrial detritus 
during colder periods and storm surges (Barth et al. 1998). Seston in the 
Sanaga River (Cameroon) and Congo River also varied with discharge, with 
high proportions of seston derived from C4 plants in savannas during high 
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discharge periods, and high proportions of seston derived from C3 plants from 
the riverbanks during low discharge periods (Mariotti et al. 1991; Bird et al. 
1998). A study of monthly seston samples from 40 sites on major rivers in 
the USA found that plankton is the dominant source of seston at many sites, 
with lower δ13C and higher percentages of plankton during algal blooms in 
the spring and summer and downstream of reservoirs (Kendall et al. 2001). 
Particulate organic matter with unusually low C : N and low δ15N values at a 
Mississippi River site was attributed to a bacterial bloom in the winter (Wissel 
& Fry 2005). These and other studies involving seston are just beginning to 
elucidate the origin, transport, and cycling of seston in major rivers, and the 
role it plays in riverine food webs.

Diel changes in algal d13C and d15N

Daily cycles of temperature, redox potential, photosynthesis, and respiration 
cause cyclic changes in many important aquatic constituents including pH, 
DIC, conductivity, dissolved gases such as O2 and CO2, major elements, and 
trace metals. Very little is known about diel variations in the isotopic com-
positions of dissolved constituents in streams. However, recent studies show 
substantial diel changes in δ18OO2

and δ13CDIC that may eventually provide 
new insight into biogeochemistry of freshwaters. For example, in a recent 
study in a small stream in Montana (USA), there was a 14‰ change in δ18OO2

and 2‰ change in δ13CDIC (Parker et al. 2005), with minimum δ18O values 
found at mid-day and minimum δ13C values found in at dawn. A recent 
multi-isotope investigation of diel changes in the San Joaquin River (USA) 
showed that the δ13C and δ15N of algae, the δ15N and δ18O of nitrate, and 
δ13CDIC varied by about 2‰ while the δ18OO2

varied by >10‰. Recent work 
by Venkiteswaran et al. (in press) has shown that the temporal “shape” of 
the diel δ18O curve can be explained by a small number of parameters, includ-
ing photosynthesis to respiration ratio, uptake fractionation, temperature, 
and gas exchange rate. Hence, the natural diel change in the δ18O of O2 (and
probably the isotopic compositions of the other constituents) provides a 
powerful biogeochemical “signal” in aquatic systems.

Isotopic indicators of ecosystem processes

In the preceding sections, we have mainly considered isotopes as tracers of 
organic matter, nutrients, or trophic interactions. Because stable isotopes of 
inorganic and organic materials are intricately linked to biogeochemical 
cycles, they are increasingly useful as indictors or predictors of various types 
of ecosystem processes. For example, algal δ13C values appear to be strongly 
linked to the overall ecosystem metabolism of rivers or lakes (e.g. Finlay 
2004). Metabolic processes such as photosynthesis and respiration strongly 
indicate or influence the parameters that control algal δ13C such as algal 
growth rates, CO2, and δ13CDIC. Thus, algal δ13C could potentially be used to 
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provide an integrated measure of the carbon balance of aquatic ecosystems 
(Finlay 2004).

Nitrogen isotopes in food webs appear to provide robust, integrated mea-
surements of nitrogen loading and cycling in aquatic ecosystems. For example, 
δ15N of estuarine plants and river consumers are well-predicted from N loads 
and land use (Cole et al. 2004; Anderson & Cabana 2005). Anderson & 
Cabana (2005) conclude that in the absence of important point-source N 
inputs, δ15N in aquatic organisms appear to increase in a predictable pattern, 
following the increasing amounts of agricultural N inputs. The cause of the 
relationship between δ15N of biota and agricultural land use or N loads is a 
subject of some debate, since it could be caused by increased denitrification,
N cycling, or use of manure and/or septic waste in larger watersheds.

Stable isotopes may be used to detect “hot spots” of intense biogeochemi-
cal activity (McClain et al. 2003) in aquatic ecosystems and at their interfaces 
with terrestrial environments. Eutrophic or hypoxic environments may cause 
large decreases in δ13CDIC because of methane formation and subsequent 
oxidation, increases in δ15NNO3

because of denitrification, and either decreases 
or increases in δ34SSO4

because of sulfate reduction – with consequent incor-
poration of these biogeochemical signatures of redox conditions into local 
biota (Figure 10.12).

Probably the best example of use of stable isotope indicators to detect 
environmental change is for detecting effects of sewage. Sewage inputs can 
cause local “hot spots” of labile, organic matter with distinct isotopic signa-
tures compared with other sources. For example, a study of municipal 
sewage and pulp-mill inputs to rivers in Canada showed that the waste 
material contained materials with δ15N and δ34S values that were distinct 
from upstream background conditions in the receiving environment 
(Wayland & Hobson 2001). In another sewage waste study on tributaries of 
the St Lawrence River (Canada), point-source N inputs from human waste 
lowered the δ15N of biota collected below the points of discharge at the scale 
of kilometers (Anderson & Cabana 2006). When domestic waste was diverted 
from the stream, the δ15N of small consumers changed by >4‰ over the next 
year, showing that streams impacted by large point-source urban discharges 
can show rapid recovery when the discharge is entirely eliminated. The study 
suggested that biogeochemical indicators such as stable isotopes may reveal 
recovering changes in the ecosystem nutrient metabolism, even before a 
complete taxonomic recovery of the community is observed (Anderson & 
Cabana 2006).

Alternates for complex and variable situations: other approaches 
and isotopic tracers

Ongoing research on variability in δ13C, δ15N, and δ34S of dissolved species, 
plants, and consumers will undoubtedly continue to refine their use. Given 
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the widely varied environmental conditions present throughout drainage 
networks, it is clear that stable isotope values reported in one field study 
cannot always be applied to the next without thorough examination of the 
biogeochemical conditions. A careful attempt must be made to sample the 
spatial and temporal variability in the potential sources and in the organisms 
of interest, at scales relevant to the questions or organisms present.

Under many conditions, overlap of isotope signals or high temporal varia-
tion decrease the efficacy of isotopes as tracers of organic matter or trophic 
position. Improvements in statistical analyses of mixing models offer increas-
ingly sophisticated means to separate sources in situations of variable or 
partially overlapping isotope ratios and to make use of multiple tracers 
(Phillips & Koch 2002; Phillips & Gregg 2003; Benstead et al. 2006).

High variability in the isotopic compositions of primary sources may some-
times be dealt with by using consumers to integrate small-scale spatial and 
temporal variation. For example, as we have seen, δ15N of plants, microbes, 
and detritus are highly varied. To address this variability, investigators may 
use the δ15N of a basal consumer instead of the primary resource to base (i.e., 
normalize) trophic position calculations (Cabana & Rasmussen 1996; Post 
2002) or to assess the contribution of a specific habitat (i.e. not the specific
resource type) to a predator’s diet (e.g. Vander Zanden & Vadeboncoeur 
2002). Since the diet of primary consumers integrates temporal and spatial 
variability in the isotopic compositions of resources, using primary consumers 
removes a considerable amount of environmental noise. Furthermore, as 
illustrated in Figure 10.12, use of primary consumers to normalize subse-
quent calculations of trophic position is advantageous since it allows com-
parisons of food web structure across ecosystems that may have very different 
δ13C, δ15N, and δ34S at the base of the food web due to differences in 
environmental conditions and nutrient cycling (Cabana & Rasmussen 1996; 
Post 2002).

In many cases, however, additional tracers are necessary to fully resolve 
food webs isotopically. Fortunately, a number of alternate isotope tracers are 
available and are increasingly used to enhance natural abundance tech-
niques. For example, purposeful enrichment of the aquatic environment with 
15N-DIN, 13C-DIC, and 13C-DOC is relatively inexpensive, and such isotopic 
labeling techniques are increasingly used to study N and C cycling and energy 
flow in food webs. Isotope enrichment is expensive compared with natural 
abundance approaches, and equilibration between food sources may not 
occur, requiring sophisticated modeling approaches to interpret food web 
results. However, these approaches may be effectively coupled with natural 
abundance measurements to gain new insight into stream food web ecology 
(e.g. Mulholland et al. 2000; Hamilton et al. 2004).

Other stable isotope tracers are less well developed but have the potential 
to resolve issues associated with limitations of δ13C and δ15N. As noted, appli-
cations of δ34S are rapidly increasing. Strontium isotopes (87Sr/86Sr) have been 
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found to be extremely useful for studies of bird migration because the dif-
ferent Sr isotopic ratios of different geologic materials become incorporated 
in the plants growing on these materials (e.g. Chamberlain et al. 1997). The 
87Sr/86Sr values are transferred up the food chain from the soil-exchange pool 
to leaves and then to small consumers without modification (Blum et al. 
2000). The oxygen (δ18O) and hydrogen (δ2H) isotopes of butterfly wings and 
bird feathers have been found extremely useful for tracking migration paths 
(Wassenaar & Hobson 1998; Hobson et al. 1999) because of the strong envi-
ronmental gradients in the δ18O and δ2H of surface waters (Kendall & Coplen 
2001) and precipitation (Dutton et al. 2005) in North America. Furthermore, 
δ2H and radiocarbon (14C) difference among diet sources for consumers 
observed decades ago (e.g., Estep & Dabrowski (1980) and Broecker & Walton 
(1959) respectively) are only now being more thoroughly explored for their 
potential as routine tracers. Finally, compound-specific isotope ratio mass 
spectrometry (Evershed et al., this volume, pp. 480–540) has the potential 
for much more accurate determinations of food web relations than possible 
with the more conventional analysis of bulk solid samples by tracing specific
organic molecules from diet to consumer.

Stable isotope techniques are always best used in combination with other 
methods and complementary data. This is particularly true when it is not 
possible to unequivocally separate sources or estimate trophic position in food 
webs with stable isotopes alone. For example, gut content analyses may allow 
an investigator to eliminate potential sources to consumers, and allow greater 
use of isotope techniques. Cation ratios (Sr/Ca and Ba/Ca) were found to 
decrease at each successive trophic level, suggesting that these ratios can be 
used to identify the trophic level at which an organism is primarily feeding 
(Blum et al. 2000). The measurement of resource availability, in terms of 
edibility or abundance, may also help constrain the number and variability 
of end members that must be considered for use of stable isotope tracers.

Conclusions

Spatial and temporal isotopic variation among organic matter sources is per-
vasive and is much less well understood compared with other factors that 
affect use of natural abundance approaches, such as trophic fractionation. 
Such variation determines when, where, and how isotope techniques may 
be applied in food web studies. Thus, assessment of the inherent environ-
mental variability in organic matter or prey sources should be the first step 
in any attempt to use stable isotope methods in food web studies. Accurate 
assessments of extent of source variation is especially critical for studies of 
energy flow in food webs, but also influences use of δ13C and δ15N to migra-
tion of animals as well as trophic position estimation, since δ15N often vary 
by habitat or organic matter source.
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Physical and chemical conditions of rivers are characterized by spatial 
gradients, patchiness at all scales (e.g. Vannote et al. 1980; Frissell et al. 1986), 
and temporal variability. Natural abundance stable isotope tools are increas-
ingly used to study basic and applied aspects of river food webs. Isotope tools 
are particularly useful because the physical and biogeochemical diversity of 
rivers creates variation in isotope ratios that is useful to test hypotheses and 
examine global change effects. Isotopic variation often complicates the 
simplest applications of these methods (e.g. sampling on one habitat or date 
to characterize a river food web); however, this variation can be used as a 
natural “signal” for carefully designed studies. As spatial and temporal com-
plexity of food webs increase, measurements of multiple source tracers, 
consumer growth rates, movement rates of predators and prey, and modeling 
approaches are increasingly necessary. Recognition of sources of variation 
affecting stable isotope ratios enhances the usefulness and efficiency of 
isotope techniques to understand freshwater food web ecology.
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