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Abstract

Suspended particles (seston) in streams are an important source of nutrition for many invertebrates, forming a strong trophic link
between plant and animal production. In forested regions the management of riparian corridors may alter alloehthonous and -
autochthonous contributions to streams, ultimately changing the biophysical characteristics of seston. This article examines the
effects of riparian condition on the biophysical parameters of seston at summer base- flow from 19 small. headwater streams (st
— 3rd order) on the Olympic Peninsula of Washington. Consistent with other studies, seston concentrations and percent of organic
matter were not cosrelated with any single or combination of riparian characteristics. Nevertheless, there are several riparian
effects on the biotic charactensncs of seston. Chlorophyll-a concentrations were generally <1.0 mg Chl-a-L"' but correlated
signitifcantly with canopy closure, particularly for streams of st and 2nd. order. C:N ratios ranged from.7.6 t0 25.6 and mean.
values at coniferous sites were significantly higher than those at alder-dominated deciduous sites or at sites with no appreciable
riparian cover. Particle diversity showed that diatoms were a significant proportion of total seston diversity (range = 47-66% of the
number of particles). although significantly higher concentrations of diatoms were found in sites lacking canopy cover. Surpris- -
ingly, wood particles were not well represented (range 2-4% of seston particles) and wood concentration did not vary by riparian
cover type or by any other measured parameter. We conclude that riparian condition affects summer food quality, but not the

amount of suspended organic matter. -

Introduction

Disturbance in the riparian corridor often causes
dramatic shifts in the trophic base of headwater
streams. Disturbed streamside forests typically
allow greater penetration of direct sunlight and
the influx of limiting nutrients such as nitrogen
and phosphorus. Ultimately, autochthonous pro-
duction (e.g., algal growth) increases in these
meodified systems, and less allochthonous mate-
rials are contributed from the riparian corridor.
We suspect that these changes are expressed in
the type,. diversity, and quantity of particulate
materials in suspension (i.e., seston).

Positive relationships exist between stream

" - power and seston concentration during storm flows

in previously disturbed watersheds (Bilby and
Likens 1979, Wallace et al. 1991), but attempts
to relate seston concentration during non-storm
conditions to stream power, discharge, or any one
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physical or biological parameter largely have been
unsuccessful (Sedell et al. 1978, Naiman and Sedell
1979, Wallace et al. 1982). Seston concentration
and its biophysical characteristics appear to be
determined by complex interactions between
stream power, availability of material for export,
and the efficiency of in-stream retention and pro--
cessing (Naiman 1982, Golladay et al. 1987, Smock

et al. 1989). Changes to the biophysical charac-

teristics of seston relate directly to food quality
(e.g., C:N ratio, chlorophyll concentration, par-
ticle diversity). In natural systems there are gen-
eral downstream trends in presumed food qual-

~ ity and direct linkages between seston quality and

macroinvertebrate communities (Naiman 1983).

For example, in streams originating from lakes,
nutrient-rich seston near the outlet supports a rich
filter-feeding fauna while high-quality seston and
invertebrate assemblages decline in downstream
reaches (Maciolek and Tunzi 1968, Oswood 1979).
Chlorophyll concentrations tend to increase in
larger streams, ultimately declining in deep, turbid
rivers (Vannote et al. 1980; Naiman 1983). Also,
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similarity between seston composition and
- macroinvertebrate gut contents provides the ba-
" sis for attaching trophic implications to changes
in the biophysical characteristics of suspended
particles (Fuller and Mackay 1980).

Generally, for the Pacific Coastal Ecoregion
and other forested landscapes, base-flow seston

concentrations and riparian characteristics are .

unrelated (Naiman and Sedell 1979, Wallace et
21. 1982, Naiman 1983, Webster and Golladay
1984). Even though stormflow, debris dams and
macroinvertebrates affect total transport (Wallace
etal. 1991, Bilby 1981, Maciolek and Tunzi 1968),
the subtle dynamics of seston concentrations at
base-flow remain elusive. At the Coweeta Hydro-
logic Laboratory (North Carolina) a significant
proportion of seston is brought into suspension
by the activities of macroinvertebrates (Webster
1983, Wallace et al. 1991). '

The composition and nutritional content of
seston are related to various riparian factors, such
as canopy closure and species mix (Maridet et al.
1997). Indeed, seston is suspected to integrate a
number of riparian and landscape elements, chang-
ing temporally in response to allochthonous in-
puts and discharge regime. This is especially so
in the spatially and temporally dynamic Pacific
Northwest of North America where frequently
disturbed riparian forests are dominated by red
alder (Alnus rubra) for as long as 100 yr (Naiman
et al. 2000). In contrast, mature riparian zones
are generally conifer-dominated or characterized
by a heterogeneous array of vegetative commu-
nities. The difference in canopy structure between
alder-dominated and mature riparian forests is
presumed to markedly affect seston characteris-
tics. We thought that some of the changes in seston
characteristics would serve as another demonstra-
tion of the marked, system-level changes that re-
sult from major disturbances in the riparian canopy.
While a causal link is not established, this study

explores the relationship of riparian condition to

the biophysical characteristics of seston at sum-
mer base-flow across headwater streams in con-
trasting stages of recovery from disturbance.

Study Sites

The Olympic Peninsula.in western Washington
- 1s a highly variable ecological land mass that has

evolved unique biotic characteristics since the

~ recession of the Pleistocene glaciers 10,000 yr

R

. )]
ago. Forests on the western slope of the Olympic
Mountains receive >500 cm-of annual precipita-
tion, more than any region in the conterminous
United States-(Henderson et al. 1989). However,
the mountains are high enough to create a
rainshadow resulting in < 50 cm of annual pre-
cipitation on the lee side. This climatic and physi-
ographic diversity occurs within a relatively small
geographic area (~12,000 km?).

Nineteen streams were chosen to represent a
continuum of riparian canopy conditions:(Figure
1). The sites were 1st-3rd order streams located
within a variety of land ownerships and riparian
conditions. Most were on land managed by the
USDA Forest Service (USFS; Olympic National
Forest); others were within the management bound-
aries of the USDI National Park Service (NPS;
Olympic National Park), the Simpson Timber
Company, and the Washington State Department
of Natural Resources (DNR). All were between
180 and 915 m elevation; some were low gradi-
ent while others, particularly the higher elevation

50km " 200km

Port Angeles -

L 3
Seattle

Figure L. Map of the study sites on the Olympic Peninsula,
Washington. [* = study sites]
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sites, had gradients >30%. Some had little or no
anthropogenic disturbance, while others had ex-
perienced recent riparian deforestation. Gradient
on these sites ranged from 1-30% and riparian
condition represented sites which had not been
disturbed in centuries, to sites which were exten-
sively harvested within the past decade.

Methods

Assessing Riparian Condition

We recorded riparian cover type and canopy clo-
sure along 200-300 m of the stream site. Each
site was initially assessed by determining stream
order (Strahler), ordinal aspect, mean slope (de-
_grees), drainage area (ha), mean channel width
(m), and year of last major riparian disturbance
(either fire or human).

The riparian forest at each site was quantified
using systematic plots or belt transects. Different
methods were adopted at different physical site
types to minimize potential errors, while allow-
ing an accurate representation of the riparian cor-
ridor (Husch etal. 1993). The smallest sites were
quantified with the random placement of square
plots along the channel, while the larger sites were
sampled by belt transects parallel to the channel.
Forest uniformity along the smallest streams en-
abled use of the 25 m? plot, which allows both
sides of the channel to be sampled within the same
plot. On larger streams, belt transect width was
equal to the width of the riparian corridor, the
riparian extent determined by the slope break and
the presumed point at which stream discharge no
longer appreciably influenced the structure and
composition of riparian vegetation (typically the
bankfull width). Tree diameter was used to cal-
culate basal area (BA: m2-ha™'), dominant species
(by both density and basal area), and mean diam-
eter (cm). The coefficient of variation (CV) for
each parameter provided an index of site hetero-
geneity.

Sites ‘were grouped into riparian cover types
(coniferous, deciduous, no'cover) based on total
riparian basal area of the dominant tree type . In
cases of split dominance in the basal area plots
(<10% difference between deciduous and conif-
erous), dominance from the canopy closure plots
was used to determine the riparian cover type.

Canopy closure, a critical function in the hier-
-archy of in-stream controls, was measured using

152 Elliott, Naiman, and Bisson

‘a densiometer, with readings taken mid~channei
at evenly distributed points along the stream. Mean
closure and the coefficient of variation, expressed
as the percentage of overhead vegetation cover-
ing visible sky, were calculated for each site. Rj-
parian cover type (coniferous, deciduous, no cover)
also was noted at each sampling point.

.
Seston Analyses

Samples were collected at random points in each
site during July and August 1997 and 1998. Most
samples were filtered on-site, using a hand-oper-
ated Nalgene vacuum pump. Filters were returned
to the University of Washington for analysis. Typi-
cally, 1-L samples were used, but 2-L samples
were often taken where seston concentrations were
low. The filtered seston was measured for total
concentration (mg-L! dry weight), organic con-
centration (mg AFDM-L""), percent organic mat-
ter (% OM), concentration of chlorophyll-a (Chi-

"a-LY), the ratio of carbon to nitrogen (C:N), and

visual characterization of particle diversity via
scanning electron microscopy (SEM).

‘Seston concentration and percent organic matter
were measured by filtering water samples through .
pre-ashed, pre-weighed 47 mm glass fiber filters
(poré size 1y). Filters were dried (70°C, 24 hr),
weighed, ashed (525°C, 4 hr), and weighed again.
Ash-free dry mass (AFDM) was divided by dry
seston weight to determine the organic seston frac-
tion for each sample, from which percentages could
be obtained. Three replicates were collected for
each site on two dates in 1997 and 1998 (once in

" July and once in August of each sampling year)..

Three 1-L grab samples (in the middle of the

water column) were taken at each study site for . - -

each sampling date for chlorophyll-a. Filtered
samples were placed on ice and, within two days,
the chlorophyll was extracted under refrigeration
for 24 hr in a 10 mL solution of 90% acetone, -
with a 10% solution of MgCO, (buffer). After
centrifugation, the sample was analyzed in a fluo-
rometer. The resultmg measurement was re-
ca.lculated for expression as concentration (ttg Chl-
a-L") and then converted to mg Chl-a-g AFDM"!
by dividing pg Chl-a-L'! values by corresponding
values for seston concentration (mg AFDM-L™).

Three replicates were taken from each site
during summer 1998 for the carbon-to-nitrogen

ratjo. Filters were dried (70°C, 24 hr.) and total

C and N concentrations determined using an



elemental analyzer. Acetanalide was used as a stan-
dard, and calibration curves were built from stan-
dards and blanks to determine actual C and N
concentrations in each sample.

Scanning electron microscopy was used con-
currently with samples taken for the other bio-
physical parameters to quantify particle diversity.
At least three collections were made from each
site in July and August 1997 and 1998. Samples
on filters were dried (70°C, 24 hr), and a ran-
domly selected section of the filter was cut (15%
of the total filter area) and affixed to a mounting
stub. The edge of the mounted filter section was
then painted with liquid colloidal silver (to in-
crease conductivity), and sputter coated with gold/
- palladium (60% Au/40% Pd). Four transects 70 -
120 um wide were employed on each stub for
sampling.

Particles were identified by particle type and
recorded in one of three size classes (<15um, 15-
40um, or >40um). Individual particles were tallied
by size class and relative densities of particles
(by size and type) were calculated based on the
total area of filter space sampled..An extrapola-
tion was then made hased upon total filter sur-
face area to determine the total number and di-
versity of particles on a per volume basis.

We performed ANOVA and correlation analy-

ses using StatView. The significance level for all
analyses was set at P = 0.05. -

Results

Riparian forests associated with 1st and 2nd or-
der streams were almost indistinguishable from
the corresponding surrounding upland or terres-
trial forests, whereas sites along the 3rd order
streams had a mosaic of patch types and a highly
distinct assemblage of typical streamside vegeta-
tion. Basal area in individual plots ranged from 0
to 229.7 m*ha*!. Mean basal area within sites
" ranged from 0 (clearcut sites) to 150.5 m*ha’!
* (mature forest). Density was also highly variable,
ranging from 0 to 2292 stems-ha! in individual
plots, to mean density values from 0 (clearcut sites)
to 1281 stems-ha'! (early-successional alder for-
“est). Basal area was not significantly correlated
with stem density.

Ten sites were dominated by coniferous cover,

six by deciduous cover, and three had no appre- .

ciable riparian cover. Canopy closure ranged from

14

0 - 100% in individual medsurements, whereas
mean canopy closure values within sites ranged
from 0 - 93.6%.

Total seston concentrations ranged from 0.4
to23.1 mg-L-!,and mean values ranged from 2.14
to 7.86 mg-L"! (Table 1). Organic seston concen-
trations, expressed as ash-free dry mass per vol-
ume of water (mg AFDM-L"), ranging from 0.13
t09.81 mg AFDM-L"! and averaging 0.41 t0 3.92
mg AFDM-L"'. The percentage of organic matter
ranged from 32% to 55%. Total seston concen-
tration, organic seston concentration and percent
organic matter were not significantly related to
any riparian parameters, and differences did not
exist between riparian canopy cover-types.

Chlorophyll-a concentrations were < 1.0 15:8
L, with 32% of all samples having concentra-
tions < 0.1 pg-L* (Table 1). Mean chlorophyll-a
concentrations were < 0.1 mg-L-! at 6 of the 19
sites. Chlorophyll concentration was higher in sites
with no canopy cover than.in the early-succes-
sional, deciduous sites (P < 0.01) and coniferous
sites (P < 0.001). There was no significant differ-
ence between the coniferous and deciduous site.
The primary correlate with chlorophyll-a concen-
tration was expected to be canopy closure, be-
Cause greater closure decreases energy available
for photosynthesis. As expected. chlorophyll con-
centrations were positively correlated with canopy
closure across the continuurn of sites (P < 0.001;
Figure 2a). :

We separated streams of order 1 and 2 from

 the 3rd order streams, and we attempted to corre-

late the chlorophyll concentration of the smaller
streams with canopy closure to separate the ef-
fects of a natural increase in chlorophyll in larger
streams. The correlation from this smaller group
was stronger (P <0.001; Figure 2b).

Chlorophyll concentrations were converted
from mg chlorophyll-a-L™! to pg chlorophyll-a- g
AFDM to facilitate comparisons with other stud-
ies. Chlorophyll vajues for all sites remained si g-
nificantly correlated with canopy closure (P < 0.05),
and the relationship strengthened when only 1st
and 2nd order headwater streams were included
(P <0.05). '

Carbon to nitrogen ratios (C:N) ranged fraom
7.551025.58 (Table 1). C:N values were signifi-
cantly greater at coniferous sites than at the al-
der-dominated deciduous sites (P < 0.01) or at
sites with no appreciable riparian cover (P < 0.05).
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TABLE 1. Mean riparian closure éﬁd mean seston parameter values for each site. (BA=Basal Area; Chl-a=chlorophyll
C:N=Carbon-to-nitrogen ratio; AFDM=Ash-free dry mass of the seston). '

Chlorophyll a Total Seston  Organic Sestc
Site Canopy Closure  Basal Area Density Concentration Concentration Concentratiol
Name ' (%) (m?*ha) (stems/ha) (ng/L) (C:N) (mg/L) (AFDM: mg/1
Barnes 398 73.1 1280.6 0.218 14.57 2.62 1.40
Brown disturbed 57.6 57.1 © 9283 0.209 N/A 3.02 ’ 1.33
Brown undisturbed 67.4 91.7 358.7 . . 0.136 N/A 4,01 232
Camp 46.5 ST 567 854.2 0347 13.76 2.86 1.38
Chester 16 21.8 2037 0.170 - 12.25 4.04 2.07
DNR | 0 0 0 0.549 10.98 4.42 2.50
DNR 2 0 0 0 i 0.371 - 11.74 3.85 2.48
Gold harvested 0 0o 0 0.179 19.71 2.14 1.33
Gold old-growth’ 93.6 . 1015 1076.4 0.028 23.69 2.14 1.42
Hoh 71.9 59.1 445 0.089 18.72 " 3.80 249
LaPoel 90 113.6 466.7 - 0.046 22.68 359 1.59
LeBar disturbed 17.4 58.3 565.7 0.204 - 17.69 2.17 ' 1.25
LeBar undisturbed 33.6 . 66 453.7 0.134 23.37 2.17 1.40
Matheny 1 425 38.8 1003.7 0.138 . 16.29 0.64 0.41
Matheny 2 624 30.1 421 0.105 18.29 7.86 - 298
Sams 9.8 122.5 321.2 0.125 7.55 6.58 : 3.92
Simpson control 61.4 52.7 747 0.067 8.81 5.64 3.65
Simpson treatment 77.7 70.3 342 0.041 N/A 1.44 1.44
Sol Due 79.9 _ 150.5 450.7 0.039 25.58 438 1.62
' 06 7 X 26 A o
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os ' B - s Canopy closure (%)
F:J 04 Figure 3. Relationship between base-flow C:N ratio and
ol : canopy closure for each site (P <0.001).
2 o3
Tl |
e e . e _ . No significant difference was observed between
O o ¢ ° sites with deciduous cover and sites with no cover.
0 +—r——————r———————————ry Considering that riparian vegetation and canopy
0 10 20 3 40 50 66 70 g" 0 100 closure exert considerable control over the nutri-
Canopy closure (%) ent content of particles in streams, C:N ratios -
Figure 2. (A) The correlation between the concentration of were expected to be lower in deciduous or more
A -~ chlorophylt-a (mg -L™") and canopy closure (%). P . gpen canopies. C:N and canopy closure were,
<0.001. (B) The comelationbetween the concen- 1 g3t sionificantly correlated, althou gh there

tration of chlorophyll-a (mg L") and canopy clo-
" sure (%) for sites of 1st and 2nd order only. P <

0.001. <0.05; Figure 3).

is substantial variance in the relationship (P
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Surprisingly, concentrations of individual par-
ticle types, regardless of size class, were largely
unrelated to riparian characteristics. For instance,
wood particle concentrations were not correlated
with riparian basal area. Wood particle concen-
trations and proportions also were not different
across the three major riparian cover types. The
one relationship that did exist, and was expected,
was between diatom concentration and canopy
_closure (P < 0.05). Also, as expected, mean dia-
tom concentration for each site was positively
correlated with chlorophyll concentration (P <
0.01).

Diatoms were the dominant particle across all
riparian canopy cover types, ranging from 47 -
'66% of the total number of seston particles, even
at heavily shaded sites. However, diatoms had
greater representation in sites with no cover than
in sites with coniferous cover (P < 0.05). Fur-
ther, fecal pellets had greater proportional repre-
sentation in coniferous sites than at sites with no
cover (P < 0.01). In both cases, deciduous sites
had proportions of these particle types between
the values expressed at the other sites, while not
being significantly different from either. No dif-

ferences were detected between proportions of

wood, silt, exoskeletons, or other organic matter
as a function of any riparian characteristic.

Diatoms, fecal pellets, and organic detritus were
important food categories, whereas exoskeletons,
wood, and silt were not high quality macro-
invertebrate food categories. Grouping particle
types into food and non-food categories revealed
that the. total proportion of foodstuffs was close
to three-quarters of the total seston (range = 72-
T7%), and there was no significant difference in
- this proportion between coniferous, deciduous,

and no cover sites. :

Discussion

Riparian forest characteristics influence many
biophysical variables associated with seston. Ri-
parian forest cover type and percent canopy cover
modify -the concentration of chlorophyll-a, C:N
ratios, and the abundance of specific particles,
and particle diversity. Even though many of our
‘results are consistent with previous studiés, the
lack of any relationship between riparian biom-
ass and seston concentrations or percent organic
matter, the abundance of diatoms in heavily shaded

sites, and the paucity of seston wood particles were
unexpected.

Seston concentrations reported here are low
(relative to other ecoregions) and consistent with
other regional results. A negative correlation ex-
ists between particulate organic matter concen-
trations and stream gradient, but the dynamics of
base-flow seston concentrations are driven by a

‘combination of stream power, in-stream retention

devices, and other biological controls, including
the availability of material for transport. (Golladay
1997). We found no base-flow patterns in seston
concentration (Table 1), underscoring the diver-
sity of forces and processes controlling the con-
centration of suspended matter at base-flow. Also, -
riparian characteristics have not been utilized in
studies successfully linking base-flow seston con-

* centration to predictor variables. In-stream bio-

logical processes, rather than riparian character-
1stics, likely influence seston concentramons at.
summer base-flow.

In contrast, the biophysical characteristics of

' seston appear to be strongly influenced by ripar-

ian vegetation. For example, chiorophyll-a was
negatxve}y correlated with riparian canopy clo-
sure at summer base-flow (Figure 2). The corre-
lation strengthens appreciably when only Istand
2nd order streams are exarnined, for which the
correlation coefficient improved almost 20% (Fig-
ure 3). Chlorophyll concentration is typically re-

-garded as an index of primary productivity in

streams. Higher concentrations generally indicate
a higher quality food source, which can translate
into faster growth rates for secondary consum-
ers, such as salmomds (Bisson and Sedell 1984).
Chlorophyll concentrations in this study, expressed
either as pg Chl-a'L! or mg Chl-a-g AFDM!, are
consistent with previously reported concentrations
(Naiman 1983, Naiman and Sedell 1979)

The C:N ratios of seston were partially respon-
stve to ripartan conditions (Table 1). Higher ra--
tios (C:N >20) were associated with mature co-
niferous stands, perhaps due to the higher relative
contribution of carbon in litterfall and lower pri-
mary producttvity at coniferous sites. In contrast,
the lower C:N in open canopy sites was due to a
combination of greater in-stream primary produc-
tivity and lower inputs of refractory-allochthonous
litter. Further, C:N ratios in open canopy sites were
not significantly different from ratios in the de-
ciduous sites likely because of the dominance.of
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inputs from red alder (Alnus rubra), a nitrogen-
fixer, at the latter.

The ecological implications of a change in the
C:N ratio of seston are similar to the implications
associated with the concentration of chlorophyll-
a. Chlorophyll-a and C:N are useful indices of

food quality, and the results suggest that disturbed

sites with open canopies typlcally yield.a higher
quallty seston that may translate mto more growth
In some stream organisms (Gregory et al. 1987,
Hartman and Scrivener 1990). '

Particle diversity yielded some surprising re-
sults, especially the percentage of wood and dia-
toms in the seston. By proportion, wood repre-
sented a small fraction of the seston and did not
vary between riparian canopy cover types (Table
1), which may be due to the inability of streams
to hold woody particles in suspension at summer
base-flow or indirectly to the activities of macro-
invertebrates. A significant proportion of the sus-
- pended matter is caused by macroinvertebrate
feeding activities (Webster 1983, and Wallace et
al. 1991). It could be argued that at summer base-
flow, wood represents a poor source of food, is
largely ignored by feeding organisms, thus, few
wood particles are suspended.

Another unexpected resultis that diatoms con-
stituted the largest percentage of particles at all
sites, even those with dense canopy cover. While
significantly higher percentages of diatoms in sites
lacking cover certainly supports a trophic shift, it
should be noted that a high representation of dia-
toms at all sites supports the assertion of Naiman
and Sedell (1979) that significant primary pro-
duction occurs under the riparian canopies of even

the most densely forested headwaterstreams . Qur,

results: suggest that they may be more abundant
than previous studies have shown them to be.

Seston integrates multiple watershed-scale
properties and processes, not merely riparian con-
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