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Abstract. Theories of forest succession predict a close relationship between net biomass
increment and catchment nutrient retention. Retention, therefore, is expected to be greatest
during aggrading phases of forest succession. In general, studies of this type have compared
watershed retention efficiency by monitoring stream nutrient export at the base of the
catchment. As such, streams are viewed only as transport systems. Contrary to this view,
the nutrient spiraling concept emphasizes transformation and retention of nutrients within
stream ecosystems. In this paper, we address how biogeochemical theory developed for
forests may apply to lotic ecosystems in the context of catchment-level succession. Using
measures of nutrient spiraling to document uptake, we focus on later seral stages by com-
paring streams draining second-growth (i.e., 75–100-yr stands) and old-growth (i.e., .400
yr) forests of the southern Appalachian Mountains, USA. Standing stocks of large woody
debris (LWD) in old-growth streams were orders of magnitude greater than in second-
growth streams where logging practices removed LWD from stream channels. Debris dams
were also more frequent in old-growth streams. Solute injections were used to quantify
retention of dissolved inorganic phosphate (PO4-P), the limiting nutrient in Appalachian
streams. Uptake velocities in old-growth streams were significantly greater than in second-
growth streams and were closely related to debris dam frequency, LWD volume, and the
proportion of fine-grained (,2 mm) sediments present in the stream bed. These data suggest
that streams of old-growth forests have greater demand for PO4-P compared to streams
draining aggrading second-growth catchments. Finally, we present a schematic model of
forest succession, aquatic–terrestrial interaction, and biogeochemical functioning in stream
ecosystems emphasizing that the successional time course of retention in lotic ecosystems
may be very different than that predicted for forests.

Key words: Appalachian Mountains, USA; aquatic–terrestrial interaction; forest succession;
large woody debris; nutrient retention; nutrient uptake; old-growth and second-growth forest; streams,
uptake lengths.

INTRODUCTION

A great deal of research has addressed how ecosys-
tem metabolism, accumulation of biomass, and nutrient
retention change with time after disturbance. Much of
this work has addressed the functioning of forest eco-
systems following timber harvest (Vitousek and Rein-
ers 1975, Likens et al. 1978, Gorham et al. 1979). Bor-
mann and Likens (1979) emphasized that succession
in northern hardwood forests should include phases
differing in ecosystem biomass. Their Biomass Ac-
cumulation Model predicted that following a relatively
short phase of ‘‘reorganization,’’ forest organic matter
(OM) would increase rapidly reflecting high net bio-
mass increments during an ‘‘aggrading’’ phase. Their
model further predicted that senescence of older trees
would eventually generate gaps that reduce forest bio-
mass during the ‘‘transition phase.’’ In late stages of
succession (i.e., hundreds of years post disturbance),
the forest becomes a stable mosaic of gaps and inter-
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ceding stands that functions at steady state. More than
20 yr after its publication, this model of forest growth
remains a central tenet of successional theory for forest
ecosystems.

Characteristics of elemental cycling are also ex-
pected to vary with successional state. Odum (1969)
hypothesized that, compared to rates of transport across
ecosystem boundaries, internal cycling of nutrients
dominates biogeochemical fluxes during later stages of
succession. Vitousek and Reiners (1975) challenged
this hypothesis by emphasizing a close relationship be-
tween net biomass increment and retention of nutrients
by hardwood forests. Their model predicts that reten-
tion is greatest during the aggrading phases of forest
succession and that later stages show little retention,
reflecting the relatively invariant OM storage charac-
teristic of steady state conditions in old-growth forests.

In studies addressing succession at the watershed
scale, retention has been monitored at the base of the
catchment as export in stream water. This approach
attributes processes occurring within streams to ter-
restrial ecosystems (sensu Burns 1998) and assumes
streams act solely as transport systems. In fact, streams
are active ecosystems that process and transform nu-
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trients and OM. At the same time, most streams are
strongly influenced by their surrounding catchments
(Hynes 1975) and respond to physical and ecological
processes occurring over the terrestrial landscape. In
this paper, we investigate long-term dynamics of stream
succession by addressing how fundamental theories of
forest biogeochemical functioning apply to lotic eco-
systems of forested catchments.

Nutrient retention in streams

The nutrient spiraling concept (Webster 1975, New-
bold et al. 1983) emphasizes the use, transformation,
and retention of nutrients within stream ecosystems. In
lotic ecosystems, the downstream flow of water dis-
places materials and elongates nutrient cycles, effec-
tively forming nutrient spirals (Webster 1975). A nu-
trient completes a spiral when having been released to
the water in mineral form it becomes incorporated into
organic form, and is again released to solution follow-
ing mineralization (Newbold et al. 1983). Thus the spi-
raling length is the amount of downstream displace-
ment that occurs during a complete spiral. The spiraling
length is the sum of the turnover length and the uptake
length (Newbold et al. 1983). The uptake length is the
mean distance traveled by a nutrient as an inorganic
solute before it is removed from solution. The turnover
length is the distance it is transported in organic form
(Newbold et al. 1983). Because nutrients contained in
benthic OM are relatively immobile compared to dis-
solved materials, uptake lengths typically represent the
majority of the spiraling distance in forested headwater
streams (Newbold et al. 1983, Mulholland et al. 1985).
While uptake lengths do not directly quantify miner-
alization rates, they are sensitive to recycling of nu-
trients (Mulholland et al. 1995, Martı́ et al. 1997) and
have frequently been used to represent nutrient reten-
tion in stream ecosystems.

Uptake lengths for elements like phosphorus (P) and
nitrogen (N) vary among streams reflecting differences
in physical, chemical, and biological conditions. Re-
search has shown that uptake lengths are influenced by
water residence times (Valett et al. 1996, 1997), stream
size (Wollheim et al. 2001), water temperature (But-
turini and Sabater 1998), standing stocks of benthic
leaf litter (Mulholland et al. 1985) and periphyton
standing crop (Martı́ et al. 1997). Recent research has
emphasized the influence of interstitial (i.e., hyporheic)
processes on nutrient dynamics (Valett et al. 1996, Mul-
holland et al. 1997). In these and related studies, sur-
face–subsurface interaction has been represented by
numerical models that characterize such exchange as
transient or dead zone storage (Bencala and Walters
1983, D’Angelo et al. 1993).

Succession in lotic ecosystems

Temporal succession is common in many streams at
both community and ecosystem levels (Fisher et al.
1982, Peckarsky 1986). Generally, studies of stream

succession have focused on recovery from endogenous
events such as floods (Fisher et al. 1982, Scrimgeour
and Winterbourn 1989, Valett et al. 1994) where dis-
turbance is restricted to aquatic components of the
landscape and does not occur at the scale of the entire
catchment. Fisher (1990) suggested that because of the
endogenous nature of these disturbances, stream eco-
system recovery may be best addressed by stability
theory (i.e., with measures of resistance and resilience)
as compared to theories of ecological succession.

For streams in forested landscapes, wildfires (Min-
shall et al. 1989) and clear-cut timber harvesting (Har-
mon et al. 1986) are exogenous disturbances that occur
at scales large enough to impact entire catchments. A
number of studies have addressed succession in streams
following clear-cutting (Meyer and Tate 1982, Webster
et al. 1983, Golladay and Webster 1988, Stone and
Wallace 1998). For the most part these studies have
focused on immediate (i.e., decadal) impacts including
altered OM standing stocks (reflecting pulsed inputs or
removal of allochthonous material; Hedin et al. 1988,
Bilby and Ward 1991), increased autochthonous pro-
duction (Webster et al. 1983, Sabater et al. 2000), en-
hanced sediment inputs (Waters 1995), alterations in
water quality and nutrient export (Bormann et al. 1974,
Sollins et al. 1980), or changes to macroinvertebrate
(Stone and Wallace 1998) and fish (Dolloff 1993, Hart-
man et al. 1996) assemblages.

In this paper, we address how retention theory (sensu
Vitousek and Reiners 1975, Hedin et al. 1995) may
apply to lotic ecosystems over the more extended time
course of catchment-level succession. To supplement
existing studies of stream succession, we focus on later
seral stages by comparing nutrient uptake in streams
draining second-growth (i.e., 75–100-yr stands) and
old-growth (i.e., .400 yr) forests. First, we compared
structural components of old-growth and second-
growth streams that have been shown to be key reg-
ulators of nutrient dynamics in forested streams. Then,
using solute injection experiments, we quantified nu-
trient spiraling indices to characterize nutrient reten-
tion. While we recognize that uptake rates alone do not
directly quantify retention, we focus on discrete mea-
sures of whole-system demand and relate them to dif-
ferences in nutrient retention. Our comparison of eco-
system structure and functioning in replicate stream
systems suggests that, contrary to their terrestrial coun-
terparts, streams of old-growth forests remain more re-
tentive of dissolved nutrients compared to streams of
aggrading second-growth catchments. We propose that
this is an inherent aspect of allochthonous-based lotic
ecosystems that results from critical aquatic–terrestrial
interactions characteristic of the late stages of terres-
trial succession. These interactions drive nutrient de-
mand within streams and are lacking in those draining
younger aggrading forests. Thus, the successional time
course of biogeochemical functioning for forested
streams, and potentially for other allochthonous-based
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FIG. 1. Map of the southeastern United States showing the location of the Joyce Kilmer–Slick Rock Wilderness Area.
The detailed map shows study sections of streams draining old-growth (JK1–JK3) and second-growth (SR1–SR3) catchments.
The dark lines indicate watershed and wilderness boundaries.

ecosystems, may be very different than that predicted
for forests. Finally, we present a conceptual model that
provides a series of predictions relating the stages of
forest succession, aquatic–terrestrial interaction, and
biogeochemical functioning in stream ecosystems.

STUDY SITE

The research was conducted in streams of the Joyce
Kilmer–Slick Rock (JKSR) Wilderness Area in the
Nantahala National Forest, Graham County, North Car-
olina, USA, during July and August of 1998 (Fig. 1).
The JKSR Wilderness Area includes the Joyce Kilmer
Memorial Forest (JK), a 1540 ha forest preserve rang-
ing in elevation from 670 m to 1600 m. The JK forest
was never logged due to the construction of a nearby
dam that flooded the only railroad access to the forest.
The forest is composed of mixed hardwood stands,
many of which are .400 yr old. Catchments in the
adjacent Slick Rock (SR) Wilderness Area cover 4550
ha ranging from 330 m to 1600 m elevation and are
characterized by similar mixed hardwood and ever-
green stands. The SR forests were logged from 1917
until the construction of the Calderwood Lake Dam in
1922 (Cheoa Ranger District Office, USDA Forest Ser-
vice, personal communication).

Three streams (first or second order) within the JK

and SR forests were selected as study sites (Fig. 1,
Table 1). Streams in the JKSR Wilderness Area are
characterized by soft waters of low ionic strength.
While high elevation streams of the nearby Smoky
Mountains periodically receive atmospheric N inputs
that result in elevated nitrate-nitrogen (NO3-N) con-
centrations (Flum and Nodvin 1995), our sites were of
relatively low elevation (658–820 m, Table 1) and no
significant relationship between elevation and N con-
centration was observed across the study streams.

METHODS

In July 1998, stream ecosystem structure and bio-
geochemical functioning were characterized by map-
ping the stream channel, quantifying standing stocks
of benthic materials, and by executing solute injections
to assess differences in stream hydrology and nutrient
uptake.

Stream reach structure: channel geomorphology,
light, and organic matter standing stocks

Following the definitions of Gregory et al. (1991),
we measured widths of the wetted channel (WC) and
active channel (AC) along with valley floor widths
(VFW) on 7–13 transects established along each study
reach. Light was quantified as photon flux density
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(mmol·m22·s21) with a LI-1000 Photometer (Li-Cor,
Lincoln, Nebraska, USA) set to integrate one-minute
intervals during midday at each of the transects.

Stream bed sediment composition was assessed with
granulometry techniques (Bevenger and King 1995).
A single longitudinal transect was randomly placed in
a zigzag pattern and sampled at one meter intervals
over the length of each study reach. Proportion of ob-
servations belonging to a given size class was calcu-
lated based on a minimum of 200 data points for each
stream.

Epilithic OM and chlorophyll standing stocks were
quantified as the mean of three composite samples tak-
en from random locations along the stream reach. Each
composite sample included scrapings from known ar-
eas of three cobbles (;10 cm diameter) collected ran-
domly within a 10 m radius of the chosen sample site.
Rocks were scraped in the field and composite slurries
were filtered through pre-ashed and weighed glass fiber
filters (Pall Gelman Type AE, Pall Life Sciences, Ann
Arbor, Michigan, USA) that were placed on ice for
transport back to the laboratory. In the laboratory, fil-
ters were bisected and used to quantify epilithic OM
as ash-free dry mass (AFDM) following standard meth-
ods and chlorophyll a using buffered acetone extraction
(Wetzel and Likens 1991).

Standing stock of large woody debris (LWD) was
measured using the line-transect method (Wallace and
Benke 1984). Because of small stream widths, we es-
tablished a single longitudinal transect that extended
the entire length of each study reach and quantified the
location and diameter of all wood that intersected the
transect. Volume of woody debris per square meter of
stream bottom was quantified following Wallace and
Benke (1984). Wood mass per unit area (g AFDM/m2)
was calculated using a specific gravity of 0.356 g
AFDM/cm3 (Wallace et al. 2000).

We measured debris dam frequency by recording
their number and location along the length of the study
reach in each stream. Debris dams were defined as ac-
cumulations of OM that spanned the width of the
stream and included at least one piece of woody debris
with a minimum diameter of 5 cm.

Chemical properties of water and sediment

Water samples were filtered within six hours of col-
lection using glass fiber filters (Whatman GFF, 0.70-
mm pore size) and frozen until analyzed. During solute
injection experiments, temperature, dissolved oxygen
(DO), DO saturation (%), and temperature-compen-
sated electrical conductivity were recorded at 15-s in-
tervals using automated sondes (Hydrolab Model 4A,
Austin, Texas, USA). Values recorded before the ini-
tiation of the injections were used to characterize back-
ground stream conditions. Background water samples
were analyzed for a variety of dissolved constituents.
Laboratory detection limits for each analyte were de-
termined with the Method Detection Limit approach

(American Public Health Association 1998) and are
presented preceding the method reference. Concentra-
tions of chloride (Cl), ammonium nitrogen (NH4-N)
and nitrate nitrogen (NO3-N) were determined on an
Autoanalyzer II (Technicon, Emeryville, California,
USA). Chloride was analyzed with the mercuric thio-
cyanate–ferric nitrate method (0.39 mg/L, Zall et al.
1956). The phenolhypochlorite method (0.007 mg/L,
Solorzano 1969) and cadmium–copper reduction
(0.001 mg/L, Wood et al. 1967) were used to determine
NH4-N and NO3-N, respectively. The molybdate–an-
timony method (0.001 mg/L, Murphy and Riley 1962)
was used to determine ortho-phosphate (PO4-P) as sol-
uble reactive phosphorus. Dissolved organic carbon
was determined via persulfate digestion (0.7 mg/L,
Menzel and Vacarro 1964) on a Model 700 Total Or-
ganic Carbon Analyzer (Oceanographic International,
College Station, Texas, USA). Total inorganic nitrogen
(TIN) is the sum of NO3-N and NH4-N, and atomic
ratios of N:P were calculated from TIN and PO4-P con-
centrations.

Solute injections, transport modeling, and
nutrient uptake

Co-injections of a conservative tracer (i.e., Cl) and
a biologically active solute (PO4-P) were executed in
each stream during summer baseflow. A concentrated
solution of Cl (as NaCl) and PO4-P (as K2HPO4) was
added at a constant rate to the head of each experi-
mental reach using a fluid metering pump (FMI, Syos-
set, New York, USA). Tracers were added at a point
of natural constriction at the head of each experimental
reach and monitored at six to eight equally spaced
downstream sampling transects.

Solute injections were carried out from 19 July to
21 July 1998, during daylight hours. Replicate (n 5 3–
5) background and plateau (i.e., fully mixed tracer con-
tent) water samples were collected at each sampling
transect and analyzed for solutes.

Solute transport modeling

One-dimensional modeling of transport including in-
flow and transient storage (Bencala and Walters 1983)
was used to characterize hydrologic conditions along
each of the study reaches. Conductivity data (converted
to Cl concentration using regression curves established
in the laboratory) provided by the automated sondes
were used to analyze solute transport with the model
of Hart (1995). An iterative process of model parameter
adjustment was applied to produce predicted values of
Cl concentration at the downstream transect and an
optimization subroutine used to statistically determine
best-fit parameters (Hart 1995, Harvey and Wagner
2000). Reach lengths at each site were established to
provide a spatial scale balanced for assessment of nu-
trient uptake and hydrologic exchange. Damkohler co-
efficients (Wagner and Harvey 1997) calculated for in-
jection experiments ranged from 0.81 to 4.72 with a
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TABLE 1. Physical and chemical properties of the study streams in the Slick Rock Wilderness Area (SR1–SR3) and the
Joyce Kilmer Memorial Forest (JK1–JK3).

Site Name
Elevation

(m)
Conductivity

(mS/cm)
Temperature

(8C)

Dissolved oxygen

(mg/L) (% saturation)

SR1
SR2
SR3
JK1
JK2
JK3

Little Stack Gap
Buckeye Branch
Big Fat Gap
Poplar Cove
Adam Camp Branch
Indian Springs

683
667
658
744
820
753

10.7–11.1
11.3–11.7
11.5–11.9

9.7–10.1
7.5–7.7
7.2–7.5

19.0–19.3
19.1–19.3
19.9–20.1
16.3–16.6
17.6–17.7
17.1–17.4

7.0–7.4
7.1–8.1
7.6–8.0
8.1–9.0
7.6–7.9
7.9–8.4

75.0–80.3
88.7–92.5
86.5–90.5
83.6–91.9
79.3–82.7
81.9–87.7

Notes: Data are means 6 1 SD calculated from 10–14 background samples from each stream. For conductivity, temperature,
and dissolved oxygen, values are presented as the limits of ;50–100 observations obtained from automated sensors placed
in each stream. N:P ratios are calculated from mean TIN and PO4-P concentrations.

mean of 2.51, indicating moderate uncertainty in tran-
sient storage modeling (Harvey and Wagner 2000).

Variables obtained from the model characterize fea-
tures of both the surface channel and storage zone.
Surface parameters include water velocity (v, m/s),
stream channel cross-sectional area (A, m2), and dis-
persion (D, m2/s). Storage zone parameters are storage
zone cross-sectional area (AS, m2) and exchange co-
efficient (a, s21), a measure of the percent of water
entering storage per unit time. The ratio AS/A was used
to represent storage zone size relative to the channel
cross-sectional area. Combinations of model parame-
ters were used to calculate the surface water residence
time (TSurf 5 1/a, min), storage water residence time
(TSto 5 [AS/(aA)], min) and the hydraulic retention fac-
tor (RH 5 AS/Q, s/m) which represents the amount of
time water spends in the storage zone for each meter
advected downstream (sensu Morrice et al. 1997).

Analysis of plateau tracer concentrations: dilution
and nutrient uptake

Discharge (Q, L/s) at the upstream transect was cal-
culated using dilution gauging methods. Stream depth
(z, m) was determined from mean width measures, dis-
charge calculations, and water velocity (provided by
model output). Lateral inflow (QL, L·s21·m21) of water
without tracer and dilution corrections for plateau PO4-
P concentrations were determined following standard
techniques (Stream Solute Workshop 1990). Back-
ground-corrected and dilution-corrected plateau PO4-P
was ln-transformed and regressed against distance
downstream. Uptake lengths for PO4-P (SW, m) were
calculated as the negative inverse of the regression co-
efficient (Stream Solute Workshop 1990). Uptake
lengths were normalized to stream depth and water
velocity as follows:

vz
V 5 1000 (1)f 1 2Sw

where Vf 5 uptake velocity (mm/s), z 5 stream depth
(m), v 5 water velocity (m/s). Uptake rates (U, mg
P·m22·h21) for PO4-P were calculated as the product
of the uptake velocity and mean background PO4-P
concentration (Stream Solute Workshop 1990):

3U 5 V [PO -P] 3.6 3 10f 4 (2)

where U 5 areal PO4-P uptake rate (mg P·m22·h21), Vf

5 PO4-P uptake velocity (mm/s), [PO4-P] 5 mean
background PO4-P concentration (mg/L), and 3.6 3 103

5 conversion factor to satisfy unit requirements.

Statistical analysis: old-growth vs.
second-growth forests

Because of small sample size (n 5 3 streams/forest
type) and associated problems with assumptions of nor-
mality and equivalence of variance, we used nonpara-
metric statistical analyses (a 5 0.05) to compare
streams of old-growth and second-growth forests. Wil-
coxon signed-ranks test was used to compare physical
and chemical measures (e.g., stream geomorphology,
solute transport parameters), and variables representing
ecosystem structure (e.g., organic matter standing
stocks, chlorophyll a) and function (uptake length, ve-
locity, and rate). Spearman rank correlations were cal-
culated for pairs of variables (n 5 6) to assess rela-
tionships among streams or within (n 5 3) stream
groups. All statistical analyses were performed on SAS
Version 6 (SAS 1990).

RESULTS

Physical and chemical characteristics of
stream water

Electrical conductivity was low in all streams (7.2–
11.9 mS, Table 1). While mean values were signifi-
cantly higher (P 5 0.049) in old-growth streams, they
differed by only 3 mS. Surface water was well oxy-
genated (DO 5 7–9 mg/L, 75–92% of saturation, Table
1). Percent saturation was 4.3% lower (P 5 0.046) in
old-growth streams. At the same time, mean stream
temperature was 2.38C higher (P 5 0.046) in second-
growth streams where values ranged from 19.08C to
20.18C (16.38–17.78C for old-growth streams). No sig-
nificant differences between stream groups existed for
any measure of stream chemistry (P . 0.2 for all com-
parisons). Concentrations of NH4-N were all below de-
tection limit (i.e., ,0.007 mg/L, Table 1). Mean PO4-P
concentrations were similar (;0.004 mg/L, Table 1)
and ranged only 0.003 mg/L among all streams. In
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TABLE 1. Extended.

NH4-N
(mg/L)

NO3-N
(mg/L)

PO4-P
(mg/L)

Atomic
N:P

Dissolved organic
carbon (mg/L)

,0.007
,0.007
,0.007
,0.007
,0.007
,0.007

0.183 6 0.030
0.140 6 0.070
0.041 6 0.024
0.124 6 0.013
0.054 6 0.004
0.020 6 0.002

0.005 6 0.001
0.005 6 0.001
0.003 6 0.001
0.005 6 0.001
0.004 6 0.001
0.006 6 0.001

57.0
25.6
17.7
83.5
63.7
16.6

0.4 6 0.1
0.4 6 0.1
0.6 6 0.1
0.5 6 0.1
0.7 6 0.1
0.5 6 0.1

TABLE 2. Channel geomorphology, light, large woody debris, and epilithic characteristics for
old-growth streams of the Joyce Kilmer Memorial Forest and second-growth streams in the
Slick Rock Wilderness Area.

Stream reach characteristics
Old-growth

streams
Second-growth

streams P

Channel geomorphology
Valley floor width (VFW, m)
Active channel width (AC, m)
VFW:AC†

7.93 6 0.28
2.67 6 0.70
3.30 6 0.97

6.21 6 1.34
2.82 6 0.35
2.15 6 0.21

0.50
0.51
0.27

Light
PAR photon flux density (mmol·m22·s21) 14.2 6 3.4 12.2 6 1.12 0.51

Large woody debris
Debris dam frequency (no./100 m)
Wood volume (m3/m2)
Wood mass (kg/m2)

5.8 6 2.3
0.0234 6 0.0082

8.335 6 2.927

0.30 6 0.33
0.00014 6 0.00005

0.050 6 0.032

0.046
0.049
0.049

Epilithic characteristics
Chlorophyll a (mg/m2)
AFDM (g/m2)
Organic matter (%)

33.1 6 3.1
10.2 6 1.2
8.37 6 0.99

33.2 6 7.4
4.1 6 0.9

3.57 6 0.70

0.51
0.049
0.049

Notes: Data are means 6 1 SE for three streams of each forest type. P values derived from
Wilcoxon’s signed-ranks test are given in the final column.

† Mean and SE for VFW:AC were determined from square-root transformed data, and values
shown here are back-transformed.

contrast, NO3-N concentrations were higher and spa-
tially more variable. Lowest concentrations were found
in the old-growth streams, but values among those
streams varied from 0.020 mg/L to 0.124 mg/L. Nitrate-
N varied comparably in second-growth streams (Table
1). Mean TIN concentration was never .0.180 mg/L
and NO3-N was the major constituent (83–97%) due to
low concentrations of NH4-N. Atomic N:P ratios re-
flected variation in NO3-N concentration and ranged
from 16.6 to 83.5 (Table 1). Dissolved organic carbon
concentrations were low (;0.5 mg/L) and statistically
similar in old-growth and second-growth streams.

Channel and benthic structure

Channel structure did not differ significantly be-
tween stream groups (Table 2). Characteristic of head-
water streams, VFW was small (;6–8 m, Table 2) and
AC widths were only 2–3 m. Consequently, all streams
were considered unconstrained (i.e., VFW:AC . 2,
Gregory et al. 1991). Photon flux density beneath the
canopy was low for all streams (,1% incident light)
and did not differ significantly between forest types
(Table 2).

Wood storage was greatly reduced in second-growth
compared to old-growth streams (Table 2). The number
of debris dams in old-growth streams (5.8/100 m) was
nearly 20 times that recorded for second-growth
streams (Table 2). Total wood volume in old-growth
streams was more than two orders of magnitude greater
than in second-growth streams (Table 2) representing
nearly 170 times the wood biomass found in streams
draining the younger forests.

Benthic algal standing crops were low (33 mg/m2

chlorophyll a), nearly identical, and not significantly
different between old-growth and second-growth sys-
tems (Table 2). In contrast, mean epilithic OM standing
stock in old-growth streams (10.2 g AFDM/m2) was
significantly greater (P 5 0.049) than in second-growth
streams (4.1 g AFDM/m2, Table 2). Higher epilithic
OM in old-growth streams resulted primarily from sig-
nificantly greater (P 5 0.049) OM content per unit mass
of epilithic material (Table 2).

Relative abundance of sediment size classes (Fig. 2)
showed that there were more fine-grained particles in
old-growth streams. Old-growth streams were char-
acterized by a bimodal distribution, dominated by the
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FIG. 2. Relative abundance of sediment size classes in
streams of old-growth and second-growth forests. Propor-
tional abundance was determined within each stream, and data
were arcsine-square root transformed before calculation of
mean and standard error. Bars (mean 6 1 SE) represent values
obtained after back transformation. Significant differences (P
, 0.05) between old-growth and second-growth streams with
regard to the proportion of sediment present in a given size
class are identified with an asterisk following nonparametric
t tests.

largest and smallest size classes (Fig. 2). In contrast,
relative abundance of particles in second-growth
streams generally increased with increasing particle
size (Fig. 2). In second-growth streams, sediments of
the largest size class represented ;38% of all obser-
vations, while the smallest size class represented ,2%
of sampled particles. Relative abundance differed sig-
nificantly between stream groups for three size classes,
including particles ,2 mm, 2–2.8 mm, and 11–16 mm
(Fig. 2). While the difference in relative abundance in
the ,2 mm size class was striking (28.1% vs. 1.6%)
relative abundance in the 2.8 mm and 11 mm classes
differed by only 0.9% and 2.0% (Fig. 2). Among
streams, relative abundance of the smallest size class
was positively correlated with wood volume (r 5 0.81,
P 5 0.05) and debris dam frequency (r 5 0.90, P 5
0.01). Despite low statistical power (i.e., n 5 3), the
relationships between abundance of fine sediments and
wood volume or debris dam frequency remained sig-
nificant (P , 0.0001) among old-growth streams. In

contrast, these variables were not related significantly
(P . 0.66) among second-growth streams.

Ecosystem hydrology and transient storage

Stream discharge ranged from 4.2 to 9.9 L/s and
mean increase along study reaches was 39% and 25%
in old-growth and second-growth streams, respectively.
Lateral inflow, wetted stream widths, stream cross-sec-
tional area, water depth, water velocity, and dispersion
coefficients did not differ significantly between groups
of streams (Table 3).

Streams draining second-growth forests had larger
storage zones than streams within the old-growth catch-
ments (Table 3). Absolute size of the transient storage
zone (AS) in second-growth streams was 1.6 times
greater (P 5 0.07, Table 3) than in old-growth streams.
Similarly, when normalized to the cross sectional area
of the channel water, storage zone area (AS/A) was 1.5
times higher (P 5 0.05) in second-growth streams (Ta-
ble 3). Average storage zone exchange coefficients (a)
were nearly identical and did not differ significantly
(Table 3).

Average residence times in old-growth and second-
growth streams were similar and stream types did not
differ significantly in respect to surface water residence
time. Mean storage zone residence times (TSto) were not
statistically different between stream groups (Table 3),
reflecting low statistical power and variation in storage
zone residence times for streams of old-growth forests
(CV 5 118%). In contrast, the hydraulic retention factor
(RH) did differ significantly between stream types (Ta-
ble 3) and the mean value for second-growth streams
was 2.4 times greater than that for old-growth streams.

Phosphorus uptake and retention

Solute injections increased PO4-P by a mean of 0.008
mg/L and 0.011 mg/L in second-growth and old-growth
streams, respectively, representing an approximate
three-fold increase above background concentrations.
Uptake lengths (SW) were shorter in old-growth streams
(Fig. 3A), but SW did not differ significantly (P 5 0.12)
between forest types. Uptake lengths were correlated
only with the number of debris dams (r 5 20.87, P 5
0.02), reflecting a decrease in PO4-P travel distance
with increasing dam abundance.

Uptake velocities (Vf) in old-growth streams aver-
aged 0.18 6 0.05 mm/s vs. only 0.04 6 0.02 mm/s in
second-growth streams (Fig. 3B), representing signif-
icantly greater (P 5 0.046) ability of old-growth
streams to extract PO4-P from the water column. Up-
take velocities were positively correlated with the vol-
ume of woody debris (r 5 0.81, P 5 0.05) and even
more closely with number of debris dams (Fig. 4A, r
5 0.995, P , 0.0001). Uptake velocities were also
positively correlated with the relative abundance of fine
sediments (Fig. 4B, r 5 0.90, P 5 0.01). At the same
time, uptake velocities decreased with increasing tran-
sient storage (i.e., AS/A, Fig. 4C, r 5 20.81, P 5 0.05).
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TABLE 3. Hydrologic properties of surface and storage zones in study streams of old-growth
and second-growth forests.

Measure
Old-growth

streams
Second-growth

streams P

Surface flow parameters
Discharge (Q, L/s)
Lateral inflow (QL, L·s21·m21)
Stream width (w, m)
Depth (z, m)
Stream x.s. area (A, m2)
Velocity (V, m/s)
Dispersion (D, m2/s)

8.20 6 0.98
0.126 6 0.003

1.58 6 0.18
0.09 6 0.03
0.13 6 0.02
0.08 6 0.01
0.07 6 0.03

5.50 6 1.25
0.094 6 0.017

2.36 6 0.59
0.06 6 0.03
0.11 6 0.03
0.06 6 0.01
0.03 6 0.01

0.12
0.68
0.27
0.26
0.48
0.10
0.18

Storage zone parameters
Storage zone x.s. area (AS, m2)
Normalized storage zone area† (AS/A, m2/m2)
Exchange coefficient (a, s21)

0.06 6 0.003
0.50 6 0.07

0.0010 6 0.0008

0.10 6 0.02
0.88 6 0.05

0.0013 6 0.0006

0.07
0.05
0.65

Residence times
Surface residence time‡ (TSurf, min)
Storage residence time‡ (TSto, min)
Hydraulic retention factor‡ (RH, s/m)

15.8 6 4.5
8.4 6 2.2

0.008 6 0.001

13.5 6 2.6
12.1 6 2.0

0.017 6 0.003

0.82
0.27
0.05

Notes: Data are means 6 1 SE for three replicate streams from each group. P values derived
from Wilcoxon’s signed-ranks test are given in the final column.

† Means and SE were calculated on square-root transformed data, and tabular values were
back-transformed.

‡ Means and SE were calculated on inverse transformed data, and tabular values were back-
transformed.

In old-growth streams, PO4-P uptake per square me-
ter of stream bottom (U ) averaged 2.65 6 0.55 mg
P·m22·h21 and was significantly greater (P 5 0.046)
than in second-growth streams (0.73 6 0.23, Fig. 3C).
Due, in part, to low variability in ambient PO4-P con-
centrations, correlations between measures of stream
structure and U were nearly identical to those for Vf.

DISCUSSION

Large woody debris

Wood standing stocks and debris dam frequency
were greater in old-growth streams than in adjacent
logged streams, despite 75 yr of forest regeneration.
Our mean value of ;8 kg/m2 is comparable to measures
from other streams in old-growth deciduous forests of
the southeastern United States (7.6–10 kg/m2; Triska
and Cromack 1980, calculated from Silsbee and Larson
1983, calculated from Hedman et al. 1996).

Large woody debris standing stocks in second-
growth streams of the Slick Rock Wilderness Area were
lower than those recorded for other southeastern sec-
ond-growth forests of comparable age. For example,
Silsbee and Larson (1983) reported mean wood vol-
umes in streams of second-growth catchments in the
Smoky Mountains that were 60 times greater than our
estimates for second-growth catchments. Differences
in LWD standing stocks may have resulted from a num-
ber of factors, including differential mortality or tree
harvest selection. However, it is more likely that dif-
ferences relate to the logging methods employed in the
Slick Rock Wilderness Area.

In the southern Appalachian Mountains, standing
stock of LWD in streams draining midsuccessional

(i.e., 40–70 yr post disturbance) forests was found to
depend largely on residual wood from previous stand-
forming disturbances (Hedman et al. 1996). Dolloff
(1993) and Benfield (1995) emphasized the use of rail-
roads constructed along stream beds of the southern
Appalachian Mountains as a method for removing tim-
ber from low order catchments. In this manner, low
order streams were developed as ‘‘conduits’’ for wood
transport and LWD was removed for rail construction.
Rail remnants were evident in two of our second-
growth study catchments. While logging practices may
differ in their treatment of instream LWD (Waters
1995), the very low standing stocks of wood and nearly
complete absence of debris dams in Slick Rock streams
suggest removal of carryover debris.

As suggested by the Biomass Accumulation Model
and supported by comparable models of LWD loading
following catchment-level disturbance (e.g., Webster
et al. 1992, Hedman et al. 1996), aggrading second-
growth forests have contributed little lasting wood to
streams of the Slick Rock Wilderness Area. Senescence
of mature trees provides the necessary elements to
build debris dams and initiate long-term retention of
wood. Triska et al. (1982) estimated that this would
require 150 yr of forest regrowth for streams of the
Pacific Northwest, USA. Webster et al. (1992) sug-
gested that as much as 300 yr of hardwood forest re-
growth would be needed to reestablish pre-disturbance
LWD standing stocks in the southern Appalachian de-
ciduous forest.

Stream bed sediments

Across all study streams, the abundance of fine sed-
iment was closely related to the quantity of wood mea-
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FIG. 3. Nutrient retention measures in old-growth and
second-growth streams including (A) uptake length (SW; m),
(B) uptake velocity (Vf; mm/s), and (C) uptake rate
(U; P·m22·h21). Data are means 6 1 SE, and P values reflect
results of nonparametric t tests between groups.

FIG. 4. (A) Relationship between uptake velocity (Vf;
mm/s) and debris dam frequency. Note that a single data point
is hidden on this plot. (B) Relationship between uptake ve-
locity and relative abundance (%) of fine (,2 mm) sediments.
(C) Relationship between uptake velocity and size of the nor-
malized transient storage zone (AS/A; m2/m2) in old-growth
(solid symbols) and second-growth (open symbols) streams.

sured both as standing stock and debris dam frequency.
This association between fine sediment and wood abun-
dance was evident among streams draining old-growth
catchments. On the other hand, wood and fine sediment
were uncommon and their abundance unrelated when
analysis was restricted to second-growth streams.

During forest harvest and other agricultural practic-
es, large quantities of fine sediments are introduced to
streams draining impacted basins (Waters 1995). This
may have been the case for streams of the Slick Rock
Wilderness Area. However, following re-vegetation,
bank stabilization, and decreased erosion, sediment in-
put to the stream is eventually reduced. We contend
that the lack of LWD and loss of debris dams has de-
creased the capacity for Slick Rock streams to retain
smaller particles, resulting in a net loss of fine-grained
sediments. Monitoring of clear-cut and reference for-
ests (Monk 1975) and experimental removal of LWD
(Bilby 1981, Dı́ez et al. 2000) have documented drastic

losses of sand and silt from impacted stream beds. The
loss of fine-grained sediment may generate substan-
tially different bed conditions within a reach including
altered surface area and bed permeability (Chapman
1989).

Light availability and epilithic characteristics

Well developed forest canopies and understory veg-
etation reduced light to ,1% of incident levels in all
study streams. Typical of headwater streams in the
southern Appalachian region, standing stocks of chlo-
rophyll a were low at all sites. Epilithic OM standing
stocks, however, were significantly greater in old-
growth streams, suggesting more extensive develop-
ment of heterotrophic components of benthic biofilms.
In combination with increased debris dam frequency
and greater abundance of fine sediments, greater epi-
lithic OM suggests a more biologically active benthic
environment.
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Hydrologic characteristics

In-channel hydrologic characteristics were similar
among sites and typical of montane streams of the me-
sic southeastern United States (D’Angelo et al. 1993).
Others have indicated that presence of debris dams and
LWD reduces channel velocity (Wallace et al. 1995).
In our study, however, no significant differences were
observed between streams of old-growth and second-
growth forests despite large differences in wood con-
tent (Tables 2 and 3). Lack of distinction between mean
velocities may be due to low statistical power. How-
ever, it may also reflect variation in stream gradient
and the fact that tracer-derived velocities integrate short
(i.e., thalweg) and long (i.e., interstitial) flow paths
(Stream Solute Workshop 1990).

Historically, the extent of transient storage in streams
has been interpreted to represent the degree of ground-
water–surface water interaction (Bencala et al. 1984,
D’Angelo et al. 1993, Valett et al. 1996, 1997). More
recently, others have cautioned that the amount of stor-
age attributed to aboveground areas of slack water (e.g.,
eddies, backwaters, pools) is unknown (Harvey et al.
1996, Harvey and Wagner 2000). Despite higher LWD
standing stocks and increased debris dam frequency,
the extent of transient storage was significantly lower
in old-growth streams compared to second-growth
streams. Both the absolute (AS) and normalized tran-
sient storage size (AS/A) in second-growth streams were
nearly double those in old-growth streams (Table 3).
Streams in second-growth catchments lacked signifi-
cant aboveground storage potential (i.e., few debris
dams or large pools). However, bed sediments were
dominated by coarse size classes compared to old-
growth streams (Fig. 2). Given the close relationship
between sediment particle size and hydraulic conduc-
tivity (Fetter 1994), we contend that the larger size,
lack of fine sediments, and lower OM content of Slick
Rock stream beds resulted in greater alluvial hydraulic
conductivity. Morrice et al. (1997) documented in-
creased transient storage associated with increasing al-
luvial hydraulic conductivity in headwater streams of
the Rocky Mountains, United States. More extensive
surface–subsurface exchange appears to have caused
water in second-growth streams to spend significantly
more time in storage for each meter of downstream
travel (i.e., significantly greater RH, Table 2).

Nutrient uptake and retention

Streams of the southern Appalachian Mountains are
generally P limited (Webster et al. 1995) and PO4-P
uptake lengths are short compared to those measured
for NO3-N (Munn and Meyer 1990, Webster et al.
1991). While Meyer and Likens (1979) illustrated that
PO4-P uptake in a New England stream was primarily
abiotic (i.e., due to sorption), Munn and Meyer (1990)
showed that PO4-P uptake in streams of the Coweeta
Hydrologic Laboratory (Otto, North Carolina, USA)

was mainly biotic and this is probably the case for
nearby JKSR streams.

Uptake lengths for JKSR streams are relatively short
compared to many published values for phosphorus-
limited streams from a variety of settings including
temperate hardwood forests (Webster et al. 1991, Mul-
holland et al. 1997), hardwater Mediterranean streams
(Martı́ and Sabater 1996), and Australian highlands
(Hart et al. 1992). At the same time, differences in
uptake lengths between old-growth and second-growth
streams were not significant.

Uptake velocities, Vf, normalize uptake lengths for
stream depth and velocity, hence providing a more bi-
ological perspective of nutrient transfer from dissolved
to particulate components. Thus, Davis and Minshall
(1999) argued that Vf may be a better parameter for
comparison among streams and for determining the un-
derlying biotic factors that influence nutrient retention.
Uptake velocities in Joyce Kilmer streams were much
greater than those in the Slick Rock Wilderness Area
(Fig. 3B). Relatively few direct measures of uptake
velocity are available from the literature, but values
can be obtained from other published uptake parame-
ters (Eqs. 1 and 2). In comparison with other studies,
PO4-P uptake velocities for JKSR old-growth streams
are among the highest recorded. Published uptake ve-
locities for phosphorus-limited headwater streams of
southeastern deciduous forests range an order of mag-
nitude from 0.007 to 0.07 mm/s (Newbold et al. 1983,
Munn and Meyer 1990, Mulholland et al. 1997). Values
on the upper end of this range are similar to those we
report for streams of second-growth forests in the Slick
Rock Wilderness Area while uptake velocities for old-
growth streams were greater (0.18 mm/s, Fig. 3B). In
addition to greater uptake velocities, old-growth
streams displayed significantly higher areal PO4-P up-
take rates (Fig. 3C) while ambient PO4-P concentra-
tions were similar among streams (Table 1). Together
these results illustrate significantly greater PO4-P up-
take in streams draining old-growth streams than in
those of second-growth catchments.

Despite earlier studies that showed increased nutrient
uptake with greater transient storage (Valett et al. 1996,
Mulholland et al. 1997), uptake velocities decreased
strongly with increasing storage zone extent (i.e., AS/
A) suggesting that biological retention of P was not
dominated by processes occurring within storage zones
(i.e., hyporheic processes). Instead, uptake velocities
and rates increased with increasing abundance of wood,
debris dam frequency, and the proportion of the stream
bed composed of fine sediments (Fig. 4). We contend
that wood deposited in old-growth streams results in
greater nutrient retention (i.e., higher uptake velocities
and rates) by (1) retaining fine sediments that promote
biological activity due to their high surface area, (2)
entraining OM that would otherwise be lost to down-
stream reaches, and (3) acting as active sites of mi-
crobial activity. The retention of particulate organic
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FIG. 5. Proposed successional patterns of organic matter
(OM) standing stock and nutrient retention in forests and
streams following catchment-level disturbance. (A) Forest
biomass as predicted by the Biomass Accumulation Model
(Bormann and Likens 1979). (B) Theoretical time course of
catchment nutrient retention reflecting net biomass increment
associated with forest succession (Vitousek and Reiners
1975). (C) Stream OM standing stock following forest clear-
cutting (Harmon et al. 1986, Webster et al. 1995). (D) Pro-
posed successional pattern of nutrient retention within the
stream ecosystem. Panels A and B relate OM dynamics and
nutrient retention for autochthonous terrestrial ecosystems
where metabolic steady state and zero net retention charac-
terize late successional stages. In contrast, stream ecosystems
within forested catchments receive substantial allochthonous
inputs, and OM dynamics are tied to interaction with the
surrounding forest. Immediately following clear-cutting, OM
standing stocks may be extremely low or high depending on
the removal or addition of wood associated with logging prac-
tices (panel C). In either case, retention by the stream is
expected to be high (panel D) as a result of temporary increase
in autochthonous primary production (following the removal
of wood) or increased heterotrophic demand (from pulsed
input of logging debris). As succession proceeds, in-stream
OM standing stocks decline (panel C) due to biotic processing
and the transient nature of input from early successional spe-
cies. When the surrounding forests enter the transitional phase

←

(panel A), streams accumulate OM (panel C) and are char-
acterized by high levels of nutrient retention during late suc-
cessional stages (panel D).

material may be of great significance to PO4-P uptake
and P standing stock given the propensity for floods to
export P from headwater streams (Meyer and Likens
1979). Further, Tank and Webster (1998) showed that
wood surfaces can be significant sites of nutrient con-
sumption and that their role as a nutrient sink is en-
hanced in the absence of more labile OM (i.e., leaves).

Retention and successional theory

Hedin et al. (1995) described the biogeochemical
theory of successional response to disturbance as in-
vestigated in old-growth forests of Chile. In this, and
similar investigations (Vitousek and Reiners 1975, Lik-
ens et al. 1978), streams were used to assess biogeo-
chemical status of the watershed, in part because of
their propensity to integrate catchment response. The
biogeochemical theory of succession emphasizes that
the net biomass increment of the vegetation drives nu-
trient retention in forested catchments. In ecosystems
supplied by autochthonous inputs, rates of gross pri-
mary production and respiration are expected to be
equal, net biomass increments negligible, and net nu-
trient retention near zero at successional climax. We
contend that energy flow and nutrient retention in
stream ecosystems should follow a different succes-
sional course.

The notion that old-growth streams should be most
retentive is common in the literature. Smock et al.
(1989) presented a successional interpretation of their
experimental manipulations of debris dam frequency
by stating that old-growth streams should have con-
siderably greater OM storage and shorter spiraling
lengths. While no earlier work is available to compare
nutrient spiraling in old-growth and second-growth
streams, Triska et al. (1984) provided a detailed N bud-
get for a headwater stream draining a 450-yr-old co-
niferous forest of the Pacific Northwest, USA. Their
seasonal assessment of N transport, storage, and reten-
tion showed that on an annual basis the stream was a
net sink for N, with retention representing as much as
66% and 48% of input in the summer and fall, respec-
tively. Lower annual retention (34%) was attributed to
flooding and export during spring (Triska et al. 1984).

In general, streams are allochthonous-based systems
where OM dynamics are dictated by import from the
surrounding catchment (Fisher and Likens 1973). In
undisturbed streams that drain old-growth forests, rates
of primary production are light limited (Gregory 1979),
ecosystem metabolism is dominated by heterotrophic
respiration, and P/R ratios are low (Bott et al. 1978,
Minshall et al. 1983). As streams and their surrounding
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catchments recover from disturbance they are linked
to each other by flows of matter and energy. Forest
succession models predict senescence of older trees
during later stages of succession. These allochthonous
inputs provide continuous loading of OM into streams
that drain old-growth forests. Accumulation of carbon-
rich woody debris and other forms of OM ensures a
continuous demand for nutrients (Fig. 5), reflecting the
environmental stoichiometry (sensu Elser and Urabe
1999) of the detrital pool.

This perspective differs from that provided by
Grimm (1987) who tested the Vitousek and Reiners
(1975) retention model following flooding in Sycamore
Creek, a Sonoran Desert stream. Her study generally
supported the proposal that diminished net biomass in-
crement and reduced retention capacity are character-
istic of late stages of stream succession. To some de-
gree, OM dynamics and N retention in Sycamore Creek
are expected to be analogous to forests because of the
strong influence of autochthonous autotrophic pro-
cesses (Busch and Fisher 1981, Fisher et al. 1982) and
reduced interactions between the ecosystem and its sur-
roundings (i.e., low rates of allochthonous OM loading,
Schade and Fisher 1997).

In many ways, forested streams are more analogous
to soils (sensu Wagener et al. 1998) in that they are
allochthonous systems that remain retentive in late
stages of forest succession. Sollins et al. (1980) em-
phasized that soils of an old-growth coniferous forest
remained retentive of many elements, especially N and
P. They noted that deep soil solutions collected beneath
horizons that support most biotic activity were enriched
in dissolved solutes compared to stream water concen-
trations measured at the weir. Together, these obser-
vations suggest retention along the stream–riparian cor-
ridor. Further, Sollins et al. (1980) stated that the bio-
geochemical theory of Vitousek and Reiners (1975)
seemed applicable to soils in that systems gaining OM
continue to be retentive of inorganic nutrients. We ar-
gue that this perspective applies to both soils and
streams as subsystems of old-growth catchments with
accumulating OM pools.
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