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a b s t r a c t

Post-spawning salmon carcasses are broadly recognized as a source of organic matter- and marine-
derived nutrients (MDN) in Pacific salmon streams, but MDN delivery and retention processes are not
well understood. Recent studies emphasize the interaction of inorganic particulate matter and salmon
organic matter, through flocculation, as a delivery mechanism for MDN to the streambed. This study builds
upon previous flocculation studies to look at nitrogen delivery and storage within the gravel bed of a re-
circulating flume. Findings indicate that nitrogen storage in surface and interstitial water is lower than
eywords:
acific salmon
locculation
ravel bed

sediment-associated nitrogen. Flocculation of salmon organic matter and inorganic sediment is presented
as a delivery mechanism in spawning and post-spawning periods that helps to maintain ecological produc-
tivity within Pacific salmon streams. Based on these findings it is recommended that salmon enhancement
activities should include leaving post-spawn carcasses in-stream and that fertilization programs should
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. Introduction

Pacific salmon can play a significant role in the nutrient cycle
f their natal watersheds because they deliver substantial quan-
ities of marine-derived nutrients (MDN) during spawning events
Bilby et al., 1996; Naiman et al., 2002; Schindler et al., 2003). Pacific
almon gain upwards of 95% of their mass during their marine
rowth phase (Groot and Margolis, 1991; Naiman et al., 2002) and
herefore represent a net input of nutrients to natal watersheds if
arcasses are retained. For example, Finney et al. (2000) identified
hat spawning salmon contribute between 25 and 75% of the annual
itrogen load in southeastern Alaskan streams.

Although the MDN delivered by spawning Pacific salmon is
nnually variable due to the number of spawning salmon that
eturn to their natal streams, these nutrients have been observed
o support both terrestrial and aquatic plant and animal popula-
ions, including juvenile salmon (Naiman et al., 2002; Drake et al.,

006; Hocking and Reimchen, 2006). The loss of MDN returns to
almon-bearing watersheds may further exacerbate stock decline
Scheurell et al., 2005). Salmon stock enhancement programs
ecognize the importance of MDN returns as indicated by stream-
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to increase nutrient delivery to the streambed.
© 2010 Elsevier B.V. All rights reserved.

ertilization programs that include salmon carcass drops or the
ddition of salmon carcass analogues. Fertilization programs are
esigned to enhance low-productivity watersheds or restore those
ith declining salmon populations by increasing overall stream
roductivity and salmon production (Kohler et al., 2008; Wipfli
t al., 1998). To effectively manage Pacific salmon streams and
aximize the efficacy of salmon enhancement activities, MDN

ycling processes must be understood including delivery and stor-
ge mechanisms.

MDN are delivered to the riparian zone by animals feeding on
almon carcasses including the remains of post-feeding carcass
nd defecation of the salmon predator and subsequent scavengers
Naiman et al., 2002). In-stream processes are not as clearly under-
tood, but it has recently been reported that salmon-derived MDN
an be delivered to streambeds by flocs (Rex and Petticrew, 2008).
locs composed of salmon organic matter and clay enriched the
ravel bed of a flume when suspended sediment concentration was
mg l−1, which is similar to that observed during active spawning
s a result of redd creation (Petticrew, 2005).

Flocculation refers to the group of physical, chemical, and
iological processes that joins inorganic sediments with organic
aterials in aquatic environments (Droppo et al., 1997). Spawning
ctivities create an optimal environment for floc formation because
rganic matter levels are elevated due to the presence of spawning
nd decaying salmon at the same time that ambient suspended sed-
ment levels are elevated due to redd creation. Spawning salmon
emove fine sediments from the streambed at the redd site (Bjornn

http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
mailto:john.rex@gov.bc.ca
dx.doi.org/10.1016/j.ecoleng.2010.02.001
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nd Reiser, 1991; Malcolm et al., 2005). Streambed excavation by
he female salmon disturbs bed sediments, the finest of which
silts and clays) remain in suspension and flow downstream while
he coarser sediments, such as sands and small gravels, settle out
elow the redd near the tailspill (Kondolf, 2000). The quantity
f streambed material moved during spawning can be substan-
ial, rivalling spring freshet when spawning populations are high
Poirier, 2004; Hassan et al., 2008).

Salmon organic matter-based flocs are expected to form in the
ater column due to the collision of organic matter and suspended

ediment, but also due to the presence of bacteria that bind organic
atter and suspended sediment together with extra-cellular poly-
eric substances (Petticrew and Arocena, 2003; Droppo, 2004;
otton, 2007). Once formed, floc capture in the streambed is

nhanced by the increased settling rate as compared to the com-
onent particles as well as the increased surface and intergravel
ater exchange due to redd creation. Salmon redds increase

treambed roughness and surface water down-welling (Malcolm
t al., 2005; Tonina, 2005). Increased surface and intergravel water
xchange enhances the probability of water-borne flocs entering
he streambed where they can be retained in intergravel pores.
his study expands upon previous work by investigating floccula-
ion as an MDN delivery process in the post-spawn period. At that
ime, salmon organic matter is present from decaying carcasses and
uspended concentrations are low (<1 mg l−l) because redd con-
truction has ceased. Further, the study assesses nitrogen storage
ime in the water column, channel bed material, and interstitial
ater of a re-circulating channel to identify the potential for each

ompartment to retain MDN.

. Materials and methods

.1. Study location and channel description

The study was completed between August 4 and 31, 2008 at
he Quesnel River Research Center in a re-circulating channel.
he re-circulating channel was constructed from a decommis-
ioned Chinook salmon fry rearing channel that had dimensions
f 30 m × 2 m × 2 m. It contained approximately 1 m of fine gravels,
ands, and some clay which was topped with 30 cm of clean gravel
nd small cobble ranging in size between 1 and 10 cm. This size
ange was selected because it is similar to that from local salmon
pawning streams and is often identified as preferred by spawn-
ng Pacific salmon (Bjornn and Reiser, 1991). This top-dressing was

ashed prior to its placement in the channel.
The channel was designed to replicate the general hydrologic

onditions observed at O’Ne-eil Creek, a productive sockeye salmon
tream 210 km northwest of Prince George, BC (McConnachie and
etticrew, 2006). Specifically, instead of replicating all channel
orphologic conditions (i.e. riffle pool complexes with large woody

ebris placement etc.) it has a similar slope of approximately
.01 m m−1, a water depth of 20–25 cm and a velocity between
and 10 cm s−1. The channel was filled with 18,000 l of ground-
ater that was devoid of background salmon organic matter and

uspended sediments. Water was re-circulated using a Gould’s cen-
rifugal pump that moved approximately 1800 l min−1.

.2. Stock solution description
The stock solution of salmon was made by rotting 6 kg of Pink
almon (Oncorhynchus gorbuscha) for 3 weeks and then combining
he decay product elutriate with lab-grade kaolin clay. The quan-
ity of salmon tissue rotted represents the lower range of salmon
issue areal density (100 g m−2) observed in O’Ne-eil Creek in 2001

u
a
(
b
a

ig. 1. Downstream view of the LISST-100 in the re-circulating channel. The arrow
enotes location of the sample window for particle size analysis.

Petticrew and Rex, 2006). A total of 378 g of salmon organic mat-
er was added to the flume. The stock solution of clay was made by
dding 9 g of kaolin clay to 2 l of water and then disaggregating the
olution using an ultrasonic probe (Misonix Inc., Sonicator, Ultra-
onic Processor XL 2020, 10 min exposure at amplitude setting 4)
rior to its addition to the stock bucket. Adding 9 g of clay to the
ume resulted in a concentration of 0.5 mg l−1.

Stock solutions of clay and salmon were introduced at the same
ime to a stock bucket at the head of the channel that had a 200 cm2

rid of sixteen 0.6 cm holes in the front and rear central portion of
he container. The upstream grid was not screened but the down-
tream grid was screened with 200 �m Nitex to prevent large
articles from entering the channel.

.3. In situ suspended sediment particle sizing

Suspended sediment particle sizes were measured using the
aser in situ scattering and transmissometry probe (LISST-100),
rom Sequoia Instruments. This probe measures suspended sedi-

ent size over 32 size classes ranging from 2 to 460 �m using laser
catter. It fires a laser into the water contained within a known sam-
le volume and measures the scatter of laser light on to a series of
2 concentric ring detectors (Agrawal and Pottsmith, 2000). The
ISST-100 was mounted on Perspex plastic blocks approximately
alfway down the length of the flume (Fig. 1). It was positioned
ith the 5 cm sample orifice perpendicular to flow 12 cm off the

hannel bottom.
Prior to its placement in the channel, the LISST-100 probe was

alibrated with ultrapure water to ensure that the background
catter of the instrument was within allowable factory calibration
imits. This calibration file was then used to correct field data for
ackground scatter. It was observed during the baseline period that
he groundwater used in these flumes was indistinguishable from
he laboratory and factory calibration traces with ultrapure water
ndicating very low particle content in the channel’s water col-
mn before stock solutions were added. LISST-100 measurements
or each exposure period commenced at the time stock solutions
ere introduced to the stock bucket at the head of the channel and

ontinued for 60-min at a frequency of 3 s (n = 1200 samples).
Prior to statistical analysis, LISST-100 data were processed

TM
sing MS Excel macros that verified proper probe functioning
nd calculated central tendency measures for sample comparison
Williams, 2006). To determine change in the particle size distri-
ution of suspended sediments between sample date, a two-way
nalysis of variance (ANOVA, SYSTAT 12) of arc-sin transformed
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ig. 2. Plan form of re-circulating channel showing the full 30 m channel length
ith infiltration bags (large circles) and piezometers (small circles) equally spaced
ithin the central 20 m of the channel (not to scale). Arrows indicate direction of
ater movement.

verage grain size distributions (i.e. average from 1200 sample dis-
ributions) was used with date and grain-size as factors.

.4. Nitrogen sampling

Nitrogen samples were collected from the re-circulating chan-
el following a baseline period and then over a 2-week period
fter the addition of salmon + clay. Aqueous nitrogen samples were
ollected from three locations in the re-circulating channel includ-
ng the (i) water column, (ii) intergravel water and sediment from
nfiltration bags and, (iii) intergravel water at 25-cm depth using
iezometers (Fig. 2). Mid-depth water column samples were col-

ected during the baseline period (n = 1) as well as 1, 2, 4, 6, 7,
nd 14 days (n = 2) after the addition of salmon + clay to the water
olumn. Infiltration bag samples (n = 3) were collected during the
aseline period as well as 2, 4, 7, and 14 days after the addition of
almon + clay to the channel. Piezometer samples (n = 3) were col-
ected during the baseline period as well as 1, 2, 3, 5, 7, and 14 days
fter addition of the salmon + clay.

Surface water grab samples were collected from mid-depth
n sterile 500 ml NalgeneTM bottles while facing in an upstream
irection to prevent sample contamination. Infiltration bags collect
ediment moving vertically and horizontally through a streambed
Lisle, 1991). They consist of a waterproof fabric bag 20 cm in diam-
ter and 35 cm long attached with a hose clamp or large zip-tie to
brightly coloured steel ring buried 30 cm deep into the gravel

ed and covered with a column of cleaned reference gravel. Refer-

nce gravel was washed and sieved to remove particles less than
mm. Infiltration bags were removed by lifting the ring through

he reference gravel column, which includes the reference gravel
nd the sediment it captured during deployment (Fig. 3). Once the
ing was lifted above the streambed surface, it was covered with a

s
t
o
m
o

ig. 3. Schematic of an infiltration bag deployed in the gravel bed of the re-
irculating channel with an in-set photo of infiltration bag prior to its placement
n the channel.

id to prevent loss of captured sediments during retrieval through
he water column. The sample was then transferred to a clean 20-l
ample bucket. Nitrogen samples were collected from the sediment
nd water slurry collected by the infiltration bag in sterile 500 ml
algeneTM bottles. Piezometers were driven into the gravel-bed at
25-cm depth (Geist, 2000) and were screened with 200 �m Nitex

o prevent sampling large particles from the streambed. Samples
ere drawn from piezometers using a NalgeneTM hand pump. The
iezometer was emptied once and then a 500 ml sample was drawn

nto a sterile 500 ml NalgeneTM bottle.
Once collected, nitrogen samples including travel blanks were

ept on ice (∼4 ◦C) until they were analyzed. Spectrophoto-
etric analysis occurred within 72–96 h of sample collection

or total nitrogen (TN), dissolved organic nitrogen (DON), and
mmonium (NH4

+), dissolved nitrogen (DN), and nitrate + nitrite
NO3

− + NO2
−) (APHA, 1998). In addition to replicate samples and

ravel blanks, batch quality assurance and control (QA/QC) data
ncluding spike recovery samples were run to minimize analytical
rror. If spiked samples exceeded lab QA/QC limits or blank samples
ere three times larger than the detection limit, that set of samples
as to be excluded from analysis. There were no surface water sam-
les excluded from the dataset due to QA/QC protocols. A two-way
NOVA using nitrogen form and date was used to compare samples.
nalysis of the salmon stock solution allowed calculation of nitro-
en added to the channel (Table 1). Although this study was not
esigned as a mass balance investigation, these calculated nitrogen
oncentrations are useful to assess nitrogen compartmentalization
n surface and interstitial water and the flume-bed.

Sediment bound nitrogen levels were determined by analysis
f fine sediment collected from infiltration bags. A 220 ml liquid
ample was collected from infiltration bag samples. It was cen-

rifuged to concentrate the fine sediments into a plug that was then
ven dried at 60 ◦C. Carbon to nitrogen ratios (C:N) were deter-
ined using the Dumas principle of complete and instantaneous

xidation of the sediment plug by flash combustion using a FISON
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Nitrogen concentrations increased following the addition of

T
N

ig. 4. Suspended sediment particle size distribution d50 values for each sample
ate during the 14-day monitoring period.

A-1500 Elemental Analyzer (Milan, Italy) (Chikaraishi et al., 2005).
o assess the C:N response to the single salmon + clay treatment
ver a 14-day period a repeated-measures ANOVA was applied
Manly, 2001).

. Results and discussion

.1. Suspended sediment particle size

Suspended sediment particle size distributions varied signif-
cantly over the 14-day period (Fig. 4, F11,361 = 3.24, p < 0.01).
ollowing the addition of the salmon + clay, d50 values gradually
ncreased until day 3. The gradual increase in d50 is a slower
esponse than observed previously by Rex and Petticrew (2008) due
o the concentration of clay. The previous study simulated active
pawn conditions and used a higher clay concentration (5 mg l−1)
han the current post-spawn simulation (0.5 mg l−1). As clay con-
entration increases so does the opportunity for particle collision
nd floc formation (Droppo et al., 1998).

An algal bloom extended from days 5 to 7, presumably in
esponse to the addition of salmon nutrients. As a result of the
loom, d50 decreased due to the prominence of small algal cells in
uspension. The bloom decreased after day 7 and the particle size
istribution shifted to larger particle sizes quickly as identified by
n increase in the d50 from less than 10 �m on day 7 to greater than
20 �m on day 9.

The rapid increase in the d50 after the algal bloom demon-
trates that flocs formed in sizes similar to those observed in the
revious 2007 experiments in the re-circulating channel (Rex and

etticrew, 2008), but the process is fundamentally different. Specif-
cally, the previous investigation identified a significant increase in
he proportion of particles >200 �m after the addition of salmon
nd salmon + clay when compared to baseline conditions because

s
b
c
s

able 1
itrogen composition of salmon stock solution and calculated concentration in the flume

Nitrogen form Lab analysis (mg l−1)
(1:250 dilution)

T

Dissolved organic 22 7
Ammonium 34 1
Nitrate + nitrite <0.02 N
Dissolved 56 1
Total 59 1
ig. 5. Average concentration and standard error for total nitrogen (TN), ammonium
NH4

+), nitrate and nitrite (NO3
− + NO2

−), dissolved organic nitrogen (DON), and
issolved nitrogen (DN) in infiltration bag, surface water and piezometer samples
rom baseline to day 14 after the addition of salmon + clay.

f floc formation. The higher clay concentration used in the previ-
us study facilitated the formation of large flocs as has been noted
n other floc-forming environments (Hill et al., 2000). The post-
pawning simulation presented here shows smaller flocs formed
fter the addition of salmon + clay and then large flocs formed after
he algae bloom die-off. Algal cell exopolymeric substances (EPS)
nhance the formation of algal cell-based flocs (Wooton, 2004;
erspagen et al., 2006). This delay in floc formation (i.e. following

he bloom) indicates the potential for flocs to form and be delivered
o the streambed during low suspended sediment concentrations
hen carcasses are decaying in the stream.

.2. Nitrogen
almon organic matter (Fig. 5) but there were noticeable differences
etween nitrogen forms and pools. For ease of comparison between
ompartments (i.e. surface water, infiltration bags, or piezometers)
ample data for baseline (day 0), day 2, day 7, and day 14 are pre-

based upon a volume of 18,000 l.

otal addition (mg) Calculated flume concentration (mg l−1)

,346 0.4
1,523 0.6
/A N/A
8,699 1.0
9,701 1.1



al Engineering 36 (2010) 1167–1173 1171

s
o

3

s
(
b
d
c
w
o
(
r
t
c
N
i
A
t
a
d

c
T
l
c
b
s
t
N
r

3

t
m
s
c
w
p
N

(
t
t
t
c
i
e
c
q
i
b

l
t
o
i
P
t
s

w

F
t
m

t
p
fi
p
s
w
b

3

i
f
n
b
t
t
k
b
e
f
p
d
o
D
u
c
m

i
2
n
m
n
a
t
b

J.F. Rex, E.L. Petticrew / Ecologic

ented graphically because samples were collected from each pool
n those sample dates.

.2.1. Surface water nitrogen concentrations
Surface water concentrations of ammonia and total nitrogen

howed an immediate response to the addition of salmon + clay
Fig. 5). Water column TN concentrations increased threefold from
aseline concentrations of approximately 0.15 to 0.44 mg l−1 on
ay 1 (day 2 data in Fig. 5 is 0.38 mg l−1). The concentration of water
olumn NH4+ increased 12-fold from a baseline concentration that
as less than detectable at 0.02 mg l−1 to more than 0.24 mg l−1

n day 1 (day 2 data in Fig. 5 is 0.21 mg l−1). Nitrate and nitrite
NO3

− + NO2
−) concentrations along with DON exhibited minimal

esponse while dissolved nitrogen (DN) increased following the
rend of NH4

+. These observations indicate the need for further
ontrolled study because the anticipated nitrification of NH4

+ to
O3

− + NO2
− did not lead to increased NO3

− + NO2
− concentrations

n substantial quantities within the water column or elsewhere.
lternatively, the absence of increases in NO3

− + NO2
− concentra-

ions may reflect bacterial uptake (Pinay et al., 2009), storage within
reas of the channel not sampled, or loss to the atmosphere through
enitrification.

Surface water TN and NH4
+ concentrations decreased to day 0

onditions by day 7, which also marked the end of the algal bloom.
he surface water concentrations of all nitrogen forms are much
ess than anticipated after the addition of salmon + clay based cal-
ulated values (e.g. TN 0.44 mg l−1 vs. 1.1 mg l−1). The difference
etween observed and expected levels may be due to nitrogen
equestration to the gravel bed or biological uptake that supported
he later algal bloom Cak et al. (2008) identified that water column
H4

+ levels due to the addition of salmon organic matter decreased
apidly from adherence to clay particles.

.3. Interstitial water nitrogen concentrations

Interstitial water showed a response to the salmon + clay addi-
ion in both the infiltration bag and piezometer samples but the

agnitude of the effect was substantially higher for infiltration bag
amples (Fig. 5). This difference may reflect the higher sediment
ontent in infiltration bag samples, which include both interstitial
ater as well as trapped sediments while piezometer samples are
umped from a deeper point in the gravel bed through 200 �m
itex and were visually low in suspended sediments.

Infiltration bag nitrogen levels increased significantly
F4,40 = 95.3, p < 0.01) after the addition of salmon + clay. Fur-
her, there was a temporal response (F3,40 = 119.7, p < 0.01) with
he increase in all nitrogen forms being greatest on day 2 after
he addition of salmon + clay after which it decreased to baseline
oncentrations by day 14 (Fig. 5). Infiltration bag nitrogen level
ncreases were highest for TN, NH4

+, DON, and DN while NO3 + NO2
xhibited a similar trend to surface water concentrations. Nitrifi-
ation of ammonia does not appear to be occurring in measurable
uantities in the surface water or the flume bed. DON levels in

nfiltration bags remain elevated from days 2 to 7 but return to
aseline conditions by day 14.

Piezometer data show a similar trend to surface water and are at
ower concentrations than the infiltration bag samples. As a result,
here is no difference between treatment periods but the trend
bserved is consistent with surface water for TN and DN increas-
ng after the addition salmon + clay, which disappears by day 7.

iezometer NH4

+ levels did not show the same increase following
he addition of salmon + clay that surface water or infiltration bag
amples demonstrate.

Infiltration bag water samples include both interstitial water as
ell as fine sediments (i.e. silt and clay) trapped and stored in the

t
i
b
d
s

ig. 6. Average carbon to nitrogen ratio for infiltration bag samples collected from
he re-circulating channel (n = 3, error bars represent one standard error of the

ean).

op 25 cm of the gravel bed. Enriched nitrogen levels in the bag sam-
les between days 2 and 7 indicate that nitrogen is associated with
ne sediment in the gravel matrix. Further, comparing the bag and
iezometer samples, it is evident that these nitrogen enriched fine
ediments are close to the gravel bed surface because piezometer
ater samples at 25 cm depth had lower concentrations than the

ag samples.

.4. Intergravel fine sediment carbon to nitrogen ratios

Carbon to nitrogen ratios for fine sediment (<75 �m) collected
n the infiltration bags significantly decreased (F1,13 = 13.6, p < 0.05)
ollowing the addition of salmon + clay to the re-circulating chan-
el. The C:N ratios of fine sediment centrifuged from the infiltration
ag samples shows that N is elevated from days 2 to 14 indicating
he association of N with the particulate sediment. This sediment
rapped by the gravels over the 14-day period is comprised of
aolin, salmon organic matter and bacteria delivered to the gravel
ed via flocculation (Rex and Petticrew, 2008). This gravel bed
nrichment has a longer retention period than observed for sur-
ace or interstitial water, extending throughout the 14-day study
eriod (Fig. 6). There is some variability between the C:N ratios from
ays 2 to 14 likely due to spatial variability of hydrologic conditions
ver the flume-bed sampling area which is approximately 30 m2.
espite this variability, it is important to recognize that mean val-
es after the addition of salmon + clay are lower than the baseline
ondition indicating nitrogen enrichment of the flume-bed sedi-
ents.
Salmon organic matter-based flocs can deliver and enhance

ntergravel retention of sediment-bound MDN (Rex and Petticrew,
008). We have evidence from this study that MDN, specifically
itrogen can be retained in gravel beds for several days, which
ay benefit hyporheic productivity. In a natural system, the sig-

al observed here may be temporally reduced by N transformation
nd uptake as suggested by O’Keefe and Edwards (2002). They note
hat N retention in the hyporheic zone provides the opportunity for
oth physical and biological uptake, which may increase residence

−
ime. Similarly, Pinay et al. (2009) identified peak NO3 uptake
n riparian hyporheic areas within 1 h of addition due to micro-
ial and plant uptake. The flume-bed intergravel environment is
ifferent than the riparian hyporheic soils assessed in these two
tudies being free of surface vegetation and possibly its microbial
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ommunity. These differences may account for the residence time
ifferences associated with N movement through the gravel bed. In
ddition, it points to the need for further investigation of nitrogen
ycling in post-spawning streambed environments to determine if
treambeds are significant storehouses of MDN delivered to natal
treams by spawning salmon.

Although further investigation is required to clarify the
nteraction of MDN and natural streambeds, the findings pre-
ented identify that leaving salmon carcasses in streams can
ncrease nutrient delivery and that adding a flocculent to stream-
ertilization programs can enhance nutrient delivery to the
treambed. Correspondingly, the removal of salmon carcasses dur-
ng salmon counts by dead-pitch may lower MDN cycling in natal
treams.

. Conclusions

The controlled study presented here identifies the poten-
ial for MDN delivery and storage in the gravel bed during the
ost-spawning period. In addition, it emphasizes the need for fur-
her consideration of sedimentation and intergravel environments
n the investigation of MDN cycling in Pacific salmon streams.
nvestigations of MDN cycling in Pacific salmon streambeds will
omplement previous water column-based investigations because
t will clarify the complex water, sediment, and organic matter
nteractions that occur during and after spawning events.

Water column-based investigations of MDN dynamics in Pacific
almon streams identify moderate net gains in nutrients once the
aterial exported during redd creation is considered (Tiegs et

l., 2009; Moore et al., 2007). Although considerable quantities of
utrients are exported downstream during the short-term spawn-

ng event, streambed nutrient recruitment levels have not been
dentified during and after spawning. Flocs forming in the water
olumn can settle downstream and enrich the streambed with
DN (Rex and Petticrew, 2008). O’Keefe and Edwards (2002) and

inay et al. (2009) found that hyporheic concentrations of nitrogen
ncrease as does microbial productivity during salmon runs. Based
n the nitrogen delivery by flocs and the storage potential of gravel
eds identified here we suggest that sediment–bound nitrogen
elivery by flocs is an important component of MDN cycling and
he sustainability of salmon streams that requires further investi-
ation.
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