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Nutrient concentrations, periphyton standing crop and size of steelhead trout (8ncsrhynehus mykiss) and coho 
salmon (8. kisuteh) fry increased after the fertilization of a nutrient-deficient stream with inorganic phosphorus 
(P) and nitrogen (N). Wh~le-river fertilimation of the Keogh River, British Columbia, during 4983-86 to increase 
summer average nutrient csncentrations f r ~ r n  <1 p,g POL-' and 25 pg lal-L-' to 1661 5 pg P-h-'  and 30-100 
pg N - L - '  resulted in five- to 10-fold increases in periphyton standing crops on artificial substrata and 1.4- to 2.0- 
fold Increases in late-September salmsnid fry weights. Diatoms and chlorsphytes dominated the algal periphyton 
on artificial substrata at fertilized sites. Cyanophytes were unimportant despite low N:P ratios in some cases. 
juvenile salmonids fed primarily on benthic insects. These results suggest that autochthonous primary production 
can be an important energy source in forested, middle-order streams, and indicate that the manipulation of 
autochthonous primary production can be a useful management tool to increase salmonid growth in nutrient- 
poor coastal streams. 

Les teneurs en 4l6ments nutritifs, la population exploitable du periphyton et la taille des truites arc-en-eiel (Owco- 
rhywchus mykiss) et des alevins de saurnon coho (0. kisutch) ont augment6 apres fertilisation en pkosphore (P) 
et azote (N) inorganique d'un cours d'eau pauvre en elements nutritifs. La fertilisation de toute la riviPre Keogh 
en Colombie-Britannique entre 1983 et 1986, en vue d'accroitre les teneurs estivales moyennes en 6lernents 
nutritifs de < I  pg P-L-' et 25 pg N-L-' a 10-15 pg P.L-' et 30-1 00 pg N-L-' a entraine des augmentations 
de 5- a 10-fsis de la population exploitable du periphyton sur les substrats artificiels et de 1,4- A 2,O-fois dans 
les poids des aievins de salmonides a %a fin de septembre. Aux sites fertilises, Jes diatom6s et les chlorophyc4es 
6taient les plus abondants du p6ripkyton d'algues sur les substrats artificiels. Les cyanophycees 6taient plus 
nornbreuses malgr6 les rapports N :P faibles dans certains cas. tes satrnonides juveniles se nourrissaient essen- 
tiel lernent d'insectes benthiques. Ces r6sultats semblent montrer que la production primaire akitochtogle peut 
constituer une source 6nergetique importante des cours d'eau moyens, en milieu boise, et indiquent que la 
manipulation de la production primaire autschtone peut &re un outil de gestion utile en vue d'augmenter la 
croissance des salmsnides dans des csurs d'eau cdtiers pauvres en Glernents nutritifs. 
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ositive cone%ations between indices of nutrient concen- 
trations and fish production have long been noted in 
streams (McFadden and Cooper 1962; Egglishaw 1968) 

and %&es (Northcote and Laarkin 1956; Ryder et al. 1974). 
Recently, the fertilization of oligotrophic, salmon-nursery lakes 
has produced large increases in adult returns (LeBrasseaar et al. 
1978), largely through the effects sf increased food abundance 
on smolt size and consequent marine survival (Hyatt and Stock- 
ner 1 985). Huntsman (1 948) suggested that inorganic fertiliz- 
ation could increase fish production in streams. The ultimate 
effect of fertilization is to increase the abundance of fish food- 
orgahisms which, in low- and middle-order streams, are mainly 
the immature stages of aquatic insects. Increases in the standing 
stocks sf stream zoobenthos after organic enrichment have 
repeatedly k e n  demonstrated in experimental streams and 
troughs (Warren et al, 1964; Mundie et al. 1973; Williams et 

al. 1997; Mundie et al. 1983), but there are few expeimental 
studies of the effects of inorganic enrichment. 

This neglect may stem from the belief that energy flow 
through forested stream ecosystems is largely driven by the 
import of dlochtkonous organic material , especially autumnal 
leaf litter (Hynes 1975; Bsling et al. 1975; Anderson and Sedell 
19791, despite evidence sf the importance of autochthonous 
(algae) energy pathways in many streams (Minshdl 1978). The 
relative importance of allochthonous and autochthonous energy 
sources will vary with nutrient and light levels. Inorganic 
nutrient additions can increase periphyton production in 
nutrient-deficient streams (Stsckner and Shsrtreed 1978; Peter- 
son et al. 198%; Penin et al. 1989). Peterson et al. (1985) dem- 
onstrated a change from heterotrophy to autotrophy by the 
addition of phosphoms to a tundra stream. Fertilization of the 
tundra stream with phosphorus also increased the size of larval 
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blackflies (Peterson et 518. 1985) and Ortbcladiees Hwae (Her- 
shey et d. 1988). Because some benthic algae are a high-quality 
food for aquatic insects (Cummins and Klug 1979), and the 
numbers of aquatic herbivores may be regulated by the amount 
of dgae available (Gregory 1983), the abundance of s t rem 
insects should be increased by inorganic fertilization. 

Fwd abundance, acting through territory size, may be an 
important factor influencing the production of strem-dwelling 
salmonids (Chapman 1966; Slaney and Northcote 1974; Dill et 
al. 198 1). Positive correlations between measures of food abun- 
dance in streams and both salmonid biomass (Murphy et al. 
198 1 ; Bowlby and Roff 1986) and growth rates (Wmen et a%. 
196-4; Wilzbach et al. 1986) support this view. Increased food 
availability may increase both the abundmce (Slaney and 
Northcote 1974; Mason 1976; Wilzbach 1985) and size (Mason 
1976; Wilzbach et al. 1986) of stream-rearing sdmonids. 
Increased adult returns with increasing smolt size are reported 
for several stream-rearing anadromous salmonids, such as coho 
salmon (Oncoahynchus kisutch) (Hager and Noble 1976) and 
steelhead trout (0. mykiss, formerly Sa&ramo gairdneri) (Ward 
and Slaney 1988). Thus, the fertilization of nutrient-deficient 
streams to increase food availability may be a promising tech- 
nique for increasing coho salmon and steelhead trout 
production. 

We examined the effects of whole-river enrichment with 
inorganic phosphorus and nitrogen fertilizers on the size of 
juvenile coho salmon and steelhead trout that reared in a small, 
coastal, British Columbia river. We also examined associated 
changes in periphyton accrual, zoobenthos standing crop and 
the diet of steelhead and coho salmon fry to provide information 
on the processes leading to increased fish size. A more detailed 
account of the effects of organic and inorganic enrichment on 
periphyton accrual in experimental sections of the s t rem is 
given in Penin et al. (1987) while a preliminary account of the 
effects of whole-river fertilization on juvenile steelhead is given 
in Slaney et al- (1986). 

Materids and Methods 

Study Site 

The enrichment experiments took place in the Keogh River 
(127O25'W by 50°35'N), a third-order coastal stream at the 
northeastern end of Vancouver Island, British Columbia (Fig. 
1). The Keogh River is 32 h long and drains a watershed of 
about 130 h2. Although the s t rem originates from a lake, 
stream flow is variable, especially during the winter rainy 
period. Mean annual discharge is 5.3 m3.s- ', while the 
maximum estimated flow is 254 m3*s- ' . Mean summer flows 
are about 1.6 m3.s- near the mouth, and minimum summer 
flow is about 8.1 m35- I .  Wetted width at mean summer flow 
varies from 5 rn in the headwaters to 15 m at the river mouth. 
Riffles, pools, and runs make up 41, 22, and 37% of the river 
length, respectively (Ward and Slaney 1979). The substratum 
is mainly gravel and cobble. 

About 35% of the watershed has k e n  logged during the last 
30 yr. The headwater areas upstream of lam 29 (Fig. 1) have 
been logged to the streambank, while other areas have 
strewside buffer strips or are unlogged. The riparian vegetation 
in logged areas is red alder (Alnus rubra), salal (Gaultheria 
shallon), willow (Sakh spp.), sedges and grasses. Western 
hemlock (Tsuga heterophylla), red cedar (Thkija plicata), and 
sitka spruce (Picea sitchensis) dominate the mature forests. 

FIG. 1. Keogh River drainage, showing the Isscations of sampling sites 
and fertilizer dispensers in 1984. 

Canopy closure is about 30% in the headwaters and 68 to 70% 
elsewhere. During the fertilization study, logging in the vicinity 
of the river occurred only in late summer 1985, at isolated sites 
near km 23 and h 3.7. 

Ambient nutrient concentrations are low. Soluble reactive 
phosphorus (SRP) and total dissolved phosphorus 
concentrations are < 1 and about 5 pgeL - ' , respectively during 
spring and summer months. Dissolved inorganic nitrogen (DIN; 
nitrate + nitrite -b- ammonia) concentrations are also low. 
Nitrate plus nitrite is usually less than 15 pg P4.L-l while 
ammonia (NH, t NH,") is less than 5 kg N-E-I. Inorganic 
P and N concentrations increase slightly with declining flows 
through the summer, to maxima of 3 kg P-L-' and 60 p.,g 
N*E-' (Penin et al. 1987). Mean pH is 6.9, total alkalinity is 
7.0 m g t -  ' as CaCO, and total dissolved solids are about 
30 mg*Lml. 

The Keogh River has estimated annual runs of 2000 to 33 000 
(odd year) and 25 000 to 60 000 (even year) pink salmon (0, 
gsrbuscha); in recent years, odd and even year runs have been 
similar ((Johnston et al. 1986). Spawning pink salmon occur 
upstream to Eura 30.5, our control site. Returns of other 
ana&omsus salmonids are about 1000 to 3000 coho salmon, 
200 to 4600 steelhead trout (wild plus hatchery fish, 1976 to 
1988) and 150 to 258 chum salmon (0. keta). Anadromous 
Dolly Varden char (Salvefinus malma) and resident cutthroat 
trout (0. clarki, fomerly Salmo clarki) also occur. An average 
of 7 1 880 coho salmon smolts (Irvine and Ward 1989) and 5500 
steelhead smolts (Ward and Slaney 1988) we produced annually. 
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Fertilization Treatments 

Periphyton growth in the Keogh River is phosphorus-limited 
at ambient nutrient concentrations (Penin et al. 8987). Target 
nutrient concentrations during fertilization were chosen to sat- 
urate P-limited periphyton growth sates while simultaneously 
satisfying known tissue N:B ratios. In all cases (except possibly 
1983, see below), summer average ghosphoms concentrations 
in fertilized sections (Fig. 3) were greater than levels known to 
saturate the biomass accrual of lotic periphytic diatom com- 
munities (Bothwell 1989). Thus, although several concentra- 
tions sf fertilizer were applied throughout the experiment, we 
regad these as a single treatment, "inorganic fertilization," 
applied in 5 yr. Differences in fertilizer applications were pri- 
marily in loadings of inorganic nitrogen. 

Hn 1981, we fertilized 300-m sections of the upper Keogh 
River. During 1983 to 1986, the lowermost 29 krn of river were 
continuously fertilized with N and P throughout the summer 
growing season while the upper 3 km remained as an untreated 
control reach. In 1976 to 1988, 1982, and 1987 to 1988 the 
river was not fertilized. 

The effects of organic and inorganic enrichments were stud- 
ied between April and September, 198 2 ,  in four similar 300-m 
sections of the upper Keogh River between krn 30.5 and h 29 
(Fig. 1). A detailed description of the experimental procedure 
is given in Penin et al. (1987). Briefly, from mid-May to mid- 
September the four stream sections were subject to: no treat- 
ment (COW'FROL); a monthly addition of 280 rolled 
barley (total P = 0.40%, total N = B .88%, total C - 39.24%) 
(GRAIN); continuous additions of inorganic fertilizers (N-P-K 
fomulations of 34-0-0 and 11-55-0) to produce ambient con- 
centrations of B 5 (ag $-&-- ' and 200 pg Flak-' (LOWPN); and 
inorganic fertilizer additions to produce concentrations of 20 pg 
PeL-' and 400 pg N L - I  (HIPN). Because of low natural 
recruitment of steelhead trout, all sections were stocked with 
steelhead trout fry (Keogh River stock, mean weight 0.40 g) 
on 8 June at about 0.3 f i ~ h - m - ~ .  Adjacent treatments were sep- 
arated by 300-m buffer zones, which were considered adequate 
as the m d i m  dispersal distance of stocked steelhead fry in 
higher gradient coastal streams is usually less than 150 m 
(Hume md Parkinson 1987). 

Fmm 1983 to 9 986, inorganic P and N were added to produce 
target P concentrations of 10 to 15 pgek- ' in the 29-km treat- 
ment reach. N loadings varid, as we wanted to reduce the 
application of this expensive material to the minimum required 
to generate a strong response by the perighyton. In 1983 a solid 
prill , slow-release fertilizer (Osmocote@, Sierra Chemical Ltd ., 
Milpitas, Calif.) was broadcast by helicopter over the 29-km 
treatment reach on three occasions between 24 Mach and 25 
July to produce target concentrations of 10 pg P-L- ' md 100 
pg N L - ' .  In 1984, the Keogh River downstream of krn 29 
was continuously fertilized with inorganic P and N fmm 4 May 
to 28 September. Two fertilization techniques were used. 
Osmocote@ prill was broadcast by hand in the upper 3 km of 
the fertilized section on three occasions, to produce ambient B 
md N concentrations sf 15 pgg L- ' . The remainder of the river 
was continuously fertilized with a mix of 11-55-0 and 34-0-0 
agricultural fertilizers using mechanical dispensers (Pemin et al. 
1987) located at 3-km intervals, to produce concentrations sf 
15 p g L - '  P and N in the upper 3 km or 15 pg Pa&-' and 150 
p,g NeL-' in the lower 23 km. In 1985, the 29-km treatment 
reach was continuously fertilized from 95 April to 27 Septem- 
ber, using mechanical dispensers located at approximately 5- 

km intervals, to produce concentrations of I0  kg P-L- ' and 
108 pg N.L-'. Hn 1986, the 29-km enrichment section was 
continuously fertilized with 1 1-55-63 fertilizer fmm 28 April to 
10 September, using mechanical dispensers at approximately 5- 
km intervals, to produce a concentration of 10 pg P-k - I .  The 
lowemost 26 h was additionally fertilized with 34-0-0 fer- 
tilizer to give a nitrogen concentration of 50 pg N.&-'. 

Fertilization Effects on Fry Size 

We assessed the effects of inorganic fertilization on the 
weights of age 0 f coho salmon and steelhead trout fry with a 
"Before-After Control-Impact " experimental design (Stewart- 
Oaten et al. 1986) that compared the differences between paired 
measurements in control and fertilized reaches during treated 
and nontreated time periods. Analyses were done on log-trms- 
formed data to improve normality md homogeneity of vari- 
ances. The additivity and independence assumptions of the 
analysis were tested using the single degree of freedom test for 
nonadditivity (Tukey 1949) and von Neumann's ratio test (von 
Weummn 9 941 ; H a t  1942). 

We determined mid-summer (late July to early August) fry 
weights in the treatment and control reaches from 1976 to 1988 
and "end-of-growing-season7' (late September to early Octo- 
ber) weights from 1983 to 1988 by sampling at a series of loca- 
tions within each reach. At each sampling location, we censused 
fish populations in several adjacent habitats, each about 10 to 
15 m long, sealed with stop nets. Fish numbers were estimated 
by the method of Seber md Le Cren (1967), based on thee or 
four electrofishing circuits at each site using a Smith-Root 
(Vancouver, Washington) type VIIIA electroshocker. We meas- 
ured wet weights to the nearest 0.1 g for all pan and random 
subsamples of fry, and fork lengths to the nearest millimeter 
for all fish. The weights of unweighed fry were estimated from 
site-specific, functional regressions (Ricker 1973) of 
loggweight) against log(1ength). Fry were separated from pan 
by scale aging and length-frequency analysis. Steelhead pan 
were aged from plastic impressions of scale samples. 

Mean fry weights at the several sampling locations within 
each experimental unit (control or treatment reach) were aver- 
aged to give a reach mean, as recommended by Hurlbert (1984) 
and Stewart-Oaten et al. (1986), because locations were sub- 
samples d r am from a single experimental unit. Although loca- 
tion differences undoubtedly exist and the set of locations sam- 
pled varied somewhat among years, this would tend to increase 
the variability in the data, yielding a more conservative test of 
fertilization effects. 

Response Mechanisms 

To provide information on the mechanisms leading to a fish 
response, we collected ancillary data on nutrient concentra- 
tions, periphyton accmal, benthos standing crop, and fish diet 
at various times throughout the study. Because we lack a time- 
series of data in control and fertilized reaches during non- 
treatment and treatment periods, the ancillary data cannot 
unequivocally separate fertilization effects from intrinsic Ima- 
tion differences or from temporal trends that differentially 
affected control md treatment reaches. Nevertheless, the data 
are useful in elucidating the probable responses at other trophic 
levels. 

Water samples for the determination of nutrient concentra- 
tions were ccs%lected md processed as described by Penin et al. 
(1987). Sample sites in the treatment reach were located in rif- 
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fles several kilometers downstream of fertilizer dispensers. 
Nutrient concentrations were measured throughout the summer 
in control and fertilization reaches in four pretreatment years 
(1975 to 1978) and in all fertilization years. Detection limits 
were 3 pg*E- ' for SRP and 20 pg N-L - ' for nitrate from 1975 
to 1978, and 1 yg.&-' for SRP and 5 pg N-L-' for nitrate or 
ammonia from 198 1 onward. 

Periphyton accrual on styrofoam substrata was measured at 
the control site md several treatment sites in several times series 
during each of the fertilization years, following the procedures 
of Penin et al. (1987). Periphytsn standing crop was measured 
as chlorophyll a.  Taxonomic analyses used the Utemohl tech- 
nique at 500 X magnification on Lugol-preserved samples 
(Penin et al. 1987). Periphyton accrual on plexiglass substrata 
(Stocher and Shortreed 1976) was measured at the control and 
one treatment site during 1978. 

During the 198 1 experiment, benthos samples were collected 
at approximately monthly intervals at the CONTROL, GRAIN, 
and HIQN sites, using a Hess sampler of 0.05 m2 with a 200 ym 
mesh net. The substratum was sampled to 10 cm depth during 
base flow conditions, in water depths of 1% to 45 cm. A set of 
five samples was taken at each of two riffles within each treat- 
ment section on each date, and preserved in 10% formalin. 
Samples were hand-picked at 10 X magnification, with a sort- 
ing efficiency >90%. Invertebrates were identified to the fam- 
ily level; insect taxonomy follows Memitt and Gummins (1978). 
Wet weights were measured to the nearest milligram on an elec- 
tronic balance after blotting the organisms on filter paper to 
remove excess preservative. Shells were removed from bivalves 
prior to weighing. 

Fry diet was monitored during 1984 and 1985 to assess feed- 
ing on benthic insects capable of responding to fertilization. In 
1984, steelhead and coho fry were collected for diet analysis 
in mid-June and late September by electroshocking during the 
day. The fish were preserved in 10% fomalin, the stomachs 
later excised, a d  the contents removed a d  identified from HO 
fry of each species at each site. In 1985, fish diet was monitored 
in the control a d  fertilized reaches from monthly samples col- 
lected by electroshmking at dusk. 

Fish Growth 

Inorganic fertilization resulted in striking increases in the 
weights of steelhead and coho salmon fry in fertilized areas 
(Fig. 2) during all years of treatment, except for coho fry in 
1983 when nutrient concentrations were considerably below 
target values a d  the periphyton response was considerably 
reduced. 

During the eight nontreatrnent years before and after 
fertilization, mid-summer steelhead fry (logarithmic) mean 
weights were generally slightly higher in the control reach than 
in the fertilization treatment reach (Fig. 2a). During the 5 yr of 
fertilization treatment , however, the mid-summer logarithmic 
mean weights of steelhead fry were considerably greater in the 
fertilized reach than in the control reach (Fig. 2a). The mean 
of the differences between the treatment and control reaches 
during the fertilization years was significantly greater than the 
mean sf the differences during the nontreatment yeas ( t  = 7.22, 
df = 1 1, p<O.Wl, one-tailed). That is, steelhead fry weights 
were significantly increased by the fertilization treatment. The 
additivity and independence assumptions of the above analysis 

were met. During each of the nontreatment md  fertilization 
time periods, the difference in mean weights between control 
md fertilized reaches was constant (Tukey's single degree of 
freedom test for nonadditivity, p = 0.27 and p = 0.13, 
respectively). Similarly, the temporal replicates were 
independent within each period (von Neumann ratio test, 
k-2.7, n=$ ,pS0.06  and k== 1.15, az-5, p>0.07). 

Fall steelhead fry weights showed a similar response (Fig. 
2b), the mean of the differences between treatment and control 
reach averages being significantly elevated during fertilization 
( t  = 3.05, df = 4, p = 0.019, one-tailed). The additivity and 
independence assumptions were met in the fertilization 
replicates (Tukey test for nonadditivity, p = 0.13; von Nearmmn 
ratio test, k = 1.12, n = 4, p>0.06), but the assumptions could 
not be tested for the nontreatment data (n = 2). 

Coho fry mid-summer weights also increased in the treatment 
reach during fertilization (Fig. 2c). The mean of the differences 
between treatment and control reaches in fertilized years was 
significantly greater than the mean of the differences during 
nonfertilized years ( t  = 3-65, df = 1 1, p = 0.002, one-tailed), 
and the additivity and independence assumptions were met 
(Tukey test, p=Q.68 andp=O.97; von Neumann test, k=3.2, 
n = 8, pb0.M and k = 3.1, n - 5 ,  pS0.06 for nontreatment and 
fertilization years, respectively). However, the mean of the 
differences between the fertilization reach and control reach 
coho fry weights at the end of the growing season did not differ 
significantly between the fertilization and nonfertilization 
periods (k = 1.06, df = 4, p = 0.17, one-tailed), although fall 
coho fry weights were generally greater in the treatment reach 
during fertilization (Fig. 2d). The additivity and independence 
assumptisnrs were again satisfied (Tukey test, p = 0- 92; von 
Neumann test, k = 1.44, n = 4, pB0.04" for fertilization 
replicates). The apparent lack of response in the fa12 coho 
weights may result from the low statistical power of the test 
(1 - fl .= 0.23). Thus, it is quite possible that fall coho fry 
weights did increase in the treatment reach during fertilized 
years (Fig. 2d) but that we were unable to detect the increase 
statistically. If the ineffective 1983 treatment is not considered, 
the likelihood that fall coho fry weights were elevated during 
fertilization is considerably increased ( t  = 2 -04, df = 3, 
p = 0.067, one-tailed) despite the low power of the test (1 - @ 
= 0.47). 

The average effect of inorganic fertilization was to increase 
steelhead trout fry geometric mean weights about 95% and coho 
salmon fry geometric mean weights about 40% by the end of 
the growing season (Table 1). Most of the weight gain was 
achieved by mid-summer (Table 1). 

Water Chemistry and Periphyton Accmal 

Prior to whole-river fertilization, DIN and SRP concentra- 
tions were low and similar in all reaches of the Keogh River 
(Fig. 3). During whole-river fertilization, DIN a d  SWP values 
remained Bow in the control a e a  but were considerably elevated 
in the fertilized reach. The apparent decrease in nutrient con- 
centrations at the control site from 1981 onward (Fig. 3) 
resulted from a decrease in detection limits. N:P atomic ratios 
in unfertilized stream sections ranged between 20: 1 and 60: 1 
during fertilization, which suggests that alga1 production would 
potentially be phosphoms-limited. 

Summer average nutrient concentrations in fertilized reaches 
generally were at or above target values except in 1983, when 
Osmocote@ was used as the nutrient source. Although Osmo- 
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4975 1980 1985 1990 1975 1980 1985 1990 
FIG. 2. Logarithmic mem weights (g) of salmonid fry in control (0) and treatment (63) reaches of the 
Keogh River during nontreatment (open symbols) and fertilization (filled symbols) periods: (a) steelhead 
fry in mid-summer 197688, (b) skelhead fry at the end of September 1983-88, (c)  coho sdmon fry 
in mid-sumer 1936-88, and (d) coho salmon fry at the end sf September 1983-$$. 

Steelhead 
Fertilized sites 
Control sites 
Difference 

TABLE 1. G e o m e ~ c  mean weights (g) of steelhead trout md coho 
sdmon fry at mid-sumer md late September in control and fertil- 
ization areas of the Keogh River during treatment md nontreatrnent 
w d d s .  

Coho 
Fertilized sites 
Control sites 
Difference 

~wfe r t i l i z z  Fertilized 
yeas yeas Difference 

Stelhead 
Fertilized sites 
Control sites 
Difference 

Coho 
Fertilized sites 
Control sites 
Difference 

Late September 

cotem was chosen to provide a constant rate of release over the 
inter-treatment periods, the nutrients were released immediately 
afkr application as a pulse of short duration. Consequently, 
average nutrient concentrations were considerably lower (Fig. 

3) than the target concentrations of 10 ~g P-L-I and 100 ~g 
N-L - ' . Phosphoms concentrations during 1983 were fre- 
quently lower than those required to saturate algal standing crop 
(Bothwell 1989); ambient P was less than the 1 pg P-L- "eke- 
tion limit in 46% of the samples from the fertilized reach. 

Whole-river fertilization during 1984 to 1986 affected algal 
periphyton similarly to inorganic fertilizer additions to 300-111 
stream sections in 1981 (Pe et d. 1987). Prior to fertiliza- 
tion, periphytsn standing crops were low md similar at control 
and treatment sites, Chlorophyll a standing crops were less than 
5 mg chl at aII sites (Fig. 4). During fertilization in 1984 
to 1886, standing crops were as much as an order of magnitude 
greater at fertilized sites than at the control (Fig. 4). Standing 
crops reached maximum values of 100 to 200 mg chI d 
fertilized sites in late spring and early summer, but only 10 to 
20 mg chl at the control site. Maximum standing crops 
were lower in late summer, but the large differences between 
the control and fertilized sites were generally maintained. Per- 
iphyton standing crop was somewhat lower in 1983, when tar- 
get concentrations of nutrients were not achieved. Maximum 
chl a values at treated sites in 1983 (50 to 60 mg chl a m - 2 )  
were about five times those at the control, md differences 
between the control and treatment sites were not consistently 
maintained (Fig. 4). 

The attached algal community at the control site was domi- 
nated by diatoms throughout the entire study (Table 2). Diatoms 
were also the dominant group at the fertilized sites, but chlo- 
rophytes were a much more important component of the peri- 
phyton at fertilized sites than at the control, especially in late 
summer (Table 2). Cyanophytes were always a minor comp- 
nent sf the periphyton. Tabellaria, Syncdra, Fmgi&aria3 and 
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Achnwnthes were abundant diatom genera at all sites. Other 
common genera such as Cocconeis, Cyrnbelka, Navicuh, and 
Diatorna were abundant only at the fertilized sites. C ~ ~ m r h ' u m  
and Ckosterium were common chlorophytes at d l  sites. The 
increases in chlorophytes seen in late summer largely com- 
prised filamentous forms such as Uiothrix, Oedogona'um, and 
Spirogyra in 1984 but Ankistrodesmus, SceBzdesmus, and Spi- 
rogyrw! in 1985. Bscillsrtoria and Anabaenw! were the only blue- 
greens found. 

Benthic Invertebrates 

There were few large differences in the taxonomic compo- 
sition of benthos samples among the control, organic enrich- 
ment and high inorganic fertilization sites in the 1981 experi- 
ment. The benthic community was typically dominated by 
baetid, leptophlebid, and hepatgeniid mayflies; chironomid and 
simuliid flies; chloroperlid stsneflies; hydropsychid caddisflies; 
and elmid beetles. 

Mean standing crops of benthic invertebrates were similar at 
aH sites during the first 2 mo of enrichment in 1981 (Fig. 5). 
Thereafter, the standing crops at the grain and inorganic kreat- 
ment sites continued to increase while that at the control site 
declined slightly. By the end of the enrichment period in Sep- 
tember, standing crops of benthos at the grain a d  inorganic 
tretament sites were thee to five times that of the control (Tukey 
hsd test, p<O.05). Higher density of benthos in the organic 
enrichment section relative to the control resulted from higher 
densities sf chironomid and shuliid larvae, while that at the 
inorganic fertilization site resulted from higher abundances of 
chironomid and hydropsychid caddisfly larvae. Stoneflies were 
also more abundant at both enriched sites. Over the enrichment 
period, standing crops of benthos at the enrichment sections 
averaged about twice that in the control section. 

Fry Diet 

The stomach contents of steelhead fry in I984 and 1985 con- 
sisted primarily of mayfly nymphs and dipteran larvae (Fig. 6), 
which were also the most abundant taxa in the benthos when 
examined in 1981. Mayflies were more heavily utilized at the 
control site, while dipteran flies comprised more of the diet at 
the fertilized sites. Terrestrial insects were usudly a minor 
component of the diet. Caddisfly larvae and stonefly nymphs 
increased in importance at d l  sites in Bate September. Baetidae 
were the most abundant mayfly in steelhead fry stomachs, but 
Heptageniidae, Ephemerellidae, and Leptophlebidae were 
occasionally abundant. Chironomids were the most common 
dipteran fly larvae. 

The diet of coho salmon fry was amasre diverse, but mayflies 
and dipterans, especially baetid and heptageniid nymphs and 
chironomid larvae, again were the most common prey items 
(Fig. 6). Terrestrial insects dso  formed a significant fraction 
of the diet. Caddisflies md stoneflies were occasiondly 
important. 

Fertilization of the nutrient-deficient Keogh River with inor- 
ganic P and N resulted in significant increases in the mean 
weights of juvenile sdmonids. Substantial increases in peri- 
phyton standing crop also occurred during fertilization. These 
changes indicate that the manipulation of inorganic nutrient 
concentrations to increase autochthonous primary production 
can be a useful technique to increase fish growth in nutrient- 
deficient streams. 

Periphyton Response 

The results of the Keogh River fertilization experiment are 
important in resolving concerns about extrapolating trough 
experiment results to the ecosystem level (Peterson et al. 1983), 
and in confirming the magnitude of algal responses to enrich- 
ment in a nutrient-deficient stream: large increases in periphy- 
ton standing crop can be produced stream-wide in B-limited 
streams. 

The responses of periphytic algae in the Keogh River to 
whole-river enrichment were qualitatively md quantitatively 
similar to those seen in smaller-scale enrichment experiments 
in other nutrient-deficient streams. The five- to 10-fold 
increases in periphyton standing crop in fertilized sections of 
the Keogh River were similar to those observed in trough exper- 
iments in Cmation Creek, B.C.,  when P was added (Stocher 

Can. 9. Fish. Aqwr. Sci., VoI. 47, 1990 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
11

/3
0/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



April May June July August September 

0 April May June July August September 
,- l000.0 

' E 

April May June July August September - 1000.0 tN 

' E 

- April May June July August September 

April May June Juiy August September 
a accmklaf on artificial substrata prbr to (1978) and daadwg (1983-86) whole-river 4. Chlorophyll 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Si

m
on

 F
ra

se
r 

U
ni

ve
rs

ity
 o

n 
11

/3
0/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



TABLE 2. Average percent volume by major taxonomic group of priphytic algae on styrofoam substrata 
at control and fertilized sites in the Keogh River during whole-river fertilization, 1984 to 1986. + 
indicates presence in trace mounts. 

May June August September 

Control Fert Control Fert Control Fert Control Fert 

1984 
Bacillariophyeeae 
Chloroph yta 
Cyanophyta 
Chysophyta 

1985 
Bacilluiophyceae 
Chlorophyta 
Cyanophyta 
Chrysophyta 

1986 
Bacillaiophyceae 
Chlorophyta 
Cyanophyta 
Chrysoghytia 

0 
April May June July August September 

1 I B I 1 

HlPN I - 
1 -  

I 

1 

CONTROL ' 

I I 1 I I 

FIG. 5. Changes in benthic biomass (mean+ SE, n = 10) at 380 m csn- 
trol, organic enrichment (GRAIN), awd high inorganic enrichment 
(HPN) stream sections during the 198 1 enrichment experiment. 

and Shortreed 1978). Phosphorus enrichment of experimental 
tubes in a tundra stream also produced similar increases in chl 
a levels (Peterson et al. 1983). Ambient concentrations of SRP 
were about 10 pg.L-' in all three studies. However, much 
smdler changes in chl a were reported during P enrichment of 
120-150 m sections of a deciduous woodland stream (Elwood 
et al. 19811, possibly as a result of simultaneous N limitation. 

Nitrogen limitation was not a major concern in augmenting 
autochthonous production in the Keogh River at the levels of P 
enrichment used. Although seasonal average PJ:P atomic ratios 
varied from 2: 1 to 16: B among different fertilized areas, greatly 

STEELHEAD FRY DIET COHO FRY DIET 

19 dune 25 Sept 29 June 25 Sept 19 June 25 Sept 
1984 1984 1985 1985 1984 1984 

Control 
km 30.5 @ a 

L 

Fertilized 

km 8 
LEGEND 

Stoneflies 

FIG. 6. Percent composition by numbers of tma in the stomach con- 
tents of steelhead trout and coho salmon fry at controH and fertilized 
sites in the Keogh River during the 1984 and 1985 whole-river fertil- 
ization treatments. 

increased chi a levels occurred in all treatments. Periphyton 
accrual on styrofoam substrata was similar over a wide range 
of DIN concentrations (Fig. 4). In contrast, Stocher and 
Shortreed (1978) and Peterson et al. (1983) obtained larger 
increases in chl a levels when both N and P were added than 
when either nutrient was added done. Also, despite low aver- 
age N:P atomic ratios in some cases, blue-green algae did not 
become an important part of the periphyton, as predicted by 
Stockner and Shortreed (1978) for N:P ratios below 5:B. Pre- 
sumably, natural sources of N were a sufficient supply; DIN in 
unfertilized areas averaged about 25 pg N.L- '. Fertilization 

FIG. 4. (continued) 
fertilization of the Keogh River. The initial datum in each series was taken 4 to 7 d after the eom- 
mencement of the accrual measurements. indicates the start of fertilization and OS indicates the 
addition of Bsmocote@@. 
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TABLE 3. Densities and geometric mean wet weights of salmonid fry 
in control md fertilized strem sections after 2.5 mo of treatment, July 
1981. 95% confidence limits m d  sample sizes in brackets. n = 4 for 
the density estimates. 

Density 
Weight (g) (fish=mm2) 

Steelhead fry 
Control 1.5 (1.2-1.8, pa-33) 0.15 (0.114.21) 
Organic 1.9 (1.3-2.2, pa=41) 0.22 (0.18-0.27) 
Low inorganic 3.2 (2.9-3.5, pz=47) 0.27 (0.0-0.55) 
Highinorganic 2.9(2.6-3.3,~=30) 0.11 (0.04--O.B7) 

Coho sdmon fry 
Control 3.1 (2.7-3.5, n=40) 0.28 (0.0-0.70) 
Brgmiic 3.4 (3.1-3.9, ps = 56) 0.32 (0.024.63) 
b w  inorganic 5.3 (4.9-5.7, n=53) 0.36 (0.154.57) 
High inorganic 5 .0 (4.7-5.3, n = 90) 0.33 (0.03-0.63) 

Dolly Vaden fry 
Control 0.7 (0.2-2.2, n - 3 )  0.014 (0.0-0.03) 
Organic 1.5 (1.3-1.7, n=20) 0.082 (0.0-0.19) 
hwinorgmic 2.1(%.5-2.9,pz=14) 0.879(0.024.14) 
Highinorgamic 2.3(1.9-2.7,~=13) 0.049(0.M.12) 

Weight multiple c o m p ~ s o n s  (Tukey bsd test) 
Steelbead fry C O ~ ~ ~ . Q I < G R A ~ < L O P N  = HIPN 
Coho sdmon fry Control = GMm<LOPN = HPN 
Dolly Vuden fry Contml<GR 

increased the relative abundance of chlorophytes in the Keogh 
River, but the priphyton community remained dominated by 
a few genera of diatoms, such as Achnanthes, Fmgklaharia, Sync- 
dm, and Tabellaria, which also became common in Carnation 
Creek when nutrients were added (Stockner and Shortreed 
1978). 

Our results (Fig. 4) suggested that ambient SRB concentra- 
tions of 10 to 15 kg PeL-I are needed to saturate periphyton 
stmding crop. We measured lower periphyton stmding crops 
in 1983, when ambient P averaged 3.8. ~g POL-I in the fertil- 
ized section, than in 1984 to I986 when ambient P was 10 to 
15 pg P L -  ' . The sustainable biomass of diatom-dominated 
stream periphyton communities is known to saturate at rela- 
tively high phosphoms levels (Bothwell 1989), dthough growth 
at the cellular level saturates at much lower B concentrations 
(0.3 to 8.6 pg P L - ' ,  Bothwell 1988). 

Fish Response 

We attribute the lager fish sizes at fertilized sites to increased 
food availability. Thus, we hypothesize that elevated nutrient 
concentrations during the fertilization treatment increased per- 
iphyton standing crop, which in turn led to increased production 
of the benthic insects that tthe fry consumed. 

Our data were consistent with this view, although only the 
changes in fish size can be ascribed unequivocally to the fer- 
tilization treatment. During fertilization, both nutrient concen- 
trations and periphyton stmding crop were higher in the fertil- 
ized reach than in the control reach. Both steelhead m d  coho 
salmon fry fed primarily on benthic insects. In the 1981 enrich- 
ment experiment, salmonid fry were largest in the treated sec- 
tions (Table 3), in which benthos stmding crops and the abun- 
dances of those benthic insects consumed by salmonid fry were 
highest. Coho fry, which utilized tenestial prey to a greater 
extent than did steelhead fry, showed a smaller response to inor- 

ganic fertilization. In 1983, when both nutrient concentrations 
and priphyton standing crop in the fertilized area were lower 
than in other treatment years, the differences in fish sizes 
between the control md fertilized reaches were also reduced. 

The data suggest that autochthonous primary production can 
be an important energy source in forested, middle-order coastal 
streams. The immediate changes in fish size observed during 
fertilization indicated that the benthic insect community, on 
which the juvenile salmonids fed, may respond quickly to alter- 
ations of food abundance. 

It is likely that increased periphyton standing cmps would 
lead to increased production of benthic insects. The increased 
standing crop of periphytic diatoms found in fertilized areas of 
the Keogh River would increase food availability or quality for 
many aquatic insects (Anderson and Cummins 1979; Bird and 
Kaushik 1984). Decreased mortality, increased growth, and 
aggregation of aquatic insects are expected in organically 
enriched substrates (Mundie et al. 1983). Increased food quality 
or availability can also alter the fecundity and generation length 
of aquatic insects (Anderson and Cummins 1979; Sweeney 
et al. 1986). Accelerated development and increased body size 
were seen in the dipterms Orghoc/adius and Prssimulium fo1- 
lowing fertilization of a tundra stream (Peterson et al. 1985; 
Hershey et al. 1988). Our 198 1 data indicated higher stmding 
cmps of benthic invertebrates in the enriched stream sections 
than in the control at the end of the summer, but it was unclear 
whether the differences represented treatment or location 
effects. 

The immediate increases in salmonid fry sizes during fertil- 
ization also suggested that fry growth was strongly food-lim- 
ited. Several experimental studies have directly demonstrated 
the importance of food availability in determining the growth 
rates of stream-dwelling salmonids. Mason (1976) found that 
the production of juvenile coho was food-limited during the 
summer, and that both size and density were increased severd- 
fold by experimental feeding. Wilzbach et al. (1986) found that 
short-term growth rates of cutthoat trout were correlated with 
invertebrate drift densities, Murphy et al . (198 1) also found that 
trout biomass in riffles was positively eonelated with benthos 
density, and that the growth rates of fry varied directly with 
insect drift rates in several small Oregon streams. Wmen et ale 
(1964) observed seven-fold higher production of cutthroat trout 
in experimental streams whose benthic invertebrate populations 
had increased four-fold after enrichment with sucrose. 

The growth of stream-rearing sdrnonids may also be influ- 
enced by population density (e.g . Fraser 1969; Randdl 1982) 
acting through territory size. Territory size is itself strongly 
influenced by food availability (Slmey and Northcote 1974). 
Dill et al. (1981) observed that territory size in a natural pop- 
ulation of coho fry was negatively correlated with the density 
of benthos on the territories. The increased fish sizes observed 
at our fertilized sites were not likely to result h m  differences 
in fry density rather than increased food a b u n h c e .  Some of 
the inter-site differences seen during 1976 to 1988 m y  have 
resulted from differences in fry abundance, but it is unlikely 
that the among-yea pattern of variation in fry density at fertil- 
ized a d  control sites exactly duplicated our treatments. In the 
1981 experiments, juvenile salmonid densities were very sim- 
ilar at all sites (Table 3) but mean weights differed substantially. 

Other data indirectly confirm our conclusion th& tthe fertil- 
ization treatment was responsible for the observed increases in 
salmonid fry sizes. First, the size-at-age of emigrating steelhead 
sml t s  increased and the mean age decreased for brood years 
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subject to fertilization (Slaney et al. 1986). Second, the pro- 
portion of steelhead p m  older than 1 + years decreased in the 
fertilized area compmd with both the control md the prefer- 
tilization data (Slmey et d. 1986). These results strongly sug- 
gest that whole river fertilization has led to increased fish growth 
that has been maintained over several years of treatment. 

The increases in steelhead trout md coho sdmon fry sizes 
that resulted from the fertilization treatment could have impor- 
tant effects on smolt output from the river, since overwinter 
survival increases with fry size in coho salmon (Holtby md 
Haman  1982) and in stocked steelhead (Hum a d  Parkinson 
1988). In turn, increased smolt numbers and size are likely to 
increase adult returns, since smolt-to-adult survival increases 
with smolt size in steelhead (Wad and Slmey 1988) and in 
coho salmon (Hager and Noble 1976). 
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