Comments about Volatilization Drift
to the Environmental Protection Agency Scientific Advisory Panel
Submitted by
Accounts of Volatilization Drift and their negative impacts:
August 21, 2009: Oregon Forest Management Services applied Chopper manufactured by BASF, EPA
No. 241-296 (imazapyr, active ingredient) plus Methylated Seed Oil foliar by back pack sprayers for
Weyerhaeuser Company on steep clearcut forestland in the Coast Range of Oregon within Lane County
adjacent to protected Coastal Coho Salmon streams (Congdon Creek and tributaries flowing into Lake
Creek and then into the Siuslaw River).
Below is a picture of the Oregon Forest Management Services crew after they finished spraying the
unit on August 21, 2009 about two air miles from my organic farm. (Photos by Gary Hale).

This type of application normally does not cause the amount of drift that an aerial application would,
however, both kinds of applications do cause significant volatilization drift. Because of the steepness
of the slopes treated and the herbicide/adjuvants used, there is noticeable vapor movement uphill with
the warming air during the daytime, and downhill movement with the cooling air in the evening. The
wind carries these vapors for miles, and the vaporization of these chemicals lasts for days, weeks, and
even months.

The photo below shows how steep this unit is. The diurnal movements of air transport the vapors for a
great distance from the sprayed units for a long time after the initial application of the pesticide or
herbicide and adjuvant mixtures. Almost all the homes and farms are located in the bottom land in the
valleys. The town of Horton was inhabited over 100 years ago. Our farm is the original homestead of
Samuel Horton, one of the founding families of the town.

The following photo was taken of the sprayed unit after the herbicide was sprayed on the trees (mostly
Big Leaf Maple) some of which were 15 or more feet tall. Spraying vegetation that tall with back pack
sprayers would have increased the chance of drift during application.

Congdon Creek is the large fish-bearing stream below the unit that was sprayed. It is a prime spawning
stream for Coho, Chinook and Stealhead. Congdon Creek flows into Lake Creek and then joins the
Siuslaw River many miles downstream. The 1947 irrigation water right for our organic farm is around
3 miles downstream from the treated unit. The picture below is of Congdon Creek, taken from Majors
Creek Bridge on the day of the spray. This part of the stream is prime spawning grounds for
endangered salmon.

Not only did we receive drift from the original ground application, but we also received volatilization
drift for weeks afterward. Then following rain, the contamination of our legal registered water right for
irrigation water was evidenced by damage to the rows of crops watered by drip lines supplied with the
river water.
The drift from vapors made it very difficult to work in my fields for any length of time because I
quickly became ill (headaches, achiness, muscle aches, breathing problems and arrhythmia, etc.). My
farm work fell behind schedule and I was never able to catch up for the season. Our farm cats, and
dog also suffered from the vapors. My son was affected also. My husband was able to work inside
with fewer effects because of a very expensive air filter we run in the house. But outside work
remained difficult during this time.
After about one month, we went up to the public road (Bureau of Land Management road; Congdon
Creek Road) below the spray unit to view the damage. All of the same symptoms of the vapors
intensified again to the level they were present during the first few weeks after the unit was sprayed, so
clearly the vapors were still present, and clearly the symptoms were a result of exposure to the vapors.

The photo below shows the same view of the sprayed unit over five weeks later (taken October 2,
2009). This unit was still fuming vapors which affected my health negatively, and were still capable of
drifting off-target for a significant distance.

Vapor drift is significant and harmful to human health, animal health and the environment. Vapor drift
is capable of being transported over long distances and lasts for days, weeks and months. Not only
initial drift but also vapor drift must be taken into account by the Environmental Protection Agency
while regulating pesticides and pesticide adjuvants.
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Ecological Effects on Streams from Forest
Fertilization—Literature Review and Conceptual
Framework for Future Study
By Chauncey W. Anderson
Abstract

downstream where light is sufficient to allow algal
growth. Ultimately, algal response could be greatest in downstream reaches, although ambient nutrient concentrations remain low due to uptake and
benthic nutrient recycling. Ground-water flow
paths and hyporheic processing could be critical in
determining the fate of applied nitrogen. A framework is provided for testing this response in the
Little River watershed, a tributary to the North
Umpqua River, Oregon, at basic and intensive
levels of investigation.

Fertilization of forests with urea-nitrogen has
been studied numerous times for its effects on
water quality. Stream nitrogen concentrations following fertilization are typically elevated during
winter, including peaks in the tens-of-thousands
of parts per billion range, with summer concentrations often returning to background or near-background levels. Despite these increases, waterquality criteria for nitrogen have rarely been
exceeded. However, such criteria are targeted at
fish toxicity or human health and are not relevant to
concentrations that could cause ecological disturbances. Studies of the responses of stream biota to
fertilization have been rare and have targeted either
immediate, toxicity-based responses or used methods insensitive to ongoing ecological processes.
This report reviews water-quality studies following
forest fertilizations, emphasizing Cascade streams
in the Pacific Northwest and documented biological responses in those streams. A conceptual model
predicting potential ecological response to fertilization, which includes effects on algal growth and
primary production, is presented. In this model,
applied fertilizer nitrogen reaching streams is
mostly exported during winter. However, some
nitrogen retained in soils or stream and riparian
areas may become available to aquatic biota during
spring and summer. Biological responses may be
minimal in small streams nearest to application
because of light limitation, but may be elevated

INTRODUCTION
Fertilization of public and private timberlands with nitrogen to boost forest productivity has
been common in the Pacific Northwest and elsewhere since the late 1960’s (Fredriksen et al., 1975;
Binkley et al., 1999), and more frequent use of fertilization is anticipated in the future (National
Council of the Paper Industry for Air and Stream
Improvement [NCASI], 1999). During 1990–98,
over 850,000 acres, or approximately 5 percent of
Oregon’s timberland, were fertilized (Oregon
Department of Forestry, 1999), averaging about
95,000 acres a year. Since 1992, most fertilization
has occurred on private timberlands; however,
applications averaging 16,000–36,000 acres per
year continued to State and Federal lands from
1997–99 (Oregon Department of Forestry, 1999).
Regionally, over 120,000 acres of forest lands were
fertilized each year in the Pacific Northwest during
1
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the late 1980’s, and in the southeastern United
States over 850,000 acres of pine plantations were
fertilized in 1996 alone (Binkley et al., 1999). Forest fertilization also is practiced in other parts of
the world, including Japan, Australia, New
Zealand, and Sweden.

The possibility of negative effects on streamwater quality from runoff of fertilizer nitrogen has
long been recognized (Cole and Gessel, 1965). Forest fertilizer losses to streams and their effects on
water quality have been studied often (Fredriksen
et al., 1975; Moore, 1975; Bisson et al., 1992; Binkley and Brown, 1993a; Binkley et al., 1999).
Water-quality criteria for nutrients have rarely been
exceeded as a result of fertilization; however, few
studies have examined the more subtle biological
effects of fertilizer-nutrient inputs to streams.
Table 1 provides an overview of data and findings
of the relevant studies from the Pacific Northwest
and several from other regions, and is referred to
throughout this report.

This report reviews literature on effects of
forest fertilization on water quality, emphasizing
Cascade streams in the Pacific Northwest and possible ecological effects on aquatic systems in those
streams. Although the focus is on streams, the initial discussion describes interactions of fertilizers
with soils to the extent that they influence nutrient
transport to streams. A brief review of literature on
processing of nutrients in underground near-stream
(hyporheic and riparian) and in-stream (water and
benthic) environments also is presented. Next, a
conceptual framework for future evaluation of
these effects is developed. Finally, an example
study plan is provided for examining the possible operational fertilization of urea-nitrogen
to selected areas of the Little River Adaptive
Management Area (LRAMA) in southwestern Oregon (fig. 1). Water-quality issues there include
occurrences of high pH due to excessive algal productivity and the degree to which nuisance algae
are enhanced by forestry. Data from reconnaissance
surveys in the LRAMA are provided to indicate
stream water-quality and algal conditions prior to
public timberland fertilization. The suitability of
those areas for studying fertilization’s effects also
is evaluated.

Forest Processes
A large body of literature exists on forest fertilization, including proceedings from at least three
conferences (Gessel et al., 1979; Lousier et al.,
1991; Chappell et al., 1992). However, most
reports are directed at the efficacy of using fertilizers to enhance tree growth and nutrition (see also
Haase and Rose, 1997), forest economics, soil processes, and fate of added nutrients in soils and
trees. There are also over 25 reports worldwide on
the effects of fertilization on water quality in
receiving waters, and periodic reviews (Fredriksen
et al., 1975; Moore, 1975; Bisson et al., 1992; Binkley and Brown, 1993a; Binkley et al., 1999). Of
these reports, only three evaluated biological
effects (Groman, 1972; Meehan et al., 1975; Stay et
al., 1979), and none focussed on both soil processes
and stream water or linkages between them (Binkley et al., 1999).

In this report references are made to streams
and watersheds of different sizes that are often
nested within larger river basins. To avoid confusion, a consistent set of terminology proposed by
McCammon (1994) is used. The term “river basin”
is used to refer to the equivalent of a U.S. Geological Survey (USGS) third field accounting unit
(Seaber et. al., 1987), generally the largest of the
waterbodies, such as the North Umpqua River
Basin, considered in the report. The term “watershed” refers to the equivalent of USGS fifth field
cataloging units, a subunit of a river basin such as
the Little River watershed. Successively smaller
hydrologic units are referred to as “subwatersheds”
(Wolf Creek subwatershed) and “drainages” (West
Fork Wolf Creek drainage).

Tree growth in the Pacific Northwest and
many other locations is generally believed to be
constrained by available nitrogen (Cole., 1979;
Johnson, 1992; Fenn et al., 1998). For this reason,
young (15–40-year-old) commercial forest stands
are often fertilized with nitrogen, typically as urea
[(NH2)2CO] pellets, although ammonium sulfate,
ammonium nitrate, and various phosphate fertilizers also have been used (Klock, 1971; Tiedemann
et al., 1978; Russel, 1979; Nason and Myrold,
1992). Urea pellets (known as “prill”) consist of
2
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Figure 1. Map showing Little River watershed, Oregon, and proposed Bureau of Land Management fertilization units.

Table 1. Summary of studies of forest fertilization effects on stream-water quality
[µg/L, micrograms per liter; vs, versus; %, percent; NH3, ammonia; NO3, nitrate; 1 kg/ha (kilogram per hectare), 0.89 lb/ac (pound per acre); 1kg Urea, 0.46 kg N; NR, not reported; TKN, total Kjeldahl
nitrogen; NA, not applicable; d, day; ~, approximately, value is interpreted from report; <, less than; >, greater than; x, times; N, nitrogen; NO2, nitrite; Tot-N, total-N (sum of TKN and NO3+NO2); inverts,
invertebrates; chl a, chlorophyll a; mo, months; yr, year; mg/kg, milligrams per kilogram (parts per million); mg/ L, milligrams per liter; m, meter; km, kilometer;

Geographical area and
streams studied

Baseline
nitrogen
concentration
(µg/L)

Maximum
posttreatment
concentration
(µg-N/L)

Estimated period
and average
magnitude of
elevated
concentration1,
vs control or
baseline

Biological
% loss to
components
streams studied and results

Sampling design / Remarks

Location: Santiam Basin, Oregon; Application rate: 224 kg N/ha urea; Date: May 1969; Objectives: Effects of fertilization on water quality; Reference: Malueg et al., 1972
Crabtree Creek
NH3
(control was upstream from NO3
study site)
TKN

<10
<10
400

NH3
80
250
NO3
TKN 24,000

NH3
>100d, ~3x
NO3 >7 mo, 1.5–2x
TKN
2d, ~75x

NR

NR

Also performed assays on urea pellets (NH3-N, 140 mg/kg; NO2-N, 0.53 mg/kg;
NO3-N, 19.33 mg/kg; TKN, 440,000 mg/kg). Nitrate returned to baseline1
during summer but peaked again in fall with precipitation.

Location: Tahuya River, Kitsap Peninsula, WA.; Application rate: 227 kg N/ha; Date: October 1972; Objectives: Effects of fertilization on water quality; Reference: Cline, 1973
NH3 10–80
NO3 0–200
Urea 0–10

NH3
NO3
Urea

Site 2, treatment
(no buffer strip)

NH3 10–80
NO3 40–210
Urea 10–20

NH3 1,400
NO3 1,830
Urea 27,000

NH3
NO3
Urea

Site 3,treatment
(buffer strip)

NH3
0–60
NO3 0–260
Urea 10–20

NH3
NO3
Urea

160
680
4,300

Sites 4 & 5,
downstream sites

NH3
0–80
NO3 0–350
Urea 0–30

NH3
NO3
Urea

60
470
40

4

Site 1, control
(upstream)

<10
470
50

NA

NA

NR

25d, ~30–60x
~7.5 mo, ~8x
6d, ~40x

NR

NR

NH3
NO3
Urea

2d, 10–40x
~7.5 mo, ~3x
6d, ~40x

NR

NR

NH3
NO3
Urea

~31d, ~3–5x
~31d, ~4x
~3d, ~2x

.45–1%

NR

Water–quality data collected at all sites for 1 yr prior to fertilization. In general,
NO3 responded to flow. Conditions were dry for ~31 days after fertilization.
Lack of buffers contributed to increased nutrient concentrations compared to
site 3. NH3 peaks were also more immediate than at site 3 due to direct
application.
NH3 peaks were delayed by more than a month and lowered due to dry weather
in fall.
NH3 peaks were delayed by more than a month and lowered due to dry weather
in fall. Loss of nitrogen reported is for the entire study area (sites 2, 3, 4, and 5)
upstream compared to control.

Location: SE Alaska; Application rate: 210 kg urea-N/ha; Date: May 1970; Objectives: MCL, NH3 toxicity exceedances; Reference: Meehan et al., 1975
Falls Creek, control

NH3
NO3

~20
~10

NH3
NO3

~100
~200

Falls Creek, treatment

NH3
NO3

~20
~20

NH3
NO3

1,280
~1,600

Three Lakes Creek,
control

NH3
NO3

~20
~20

NH3
NO3

~100
~300

Three Lakes Creek,
treatment

NHc
NO3

~50
~10

NH3
NO3

~100
2,360

NA

NR

NH3 ~ 1.5 mo, 10–20x
NO3 ~ 14 mo, 5–10x

NR

NA

NR

NH3
NO3

~5d, ~3x
~1.5 mo, >5x

NR

Benthic inverts, algal
biomass on Plexiglas
slides. No significant
differences found
between treatment and
control. High variability. No species data
taken

Application was to recently logged watersheds. Water sampled daily for first
month after application, weekly for second month, and monthly for 1.5 yrs. Very
low stream temperatures, average pH 6.5–7.2. Three Lakes unit dried up during
summer. Phosphorus did not respond to fertilization.

Location: 6 locations in Pacific Northwest; Application rate: 224 kg urea-N/ha; Date: March-April, 1970–72; Objectives: not reported; Reference: Moore, 1971; Fredriksen et al., 1975
Coyote Creek, South
Umpqua Experimental
Forest

NH3
NO3
Urea

5
2
6

NH3
NO3
Urea

48
177
1,390

~5d, ~2x
NH3
NO3 ~2 mos, ~5–10x
Urea
~15d, ~10x

0.01%

NR

After 3–6 weeks all loss of N was as NO3. Little or no loss of N during summer
months, but NO3 had a second peak during rains the following fall(~170 µg/L).
92% of N lost during first year was during storms the following fall. 100% of
watershed area treated, old-growth mixed conifers.

Table 1. Summary of studies of forest fertilization effects on stream-water quality—Continued
[µg/L, micrograms per liter; vs, versus; %, percent; NH3, ammonia; NO3, nitrate; 1 kg/ha (kilogram per hectare), 0.89 lb/ac (pound per acre); 1kg Urea, 0.46 kg N; NR, not reported; TKN, total Kjeldahl
nitrogen; NA, not applicable; d, day; ~, approximately, value is interpreted from report; <, less than; >, greater than; x, times; N, nitrogen; NO2, nitrite; Tot-N, total-N (sum of TKN and NO3+NO2); inverts,
invertebrates; chl a, chlorophyll a; mo, months; yr, year; mg/kg, milligrams per kilogram (parts per million); mg/ L, milligrams per liter; m, meter; km, kilometer;

Geographical area and
streams studied

Baseline
nitrogen
concentration
(µg/L)

Maximum
posttreatment
concentration
(µg-N/L)

Estimated period
and average
magnitude of
elevated
concentration1,
vs control or
baseline

Biological
% loss to
components
streams studied and results

Sampling design / Remarks

Location: 6 locations in Pacific Northwest; Application rate: 224 kg urea-N/ha; Date: March-April, 1970–72; Objectives: not reported; Reference: Moore, 1975; Fredriksen et al., 1975—Continued
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Trapper Creek,
Olympic National Forest

NH3
NO3
Urea

0
34
8

NH3
NO3
Urea

10
121
700

Jimmy-Come-Lately Cr.,
Olympic National Forest

NH3
NO3
Urea

0
5
2

NH3
NO3
Urea

40
42
708

Nelson Creek,
Siuslaw River Basin

NH3
NO3
Urea

10
290
<20

NH3
NO3
Urea

320
2100
8,600

Dollar Creek,
McKenzie River Basin

NH3
NO3
Urea

30
60
<20

Pat Creek,
Yamhill River Basin

NH3
NO3
Urea

7
70
3

<10% of watershed area treated, 40-year-old Douglas fir stands.
NR

NR

NR

NR

NR

NR

NR

NR

NH3
490
130
NO3
Urea 44,400

NR

NR

NR

NH3
NO3
Urea

NR

NR

NR

<10% of watershed area treated, 10-year-old Douglas fir stands.
NO3

9 weeks

100% watershed area treated, young Douglas fir growth.

100% of watershed area treated, young Douglas fir growth.

34
388
3,260

63% of watershed area treated, 35-year-old Douglas fir growth.

Location: 25 Locations on 9 streams in Oakridge Ranger District, Willamette National Forest, Oregon; Application rate: 225 kg N/ha urea; Date: April 1976; Objectives: Determine effects on
selected chemical and biological aspects of streams; Reference: Stay et al., 1978, Stay et al., 1979
Site 25, control

Treatments—24 sites
(Ranges indicate reported
concentrations from many
sites)

NH3
NO3
TKN
Urea

5
5
87
ND

NH3
5
5–10
NO3
TKN 47–100
Urea
ND

NH32
NO32
TKN2
Urea2
NH3
NO3
TKN
Urea

13
5
63
20
11
26
2,380
8,000

NA

NH3
NO3
TKN
Urea

no difference
~1 yr, 1–3x
<30d, <1–3x
<30d, ~1.5x

NR

NR

Algal assays—no
response;
Periphyton—small
increase in chl a but not
biomass;
Macroinverts—no
direct change evident;
Fish—no mortalities
evident

By extending data collection through July 1977, Stay et al. (1979) observed
changes from fertilization that were not observed through December 1976 by
Stay et al. (1978); these included small increase in NO3-N in fertilized streams
and differences in N-runoff between streams with 30 m and 45 m buffer strips.
Some increases were also found in specific conductance and total cation
concentrations. Algal assays using a green alga (Selenastrum capricornutum)
indicate colimitation by N and P. Stay et. al. (1979) state that colimitation by P
helped minimize algal response to added N. Invertebrate changes appeared more
tied to seasonal variability than to fertilization.

Location: Vancouver Island, B.C.; Application rate: 200 kg N/ha; Date: November 1979; Objectives: Effects of fertilization on water quality in streams and downstream lake;
Reference: Perrin et al., 1984
2 control streams

12 sites on 10 streams
draining 3 treatment
watersheds entering a lake

NH3
NO3
Urea

<4
1–27
<5

NH3
NO3
Urea

NH3
NO3
Urea

<4
1–58
<5

NH3 4,780
790
NO3
Urea 57,000

15
110
20

NA
NH3
NO3
Urea

79–136d3
4–84d3
102–140d3

NA

NR

2.1–5.2%

NR

Lower concentrations and longer transport times observed for streams with
buffer strips than without buffer strips. Cold temperatures may have caused
reduced nitrification resulting in longer time for urea and NH3 to return to
baseline concentrations (relative to other studies) and lower NO3 concentrations.
Forest fertilization caused shift from N-limitation to P-limitation in downstream
lake, & algal blooms.

Table 1. Summary of studies of forest fertilization effects on stream-water quality—Continued
[µg/L, micrograms per liter; vs, versus; %, percent; NH3, ammonia; NO3, nitrate; 1 kg/ha (kilogram per hectare), 0.89 lb/ac (pound per acre); 1kg Urea, 0.46 kg N; NR, not reported; TKN, total Kjeldahl
nitrogen; NA, not applicable; d, day; ~, approximately, value is interpreted from report; <, less than; >, greater than; x, times; N, nitrogen; NO2, nitrite; Tot-N, total-N (sum of TKN and NO3+NO2); inverts,
invertebrates; chl a, chlorophyll a; mo, months; yr, year; mg/kg, milligrams per kilogram (parts per million); mg/ L, milligrams per liter; m, meter; km, kilometer;

Geographical area and
streams studied

Baseline
nitrogen
concentration
(µg/L)

Maximum
posttreatment
concentration
(µg-N/L)

Estimated period
and average
magnitude of
elevated
concentration1,
vs control or
baseline

Biological
% loss to
components
streams studied and results

Sampling design / Remarks

Location: Vancouver Island, B.C.; Application rate: 224 kg N/ha; Date: September 1974; Objectives: Effects of fertilization on water quality; Reference: Hetherington, 1985
TC, control

16M, control

6

NH3 0–131
0–10
NO3
Urea 0–20

NH3
NO3
Urea

61
300
540

NA

NA

NR

Previously fertilized in 1967 at 96 kg N/ha.

NH3
0–93
NO3 4–109
Urea 0–20

NH3
NO3
Urea

22
89
10

NA

NA

NR

5.9%

NR

No buffer strips. 46% of watershed area fertilized. Continually flowing stream.
Previously fertilized in 1968 and 1972 at 258 kg N/ha. 98% of N-loss was as
nitrate. Fall rains in 1975 caused increases in nitrate and urea.

14.5%

NR

No buffer strips. 80% of watershed area fertilized. Intermittent streamflow.
Previously fertilized in 1967 at 96 kg N/ha. 92% of N-loss was as nitrate. Fall
rains in 1975 caused increases in nitrate and urea. Wetlands may have
contributed to higher N-loss compared to TF1.

NR

NR

Previously fertilized in 1967 at 258 kg N/ha.

TF1 (Lens Creek), treatment NH3
0–79
40-year-old plantation
NO3 7–177
Urea 0–30

NH3
540
NO3 2,700
Urea 14,000

NH3
NO3
Urea

13d
>14 mos
6d

TF2, treatment

NH3
0–80
NO3 28–151
Urea 0–220

NH3
NO3
Urea

1,900
9,300
790

NH3
NO3
Urea

15d3,4
~14 mos, ~9x
14d3

NH3 0–119
NO3 38–215
Urea 0–23

NH3
NO3
Urea

360
720
160

NH3
NO3
Urea

33d3
~14 mos3
5d3

L, downstream site
(Receives combined flow
from both TF1 and TF2)

Located ~2 km downstream from TF1. Nitrate and ammonium increases were
delayed until November 1974 after first substantial rains.

Location: Western Washington; Application rate: 224 kg urea-N/ha; Date: July 1980; Objectives: determine water-quality effects of annual fertilizations; Reference: Bisson, 19825
Hook Creek,
“control”

NH3
NO3
Tot-N

3
262
113

NH3
NO3
Tot-N

25
268
488

Willow Creek,
Treatment—annual
application.

NH3
NO3
Tot-N

6
96
91

NH3
NO3
Tot-N

159
458
8,597

Needle Creek,
“Control”

NH3
77
NO3 1,270
Tot-N 874

NH3 1,580
NO3 2,000
Tot-N 4,400

Gate Creek,
Treatment—65 kg N/ha

NH3
10
NO3 1,232
Tot-N 1,168

NH3
186
NO3 2,310
Tot-N 9,595

Debris Creek6, 7,
Treatment—224 kg N/ha

NH3
NO3
Tot-N

5
211
105

NH3
NO3
Tot-N

630
1,570
4,380

Eleven Creek6, 7,
Treatment—224 kg N/ha

NH3
NO3
Tot-N

2
131
44

752
NH3
NO3 1,680
Tot-N 37,553

“Heavily fertilized within 3 yrs before study” (control).
NA
NH3
NO3
Tot-N

40d, ~5x
77d, ~1.5x
77d, ~3x

NR
1.9–9%
NR

“Heavily fertilized within 3 yrs before study”, plus applications of 65 kg/ha in
first yr of study and annually afterwards (treatment).
“Heavily fertilized within 3 yrs before study” (control).

NA
NH3
NO3
Tot-N

NR

NR

NR

NR

NA

NR

NR

NA

NR

NR

40d, ~1.5x
> 7 mos, ~2x
> 7 mos,~3x

“Heavily fertilized within 3 yrs of study”, plus applications of 65 kg/ha in first yr
of study and annually afterwards (treatment). Extensive fertilization history
regarded as cause of high N-export through increased nitrification.
“Relatively little past fertilization” plus application of 224 kg N/ha in first yr of
study and annual treatment afterwards.
“Relatively little past fertilization” plus application of 224 kg N/ha in first yr of
study, and annual treatment afterwards. High Tot-N was urea from direct
application. High loss may also have been due to direct application on snow.

Table 1. Summary of studies of forest fertilization effects on stream-water quality—Continued
[µg/L, micrograms per liter; vs, versus; %, percent; NH3, ammonia; NO3, nitrate; 1 kg/ha (kilogram per hectare), 0.89 lb/ac (pound per acre); 1kg Urea, 0.46 kg N; NR, not reported; TKN, total Kjeldahl
nitrogen; NA, not applicable; d, day; ~, approximately, value is interpreted from report; <, less than; >, greater than; x, times; N, nitrogen; NO2, nitrite; Tot-N, total-N (sum of TKN and NO3+NO2); inverts,
invertebrates; chl a, chlorophyll a; mo, months; yr, year; mg/kg, milligrams per kilogram (parts per million); mg/ L, milligrams per liter; m, meter; km, kilometer;

Geographical area and
streams studied

Baseline
nitrogen
concentration
(µg/L)

Maximum
posttreatment
concentration
(µg-N/L)

Estimated period
and average
magnitude of
elevated
concentration1,
vs control or
baseline

Biological
% loss to
components
streams studied and results

Sampling design / Remarks

Location: Western Washington; Application rate: various (see below); Date: various dates in 1988; Objectives: Drinking water criteria, dissolved N toxicity, and individual objectives in each basin;
Reference: Bisson, 1988.
Forks Creek 7
NH3
Treatment averaged 207 kg- NO3
N/ha, on 1/88 and 2/88
TKN

<20
30
80

NH3
NO3
TKN

40
50
160

NH3
NO3
TKN

40d, ~2x
2d, ~1.5x
>30d ~2x

NR

NR

Spring Creek 7,
NH3
Treatment averaged 130 kg- NO3
N/ha, on 2/88
TKN

<20
1,000
70

NH3
NO3
TKN

<20
1,500
180

NH3
NO3
TKN

no increase
>30d, ~1.5x
>15d, ~2x

NR

NR

7

Silver Lake Basin,
Hemlock and Sucker
Creeks, Treatment—
92 kgN/ha each

NH3
NO3
TKN

20
800
300

NH3
NO3
TKN

200
800
1,500

NH3
NO3
TKN

>100d, 3-4x
no increase
no increase

Ryderwood, Pair 1 7
(Campbell Creek)
Treatment—92 kg N/ha

NH3
NO3
TKN

30
90
100

NH3
NO3
TKN

275
580
2,000

NH3
NO3
TKN

Ryderwood, Pair 27
(Arkansas Creek)
Treatment—92 kg N/ha

NH3
NO3
TKN

20
200
100

NH3
NO3
TKN

150
600
3,750

NH3
NO3
TKN

Project also tested if fertilization jeopardized water quality at downstream fish
hatchery or caused algal fouling of water intake system. Sampling only for ~30
days after application.
Tributary to Forks Creek

NR

NR

>100d, ~2-5x
100d, ~2x
>100d, ~3x

NR

NR

>100d, ~3x
~75d, ~2x
>100d, 2x

NR

History of fertilizer application every ~5 yrs since 1969, water quality monitored
after each application. Current fertilization in February 1988. Silver lake is
eutrophic with extensive macrophyte beds.
Tributaries to Cowlitz River. No buffer strips in “treatment” watershed,
“control” watershed was recent clear cut. Peak NO3 concentration in clearcut
“control” was higher than in “treatment”.

pHs averaged 6.5–7.0, Paired locations on Arkansas Creek (buffered, with unbuffered tributaries);
increased ~0.3 units
upstream=control, downstream=treatment. High TKN due to direct application

Location: Fernow Exp. Forest, W. Virginia; Application rate: 336 kg N/ha as ammonium nitrate plus 224 kg P/ha as triple superphosphate8; Date: April 1976; Objectives: Selected water-quality
responses in streams, and cumulative downstream effects, tracked from 3 to 10 years; Reference: Helvey et al., 1989; Edwards et al., 1991
North and South Facing
Watersheds

NO3 ~500
Ca 2 mg/L

NO3 ~10,000
Ca 10 mg/L

NO3
Ca
Mg

>10 yrs, >5x N9 23–27%
>3 yrs, ~3x P–<1%
>3 yrs, ~3x

NR

Specific conductance increased from ~28 to 140 µS/cm in fertilized watersheds,
remained high after 3 yrs, back to background after 10 yrs. After 10 yrs NO3-N
remained ~40% higher than in control stream. Ca and Mg were back to
background after 10 yrs except in one watershed. Average pH’s in all streams
were around 5.0. No apparent changes in P concentrations.

Location: Western Washington; Application rate: 224 kg N/ha; Date: various in 1988–89; Objectives: Not reported; Reference: Bisson et al., 1992
Louse Creek
(western Cascades, second
growth Douglas-fir)

NH3
NO3
TKN

~30
~120
~100

NH3 ~800
NO3 ~1000
TKN 80,000

NH3
NO3
TKN

>30d, 5-20x
>90d, 5-10x
~4d, 10-100x

NR

NR

Ludwig Creek
(Coast Range, second
growth Douglas-fir)

NH3
NO3
TKN

~20
~600
~200

NH3 ~400
NO3 ~4,000
TKN 50,000

NH3
NO3
TKN

>60d, 3-10x
>90d, 2-5x
>7d, 10-100x

NR

NR

Fertilized April 1989. Virtually all of watershed’s area fertilized. Studies ended
after 90d, at onset of summer.
Fertilized December 1988. Virtually all of watershed’s area fertilized. Generally
more protracted release of N from fertilization than Louse Creek, but Coast
Range may have higher N deposition rates and nitrification rates.

Table 1. Summary of studies of forest fertilization effects on stream-water quality—Continued
[µg/L, micrograms per liter; vs, versus; %, percent; NH3, ammonia; NO3, nitrate; 1 kg/ha (kilogram per hectare), 0.89 lb/ac (pound per acre); 1kg Urea, 0.46 kg N; NR, not reported; TKN, total Kjeldahl
nitrogen; NA, not applicable; d, day; ~, approximately, value is interpreted from report; <, less than; >, greater than; x, times; N, nitrogen; NO2, nitrite; Tot-N, total-N (sum of TKN and NO3+NO2); inverts,
invertebrates; chl a, chlorophyll a; mo, months; yr, year; mg/kg, milligrams per kilogram (parts per million); mg/ L, milligrams per liter; m, meter; km, kilometer;

Geographical area and
streams studied

Baseline
nitrogen
concentration
(µg/L)

Maximum
posttreatment
concentration
(µg-N/L)

Estimated period
and average
magnitude of
elevated
concentration1,
vs control or
baseline

Biological
% loss to
components
streams studied and results

Sampling design / Remarks

Location: Central Sweden; Application rate: 150 kg N/ha as ammonium nitrate; Date: August, 1986; Objectives: Simulate acidification from N-deposition, and evaluate effects on water-quality,
invertebrates, and fish; Reference: Göthe et al., 1993
Orranstjärnbäcken

Rödtjärnbäcken

NH3
5
15
NO3
Ca 1.8 mg/L

NH3 11,100
NO3 8,200
Ca 3.1mg/L

NH3
NO3
Ca

>1 yr, 2-4x
2yrs, ~10x
14d, ~2x,

NH3
NO3
Ca

NH3 15,400
NO3 29,600
Ca
NR

NH3
NO3
Ca

>14d, >3-20x
2 yrs, ~6-7x
14d, ~3x

5
10
NR

NR

NR

No long-term change in Rödtjärnbäcken was fertilized with calcium ammonium nitrate. No acidification
invertebrate species effects noted in either stream.
abundance, but there
was an increase in drift
in both streams, especially at furthest downstream stations. No
mortality or density
effects on fish.
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1

Concentrations expressed as a relative change in the active nutrient or ingredient, per liter.

2

Concentrations reported are averages rather than maximums.

3

Average concentrations not reported.

4

No streamflow during fertilization at TF2. Ammonia-N and nitrate-N concentrations had peaks attributed to fertilization in October and November 1974 after rainstorms.

5Baseline
6Debris

concentrations calculated from Bisson (1982) by C.W. Anderson, USGS, 1999.

Creek and Eleven Creek are paired treatment watersheds, with no control watershed.

7“Control”

concentrations are baseline concentrations in the same stream prior to fertilization.

8

Calcium phosphate.

9

N loss of 27% includes estimated loss in ground water.

46% N, and are usually applied at a rate of 224 kg
N/ha (200 lb N/ac). This rate represents several
decades of refinement, providing a reasonable economic tradeoff of tree growth to N-loss (Miller and
Fight, 1979; Mika et al., 1992) through various processes (described below).
1

2

After application, nitrogenous fertilizers
undergo numerous reactions, and substantial literature has identified and quantified these reactions,
including N-incorporation into trees and (or) Nlosses. Some of those reactions are summarized
here, with an emphasis on urea fertilizers and processes that could affect stream water quality.

1. Volatilization
2. Foliar uptake
3. Hydrolysis
4. Immobilization
5. Mineralization
6. Ion exchange
7. Nitrification
8. Plant uptake
9. Leaching to ground water
10. Denitrification

NH3
3
8

5
NH4+

Reactions of applied urea-N include volatilization as ammonia, foliar uptake, hydrolysis to
ammonium-N (NH 4+-N)1, rapid immobilization
into soil organic fractions, ion exchange, mineralization, nitrification, plant (root) uptake, denitrification, and leaching to deeper soils and ground
water (fig. 2). The fraction of NH 3-N or urea-N not
initially volatilized or taken up into foliage (including trees) is usually hydrolyzed to NH 4+-N. Subsequently, NH 4+-N can be immobilized by conversion to soil organic material or through ion
exchange (Matzner et al., 1983; Edwards et al.,
1991; Moldan and Wright; 1998), taken up by tree
roots, or converted to NO 3-N (nitrified). Hydrolysis
may temporarily increase soil pH, which can in turn
enhance nitrification (Ochtere-Boateng, 1979).
Nitrate is relatively mobile and can be rapidly
leached into shallow or deeper ground-water systems, where it can be utilized by root systems or
exit the forest through ground water or runoff processes. Mineralization is the conversion of soil
organic nitrogen to inorganic N.

8

4

Soil
organic
N

7

6
NO3
2+

+

NO2
10

Ca , Mg

N2O
10

NO2
10

9

Figure 2. Forest cycling pathways representing major processes
and fates of nitrogen fertilizers. (Modified from Nason and Myrold,
1992.)

variable, but the largest are usually volatilization
(<1–46%) (Craig and Wollum, 1982; Marshall,
1986, 1991; Nason and Myrold, 1992) and immobilization (averaging about 50–60%) (Nason and
Myrold, 1992). Much of the immobilized N
apparently remains unavailable (Miller, 1986),
so mineralization is likely small. The amount lost to
streams, a topic explored in the following section,
generally is less than 10% of applied N but can be
larger (up to 27%) (table 1) under certain soil and
moisture conditions. Denitrification is usually
insignificant (Nason and Myrold, 1992), although in
anoxic, saturated riparian soils, denitrification can
be several orders of magnitude higher than in unsaturated upland soils (Cirmo and McDonnell, 1997).
The relative extent of reactions listed above are
highly dependent on the type of fertilizer applied.
Nitrate-based fertilizers can have substantially different loss rates compared with the urea-based rates
given above (Marshall, 1986, 1991). The organiccarbon content of soils and pore-waters is also a
critical determinant of N-retention and transformations, both in upland areas as well as riparian
regions (Cirmo and McDonnell, 1997; Dahm et. al,
1998; Chestnut and McDowell, 2000).

The amount of urea-N entering trees, through
foliar and plant uptake, ranges from 10 to 30% of
that applied (Binkley, 1986; Nason and Myrold,
1992). Thus, up to 70–90% is potentially retained
in forest soils or other vegetation, volatilized, or
passed from the forest ecosystem (Nason and
Myrold, 1992), all of which are considered losses
of applied fertilizer. These loss terms are highly
1

In this report, the term NH3-N is used in a general sense
to represent the sum of free and ionized ammonia concentrations.
Ionized ammonia, also known as ammonium, is referred to specifically as NH4+-N when it is intended to mean only the ammonium
(ionized) form.

9

The timing of urea application to forests is
partly determined by efforts to minimize losses,
especially volatilization and immobilization, the
largest loss components. Volatilization is enhanced
by higher temperatures, wind, and soil pH, and
by low intensity rainfall. High intensity rainfall
(though not so high as to significantly increase
erosion and runoff) can reduce volatilization.
Immobilization, which includes conversion of
both fertilizer N and soil inorganic-N into organic
forms, is minimized by cool, moist weather (Nason
and Myrold, 1992). As a result, urea is typically
applied during fall in the Pacific Northwest as
weather conditions become cool and wet. (Mika et
al., 1992).

Typically, pulses of urea-N and NH 3-N
decline in concentration and are short-lived following fertilization, usually lasting less than 1 month
and often just a few days (table 1), depending on
rainfall conditions. Maximum periods of elevation
for urea and NH 3-N have been more than 100 days
(Malueg et al., 1972; Perrin et al., 1984). Extreme
cases (several months or years) (Bisson, 1982;
Edwards et al., 1991) were reported in instances
where applications were in forests previously perturbed by forest management or excessive N-deposition. Reductions in urea and NH 3-N are generally
coincident with soil nitrification, when their supply
available for runoff becomes greatly diminished,
often to pretreatment or control levels (Bisson et
al., 1992; Binkley et al., 1999).

Water-Quality Effects on Streams from Forest
Fertilization

Longer-Term Nutrient Losses to Streams

Concentrations of nitrate-N (NO 3-N) in
streams typically remain low immediately after
urea application, but increase rapidly during subsequent rainstorms as nitrification proceeds. Peak
concentrations (table 1) have ranged from less than
100 µ g/L (for example, Fredriksen et al., 1975) to
greater than 9,000 µg/L (Hetherington, 1985). In
two studies, peak NO 3-N concentrations exceeded
EPA drinking water standards (10,000 µg/L); however, these studies were at the Fernow Experimental Forest in West Virginia (Helvey et al., 1989;
Edwards et al., 1991) and in Sweden (Göthe et al.,
1993), where nitrogen-saturated soils associated
with excess atmospheric nitrogen deposition are
well-documented (Vitousek et al., 1997; Fenn et
al., 1998).

Immediate Nutrient Runoff

All studies in which fertilizers were applied
by helicopter reported some violation of stream
buffers, direct applications to water, or inadvertent
fertilization of control watersheds. Aerial application of fertilizer to forests is not exact, although
recent advances in navigation using global positioning systems (GPS) should enhance the ability
of pilots to minimize unintended application to
areas not intended for fertilization. Actual application rates using helicopters, as measured on the
ground, can vary by 20–60% from the targeted rate
(Fredriksen et al., 1975; Binkley, 1986). Direct
applications to water have invariably resulted in
immediate and relatively high-concentration pulses
of urea-N (often measured as organic- or KjeldahlN) and NH 3-N (table 1). Peak urea-N concentrations usually exceed 1,000 µ g/L (micrograms per
liter) and have been reported as high as 80,000
µg/L (Bisson et al., 1992). Peak NH 3-N concentrations have been as high as 4,780 µg/L (Perrin,
et al., 1984). In the latter case, ammonia toxicity
criteria concentrations (U.S. Environmental Protection Agency, 1986) might have been temporarily
exceeded (although temperature and pH data
required to make this assessment were not
reported). With this exception, however, ammonia
toxicity problems have not been reported, though
ammonia toxicity is an obvious consideration and
hence NH 3-N almost always is monitored.

Whereas peak NO 3-N concentrations occur
chiefly during high runoff, ambient NO 3-N concentrations in streams draining fertilized watersheds
also are typically elevated as much as two- to tenfold, often for the entire winter and spring following a fall fertilization (Bisson et al., 1992). In most
cases, however, NO 3-N concentrations essentially
return to background levels by summer due to
uptake in soils and (possibly) uptake in stream
water (Mulholland, 1992; Mulholland and Rosemond, 1992). Where sampling continued beyond
the summer following fertilization into subsequent
fall and winter periods (Malueg et al., 1972;
Moore, 1971; Fredriksen et al., 1975; Meehan et
al., 1975; Stay et al., 1979; Hetherington, 1985), a
10

fall NO 3-N peak, which is elevated relative to that
in control streams, has been observed. This secondary peak indicates that applied fertilizer nitrogen
remains available for leaching to streams beyond
the spring and summer growing seasons. An
extreme example of long-term availability was
reported at Fernow Experimental Forest, where
NO 3-N remained elevated relative to control
streams 10 years after fertilization with ammonium
nitrate at 336 Kg N/ha (Edwards et al., 1991).
Aside from the Fernow experiment and a long term
watershed acidification study in Maine (Norton et
al., 1994; Fry et al., 1995), no studies have followed fertilizer-nitrogen runoff for more than 1–
1.5 years.

and Reid, 1985; Prescott et al., 1995; Norton et al.,
1994; Moldan and Wright, 1998) resulting from
increases in N recycling, nitrification, or mineralization. In an experiment at a midwestern agricultural field, using isotopically enriched N, Wilkison
et. al (2000) found applied fertilizer N in runoff for
several years following fertilization. Additional
fertilizations in succeeding years would be
expected to increase leaching of N to ground water.
From these studies it is apparent that a variety of factors related to the nitrogen status of soils
determine a watershed’s response to urea fertilization, just as many factors are considered in predicting the response of tree growth from fertilization
(Klinka, 1991; Carter, 1992). For watersheds, these
factors include not just the N-pool but the amount
of organic material, nitrification potential, cation
exchange capacity (Mitchell et al., 1996; Edwards
et al., 1991), tree types and stand ages, N-deposition rates, previous fertilization history, precipitation quantity and timing, and others. In watersheds
in the eastern USA, with high N-deposition rates
and N-saturated soils (Aber et al., 1989; Stoddard,
1994; Fenn et al., 1998), it is not surprising that Nfertilization resulted in stream NO 3-N concentrations that nearly violated water-quality standards.
Such results are much less likely in the western
Cascades, where N-limitation in forest soils, and
probable uptake in the largely N-limited forest
streams (see below), help maintain ambient stream
NO 3-N concentrations well below existing nutrient
standards.

The amount of applied nitrogen lost to
streams varies from less than 0.5% to 14.5%, with
the exception of Fernow Experimental Forest,
where losses to streams were as high as 27% (table
1). Most of the losses occur as NO 3-N, extending
over a protracted period, although in some cases
immediate losses of urea-N or NH 3-N accounted
for as much as 50% of the loss of applied N
(Moore, 1975; Perrin et al., 1984)
Reasons for differences among studies in
losses of applied N and concentrations of NO 3-N in
streams vary, but often appear to be related to landmanagement history, nitrogen status of soils, or differences in the fertilizer applications (Bisson et al.,
1992). In a study originally intended to investigate
the importance of repeated fertilizations, Bisson
(1982) evaluated N-runoff to streams in six fertilized watersheds, four of which had been “heavily”
fertilized (rates not reported) less than 3 years prior
to the study. Each stream had NO 3-N concentrations prior to the study fertilization higher than
might be expected (100–1,200 µ g/L) for forested
streams in the Cascades, and even greater NO 3-N
concentrations after fertilization. “Extensive” prior
fertilization was considered the cause of high Nexport (Bisson, 1982). One cause of this increase
may be that fertilization stimulates growth of nitrifying bacteria in soils such that nitrification is
increased if fertilizations are repeated within a few
years (Bisson, 1982; Miegroet et al., 1990;
Johnson, 1992). Enhancement of soil nitrification
can also occur simply from large increases in atmospheric N-deposition (Fenn et al., 1998). Others
have noted long-term increases in soil-N availability from single or multiple fertilizations (Binkley

Water-Quality Criteria

Comparison of stream nutrient concentrations resulting from forest fertilization with currently available criteria is arguably insufficient to
evaluate fertilizations effects, particularly in
streams in Cascade streams of the Pacific Northwest, where primary production is often limited by
the supply of nitrogen in water (Triska et al., 1983;
Gregory et al, 1987; Bothwell, 1992; Borchardt,
1996). It is now well established that NO 3-N concentrations resulting from forest fertilization rarely
exceed the U.S. Environmental Protection
Agency’s (EPA’s) 10 mg/L (milligram per liter)
standard, and ammonia toxicity has rarely been
observed (Bisson et al., 1992; Binkley et al., 1999),
despite sometimes high concentrations (Göthe et
11

al., 1993). However, the NO 3-N standard is targeted towards human health protection in drinking
water and is not intended to protect against ecosystem degradation. Furthermore, there are no criteria
for phosphorus in streams, despite evidence that
phosphorus concentrations exceeding 25 µg/L in
lakes can produce eutrophic conditions (Welch,
1992), and in streams similar concentrations may
result in nuisance growth of periphyton (attached
algae) (Dodds et al, 1997, 1998; Correll, 1998).

ever, broad conclusions about the ecological effects
of N-fertilization are tenuous because (1) conditions specific to individual studies may not be
applicable in other settings, (2) sampling techniques may have been insensitive to the questions
being asked, or (3) the understanding of hydrological and biological processes available at the times
of the studies were limited and precluded examination of subtle, yet potentially important ecological
processes. In some cases, changes in nutrient inputs
were measured in ephemeral streams too small to
support substantial increases in algal biomass, and
(or) algal growth might have been limited more by
light availability than nutrient concentrations. In
these cases, added nutrients would be transported
downstream to larger, less light-limited reaches,
where complex processes of nutrient uptake by
benthic organisms (periphyton or bacteria) and
hyporheic processing might greatly reduce water
column concentrations. Some streams, particularly
those like the Little River in the western Cascades
(fig. 1), might be especially susceptible to negative
effects because of local physical and water-quality
conditions or combined effects from other upstream
land use. Results from the few studies with biological components are discussed below with respect to
their applicability to the Little River watershed.

The EPA has recently developed guidelines
for the States to use in setting regional nutrient criteria (U.S. Environmental Protection Agency,
2000a). The nutrient levels suggested to prevent
nuisance conditions, however, are considerably
lower than the existing criteria targeting drinking
water and ammonia toxicity. For instance, upper
limits for total nitrogen (TN), dissolved inorganic
nitrogen (largely NO 3-N and NH3-N), and total
phosphorus could be approximately 650, 400, and
38 µg/L, respectively (U.S. Environmental Protection Agency, 2000a). For the Cascades subecoregion, the suggested values are even lower—
approximately 55, 5, and 9 µg/L, respectively
[U.S. Environmental Protection Agency, 2000b].
These values are one to several orders of magnitude
less than existing criteria and well below concentrations frequently observed following fertilization.
However, few criteria have actually been set, and
it will be left to States to do so, meaning that the
establishment of criteria is likely to happen several
years in the future, and will be variable among
States and ecoregions. Thus, rather than using
drinking-water criteria as a basis for decision making for forest streams, it might be more relevant at
this point to increase attention on the ecological
consequences of fertilization.

Following spring fertilization of two previously clearcut watersheds (total 1,500 acres) in
Alaska, Meehan et al. (1975) found no increase in
periphyton biomass on Plexiglas slides, and no difference from natural variation in stream invertebrates despite five- to tenfold increases in stream
NO 3-N concentrations (table 1). Although these
results indicate minimal biological effects from fertilization, biomass of periphyton growth alone may
not adequately represent changes in algal community due to high variability and complicating
effects from invertebrate grazing, scour, or changes
in taxonomic composition. (Stevenson, 1996a). The
authors did not report data on algal special composition, which can indicate differences in water quality (Lowe and Pan, 1996), so there is no way to
assess whether changes in nutrient concentrations
changed the algal communities. Also, artificial substrates such as Plexiglas slides are often poor indicators of natural periphyton because they tend to
underestimate growth of green and blue-green
algae (Cattaneo and Amireault, 1992), which are
common in many Cascade streams. Neither was the

Ecological Effects on Streams from Forest
Fertilizations
Many researchers have expressed the need
for more direct investigation of fertilizer effects on
stream ecology (Groman, 1972; Bisson, 1988; Binkley et al., 1999), though few studies (Groman,
1972; Meehan et al., 1975; Stay et al., 1979; Göthe
et al, 1993) actually examined any biological
responses. These studies indicated that toxic effects
to aquatic invertebrates and fish are unlikely. How12

potential for nutrient or light limitation reported.
The first- and second-order study streams had very
low flow (streams in one subbasin were dry during
summer), so primary production in these ephemeral
streams was likely insignificant anyway. Furthermore, no information was provided on downstream
sites. Finally, fertilization took place in spring, to
clearcuts, as opposed to fall applications to 10-40
year-old stands, the current operational practice. As
a result, nutrient dynamics in the forest floor and
hydrologic conditions that contribute to nutrient
runoff likely differed from those in locations like
the Little River watershed.

nighttime drift, which may have rendered invertebrates more susceptible to daytime predation. No
effects on fish density or mortality were noted.
Though this study suggests some possible shortterm, toxicity-based effects for invertebrates, it did
not address longer-term changes that could result
from more indirect changes in habitat and food
quality due to altered nutrient regimes. The authors
also did not evaluate primary producers, which
would have been directly affected by nutrient additions from fertilization.
Some investigators acknowledge that
increases in stream primary production from fertilization may occur (Binkley et al., 1999), occasionally postulating that such increases could stimulate
food web changes that enhance fish production
(Fredriksen et al., 1975; Malueg et al., 1972; Harriman, 1978; Hetherington, 1985; Bisson et al.,
1992). In parts of an oligotrophic lake in British
Columbia, nitrogen input from upstream forest fertilization with urea was sufficient to cause a temporary shift from nitrogen limitation to phosphorus
limitation and an increase in plankton biomass
(Perrin et al. 1984). Thus, the potential for ecological modification has long been recognized, and
there is some evidence of its having occurred in
certain instances. No investigators, however, have
followed the movement of applied fertilizer nitrogen from the forest floor, through soil profiles and
ground-water regions, to streams and into aquatic
food webs, so the link between terrestrial and
aquatic processes remains poorly understood
(Binkley et al., 1999).

After fertilization in the Cascade foothills of
the Santiam River Basin, Oregon, Stay et al. (1979)
found colimitation of Crabtree Creek water by N
and P, using algal bioassays with the planktonic
green algae Selenastrum capricornutum. There was
no response to added N alone (table 1). Although
valuable, laboratory demonstrations of colimitation
in flasks by S. capricornutum, a planktonic green
alga of European origin that lives in still or slow
moving water, have limited transferability to Cascade streams dominated by periphyton. Reasons for
this lack of transferability include the enhancing
effect of moderate water velocities on periphyton
metabolism (Stevenson, 1996b) and algal-grazer
interactions (Steinman, 1996). In the same study,
variation in populations of benthic invertebrates
before and after treatment were indistinguishable
due to high natural variability, and fish assays
showed no mortality due to fertilization. The invertebrate studies, however, were designed to detect
short-term changes from toxicity and could have
been confounded by flow change. However, the
study’s approach would have been insensitive to
longer-term shifts in invertebrate assemblages.
Finally, calculations of invertebrate diversity indicated already perturbed conditions prior to treatment, suggesting that sensitive invertebrate species
may have already been eliminated, and remaining
species may have been insensitive to additional
effects from fertilization.

Stream Nutrient Dynamics
The processing of nutrients in streams is
complex, and mostly beyond the scope of this
review. However, advances in the understanding of
ecological processes and several recent conceptual
developments are critical to understanding the possible effects of fertilization on streams, and potentially to investigating those effects in streams of the
Cascade Mountains. These concepts include nutrient speciation and limitation, nutrient uptake by
stream algae, hyporheic processing of nutrients,
algal indicators of environmental changes, food
web interactions between primary producers and

Göthe et al. (1993), after fertilizing parts of
two watersheds to evaluate stream acidification,
found a temporary increase in drift of benthic
invertebrates that was attributed to high concentrations of un-ionized ammonia. Drift was highest at
the downstream stations, indicating cumulative
upstream effects, and daytime drift was as large as
13

higher trophic levels, and the use of stable isotopes
as tracers of nutrient transfer in aquatic food webs.

reduce N (Hellebust and Lewin, 1977). Inorganic
nitrogen is more easily assimilated than DON by
most algae, particularly green algae. NH 3-N assimilation is the most energetically favorable but NO 3N can readily be reduced as well. Where available
nitrogen is scarce, algae that can fix elemental
nitrogen (N 2) from air or water have a competitive
advantage and are often more abundant than in
nitrogen-replete waters (Biggs et al., 1998). However, the importance of DON as a source of N to
algae also may be elevated in these situations (Mulholland, 1992). N-fixing algae are typically bluegreen species but can also include certain diatom
species containing cyanobacterial inclusions
(Floener and Bothe, 1980). In the North Umpqua
and Little River watersheds, the colonial bluegreen alga, Nostoc, and the diatom Epithemia
Sorex, are commonly observed in nitrogen-poor
environments (Anderson and Carpenter, 1998).

Stream nitrogen budgets, though complex to
measure, have been determined in several forested
streams. In the Pacific Northwest, almost all have
been in the Andrews Experimental Forest, in the
Cascade Range of Oregon. In all cases, organic
nitrogen has been an important component of both
N-input and output in undisturbed streams. Sollins
et al. (1980) found that nitrogen was biologically
limiting in an old-growth watershed at the Andrews
Experimental Forest, and that DON or NH 3-N were
the dominant forms of N in solution annually. In
the same watershed, Triska et al. (1984) found that
over 96% of the nitrogen leaving the outlet stream
on an annual basis was as organic nitrogen, with
77% as DON, whereas less than 4% was as NO 3-N.
Similarly, DON was the largest component and
NO 3-N the smallest (95% and 0.2%, respectively)
of annual N-export in temperate, old-growth forests
in Chile (Hedin et al., 1995). Overall, the relative
amount of organic nitrogen (dissolved and particulate) output from subbasins in the Andrews Experimental Forest ranges from 28% to 85%, with the
highest DON proportions occurring in fall (K.
Vanderbilt, Oregon State University, unpub. data,
1999). Interestingly, NH 3-N export is roughly
twice that of NO 3-N in undisturbed watersheds in
the Andrews Experimental Forest, whereas NO 3-N
export is greater in disturbed (though unfertilized)
watersheds (K. Vanderbilt, Oregon State University, unpub. data, 1999). Wondzell and Swanson
(1996) found that a conifer-dominated floodplain
was the largest source of nitrogen to fourth-order
McRae Creek, and more than 50% of that nitrogen
was as DON. In contrast, inorganic nitrogen made
up over 50% of the nitrogen entering McRae Creek
through an alder-dominated gravel bar, with most
of the remainder being as DON.

Hence, it is reasonable to hypothesize that a
fertilization-induced spring/summer shift of the
predominant dissolved nitrogen form, to NO 3-N
from DON or NH 3-N, could induce a shift in algal
community structure. The algal community might
change from heterotrophic and N-fixing species to
a community dominated by non-N-fixing diatoms,
non-heterocystous blue-greens, and possibly filamentous green algae. Such shifts in community
were observed after NH 4+ -N addition to a nitrogen
limited, fifth-order stream (Lookout Creek) in the
Andrews Experimental Forest, despite relatively
unchanged algal biomass in the enriched sections
(Lundberg, 1996). In that study, the changes in
algal assemblages due to N enrichment were
hypothesized to affect invertebrate grazers because
certain species were known to prefer the epithemiacean (N-fixing) diatoms present prior to enrichment. Recent efforts to model benthic algal and
invertebrate processes indicate that an increase in a
limiting nutrient that causes a decrease in algal
food quality can indirectly affect various invertebrate functional groups (McIntire et al., 1996).

One importance of N-speciation is related to
the types of algae able to utilize that nitrogen, and
the possible shifts in community structure that
might occur if the amount or form of nitrogen
changes. For instance, DON is usually assumed to
be biologically unavailable (Sollins and McCorison, 1981). However, some diatom species are able
to utilize DON for energy (heterotrophy) and (or)
for nutrition, although this process is relatively
inefficient because energy is expended in breaking
down organic molecules to liberate energy and

A decrease in N concentrations in surface
water during summer does not necessarily confirm
that fertilizer N is not entering streams, nor does it
confirm that benthic communities are unaffected.
Concentrations of stream NO 3-N could be reduced
to low levels during summer because of increased
plant uptake in upslope areas. Yet periphyton
uptake can also increase nitrogen retention in
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streams (Kim et al., 1992; Peterson et al., 2001),
and hence reduce dissolved-nitrogen concentrations. Thus, if dissolved-N input during summer is
through the riverbed as ground water is important,
subsequent algal uptake and spiraling (Newbold et
al., 1981) is likely to reduce the ability to measure
the added nitrogen in the water column (Peterson et
al., 2001), even though it may be transported downstream by recycling in benthic layers or as sloughed
algae. Additionally, added N in a hyporheic zone
could increase heterotrophic metabolism (Mullholand et al., 1997, 1999; Storey et al., 1999) while
obscuring the increased N input in streams.

surface and ground water are not distinct, with
intermittent exchange occurring in both directions
between stream and hyporheic zones depending on
local variations in channel gradient and bed material. In these cases, water in hyporheic zones and
streams may be of similar quality, and net solute
transport may be relatively unaffected by the
exchange processes. Through flow is likely to
occur between bends in alluvial-stream reaches
as a short-circuiting of ground-water flow from
upgradient to downgradient.
Transformations of solutes in hyporheic
zones are often controlled by the hydraulic residence time and the amount of organic material in
those zones (Boulton et. al, 1998; Wondzell and
Swanson, 1996). Transformations of nitrogen are
complex, depending also on redox conditions and
available oxygen and organic carbon (Cirmo and
McDonnell, 1997), and are seasonally variable
(Wondzell and Swanson, 1996) (fig 2). During winter and high-flow periods, temperatures and storage
time are typically low, so nitrification of incoming
DON (including urea or NH 3-N) from upland areas
is likely to be minimized. Nitrogen entering the
stream will be a combination of DON, NH 3-N, and
NO 3-N (possibly nitrified in upland terrestrial
soil). As temperatures rise and streamflows
decrease during spring and summer, nitrification
will increase such that the predominant form of N
entering the stream will be nitrate. Along with
these warm weather transformations will be losses
of nitrogen resulting from microbial uptake (Boulton et. al, 1998; Wondzell and Swanson, 1996) and
possibly denitrification (Cirmo and McDonnell,
1997), so the overall load of nitrogen entering the
stream will be reduced compared to that in winter
and early spring. If the hyporheic zone contains relatively high amounts of DOC, microbial metabolism and hence nitrification rates may be further
enhanced, and denitrification can be enhanced in
anoxic environments.

Hyporheic Processing
In recent years, hydrologic exchange and
nutrient processing in hyporheic zones (subsurface
and riparian near-shore environments) along
streams have received increased attention. Extensive syntheses of various hyporheic processes and
findings have been published by Cirmo and
McDonnell (1997), Boulton et al. (1998), Dahm et
al. (1998), and Storey et al. (1999). Hyporheic
function can be critical in determining hydrologic
flow paths and nutrient exchange, as well as transformations of carbon and nitrogen. These aspects
are discussed briefly below with respect to forest
fertilization and its effects on aquatic systems.
Interactions of ground water with streams can
follow several types of paths, including gaining,
losing, parallel flow, and through flow (Woessner,
2000), each of which may be intermittently present
depending on stratigraphic and fluvial character of
individual reaches or streams (Stanford and Ward,
1993). These flow paths have potentially diverse
implications for ecological processes. In gaining
streams the inflowing water is derived from shallow to regional ground-water flow and will likely
increase net stream solute transport. Benthic processes will be partly dependent on the quality of
incoming hyporheic water, which in turn will be
dependent on physical conditions in stream margins
and on the quality of the ground-water source. In
losing streams, benthic processes will be more predictably dependent on surface-water chemistry and
physical conditions, and will in turn control
hyporheic metabolic process (Boulton et. al, 1998).
Parallel flow occurs when head gradients between

The form, timing, and relative amount of fertilizer-derived nitrogen entering streams will therefore depend partly on hyporheic zone processing,
which itself will depend on subsurface flow paths
and degree of saturation in upland and riparian
areas, as well as hydraulic conductivity, stratigraphy, and amount of organic material in riparian
areas. In regions as geologically complex as the
Little River watershed and the Wolf Creek subwa15

tershed, heterogeneity may reduce the ability to
make broad spatial generalizations. Nonetheless, if
summer streamflow has an important ground-water
component, fertilizer nitrogen could stimulate
microbial nitrification and (or) denitrification in
hyporheic zones and benthic algal growth at the
interface between stream and hyporheic inputs.

mond, 1992). Dissolved organic nitrogen
(DON) remains proportionally high (Sollins
and McCorrison, 1981; Triska et. al, 1984),
especially in unfertilized basins.
D. Additional input of fertilizer nitrogen during
summer is reduced but may not be altogether
eliminated. Shallow ground-water flow from
upslope may transport NO3-N or DON to
periphyton or benthic bacteria through riparian and hyporheic zones. Nutrients could be
transported from smaller streams in fertilized
stands, where algal growth may be light limited, to higher order reaches where more
open canopies allow greater algal growth
(Gregory et al, 1987). Regional ground-water
flow patterns (Harvey and Bencala, 1993)
might discharge water and nutrients from fertilized areas well downstream of fertilized
stands.

Conceptual Model of Ecological Processing of Fertilizer
Nitrogen

There are a variety of possible ecological
effects of fertilizer nitrogen in Cascade streams,
depending on local conditions of hydrology, water
quality, stream morphology, and aquatic biota. For
the Little River watershed, a hypothetical process
scenario following fall-winter urea fertilization is
illustrated in figure 3, p. 18–19. The lettered
descriptions below correspond to the respective lettered parts of the figure. Pie charts indicate hypothetical relative stream nutrient concentrations
(areas of circles) and speciation (pie slices).

E. Algal biomass in small, lower-order streams
remains low during summer because of light
limitation, though changes in species may
occur if nitrogen input is increased. Biomass
downstream may increase, or algal species
may change, as light availability increases.
Benthic uptake continues to keep water column nitrogen concentrations low. Nuisance
algal growth occurs in some places where
substrate and light conditions are favorable,
enhancing overall primary production.

A. Following fall fertilization, rains cause immediate overland and (or) subsurface runoff of
organic and ammonium nitrogen to small
streams draining fertilized stands, most of
which is rapidly transported to larger streams
(>4th order) such as Little River, and further
downstream to successively larger rivers.
Streams draining reference areas remain
higher in organic nitrogen than NO3-N (Sollins and McCorrison, 1981), and have lower
nitrogen concentrations overall.

The N-transport and transformation processes postulated here would not be identical in all
forests, even within the Pacific Northwest. Some
factors might make certain streams more sensitive
than others to nitrogen inputs, predisposing them to
perturbation. For instance, coastal mountain
regions of the Pacific Northwest often have higher
ambient nitrate concentrations than Cascade
streams, possibly because of differences in geology, weather patterns, and the predominance of red
alder (Alnus rubra) (Brown et al., 1973; Miegroet
and Cole, 1988). In contrast, relatively high concentrations of available phosphorus, often found in
streams of young volcanic origin (Dillon and
Kirchner, 1975) such as the Cascades, provide adequate phosphorus (10–40 µg/L) necessary to grow
periphyton (Bothwell, 1988; Borchardt, 1996),
making periphyton communities more dependent
on nitrogen supplies. In low alkalinity streams, a
given algal productivity or biomass could cause

B. Winter rains and nitrification of applied nitrogen enhance longer-term inputs of NO3-N to
small streams, which also is mostly transported out of the fertilized stands downstream to the Little River and farther. Some
sequestration of nutrients during the spring
may occur in stream biota, other organic
material, or in hyporheic zones and shallow
ground water.
C. During late spring and early summer, nitrate
concentrations in streams affected by, and
downstream of, fertilization decline in conjunction with declines in stream discharge.
Reasons for these reductions include uptake
by plants and trees in forest soils, denitrification or sequestration in hyporheic environments, and uptake by periphyton in streams
(Mulholland, 1992; Mulholland and Rose16

larger fluctuations in pH and higher daily maximum pH than in streams with high alkalinity (Teal
and Kanwisher, 1966; Beyers, 1970). Also, more
stable beds composed of relatively large, stable
substrates (ranging from cobbles to bedrock) can
often accumulate higher algal biomass, because the
algal mats are able to withstand higher flows that
would scour attached algae in streams with less stable surfaces (Peterson, 1996).

variability. The susceptibility of streams to
eutrophication and other ecological effects will
depend on numerous watershed conditions, including hydrology, geology and stream morphology,
geochemistry, nitrogen status of soils and streams,
canopy cover and aspect, and history of land use.
Many forested watersheds in the West have already
been perturbed by historical resource management.
As a result, added fertilizer N could contribute to
cumulative stimulatory effects of forestry on primary production in streams (Norris et al., 1991).
Forest management practices that can increase
nutrient runoff to streams include road construction
and logging (Fredriksen et al., 1975; Sollins and
McCorison, 1981; Binkley and Brown, 1993a,
1993b; Brown and Binkley, 1994), history of fire or
fire prevention (Brown et al., 1973; Tiedemann et
al., 1978; Norris et al., 1991) and fertilization history (Bisson et al., 1992). Additional conditions
that could compound the effects of fertilizer nutrient inputs include (1) increased sediment transport,
which can contribute nutrients and scour channels,
(2) increased temperature, which can enhance algal
growth (DeNicola, 1996) and accelerate invertebrate hatches, possibly decreasing grazing pressure
on algae, and (3) increased light penetration, where
small buffer strips might cause a shift from light to
nutrient limitation.

Enhanced diel fluctuations of pH and DO
resulting from increased primary production may
be compounded, in streams dominated by bedrock
or otherwise armored, if hydrologic exchange or
discharge through hyporheic zones also is reduced.
Because these zones are important areas for nutrient transformations and heterotrophic activity in
streams (Mulholland et al., 1997 & 1999; Naegeli
and Uehlinger, 1997; Boulton et al., 1998; Chafiq
et al., 1999), heterotrophic respiration may be
reduced in streams with smaller hyporheic zones
(Mulholland et al., 1997 & 1999), potentially
allowing higher pH maxima. Although maximum
DO concentrations could be increased if hyporheic
respiration is reduced, DO in small, high-gradient
streams appears to be reaerated more rapidly by
physical processes than does carbon dioxide
(Guasch et al., 1998), so stream DO might not be
altered to the same extent as pH. In a study of the
North Umpqua River, DO was apparently controlled by temperature and reaeration, despite diel
pH changes that were indicative of primary production (Anderson and Carpenter, 1998).

The occurrence of several or all of the above
conditions can contribute to possible cumulative
effects on streams and make differentiation of the
effects from an individual practice difficult to discern. Thus, streams already experiencing increases
in eutrophication, manifested as increases in nutrient concentrations, changes in algal growth or algal
populations, elevated temperatures, increased light
penetration, or exacerbation of diel DO and pH
cycles resulting from elevated primary production,
may be poor locations to examine effects from forest fertilization.

The influences of upstream land-management
practices could play a vital role in determining
stream response to N-application. Nutrient concentrations (including NO 3-N) are known to be elevated by many forestry operations (Tamm et al.,
1974; Sollins and McCorison, 1981; Tiedemann et
al., 1988; Adams and Stack, 1989; Binkley and
Brown, 1993a, 1993b), with various subsequent
effects on stream productivity (Gregory et al.,
1987). Other site-dependent factors that could
influence algal production include soil characteristics, ground-water flow paths, light availability,
water temperatures, and the amount of invertebrate
grazing.

Despite these complications, there are several
ways to determine, more definitively than in the
past, whether fertilizer nitrogen is transported to
streams during growing seasons or contributes to
benthic production. Potential methods include (1)
measurements of nutrient processing and transport
in hyporheic zones, (2) assessments of benthic
metabolism either in chambers (Bott et al., 1997;
Harvey et al., 1998) or by measurements of wholestream metabolism (Marzolf et al., 1994, 1998;

Suggested Approaches to Evaluate Ecological Effects of
Forest Fertilization

Care will be needed to differentiate the
effects on streams of fertilization from those of
other land-management practices and from natural
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Figure 3. Hypothetical transport pathways, dominant processes, and relative concentrations of nitrogen in response to urea
explained in the text.)
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LATE SPRING-SUMMER SCENARIO
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Parkhill and Gulliver, 1998), (3) experiments using
nutrient-diffusing substrates to determine growthlimiting factors (Fairchild et al., 1985; Pringle
and Triska, 1996; Tank and Webster, 1998),
(4) measurements of cellular-nutrient content and
sloughing algal material in transport to more accurately account for N inputs and outputs in streams,
(5) use of stable isotopes of nitrogen, including possible additions of labelled 15N in urea fertilizer (Kahl
et al., 1993), to track incorporation of applied N into
different algal and food-web compartments (Harvey
et al., 1998); and (6) assessments of benthic algal
communities using autecological evaluations of
water quality (Lowe and Pan, 1996; Pan et al., 1996;
Anderson and Carpenter, 1998) and (or) biomass in
cumulative assessments longitudinally and temporally in stream systems. In addition, in sensitive systems, continuous monitoring of DO and pH during
selected periods might provide data to determine
whether production is increasing and whether that
production is having potentially deleterious effects
on stream ecosystems. Most of these methods will
require similar evaluations in control or untreated
streams for comparison to determine the magnitude
of response to fertilizer treatment.

ditions prior to fertilization. Various portions of private timberlands in the watershed were fertilized in
1998 or in 1999, but were not sampled prior to fertilization.

Physiographic Setting
The Little River watershed (fig. 1) is approximately 206 square miles in area, with elevations
ranging from 730 to 5,275 feet above sea level (U.S.
Forest Service and Bureau of Land Management,
1995). Most of the watershed (83%), including
almost all of the land east of Cavitt Creek, is located
within the western Cascades geologic province
(McFarland, 1983). Soils in this province tend to be
high in nutrient content, particularly phosphorus, as
they are derived from many layers of volcanic rock.
In many places, streams have eroded deeply incised
channels through the volcanic layers to surficial
bedrock, and the potential for landslides is typically
high on the steep slopes. Recharge and well yields in
the province are typically low. In some places,
including the eastern Wolf Creek subwatershed,
earthflows have created a poorly defined drainage
network where ponds and seeps are common, and
where subsurface flow can exceed surface flow
(U.S. Forest Service and Bureau of Land Management, 1995). Rocks of the Klamath Mountains comprise about 11% of the watershed, mostly in the
southwest. Exposed rocks in this province include
granitic and sedimentary rocks (composed of altered
submarine volcanic flows, tuffs, flow-breccia, and
agglomerates) and ultramafic rocks (including large
outcroppings of peridotite and serpentinite). Well
yields in this province tend to be somewhat higher
than in the western Cascades (McFarland, 1983).
The final 6% of the watershed, located in the
extreme northwestern corner near the mouth of Little River, is made up of tertiary rocks from the Coast
Range province, which are predominantly marine
sedimentary rocks.

LITTLE RIVER WATERSHED
This section presents a framework for evaluating an operational application of urea fertilizer by
the Bureau of Land Management (BLM) to selected
stands in the Little River watershed, a nitrogen-limited tributary to the North Umpqua River, Oregon
(fig. 4). The previous literature review is used as a
basis to explore possible ecological effects of fertilization in the context of known geological and
hydrological conditions in the basin. Urea-based fertilizer would be applied during late fall to individual
15–40 year old stands on BLM lands, at a rate of
200 pounds N/acre (224 kg N/ha). The study would
examine water-quality and possible ecological
effects of added fertilizer nitrogen, including
changes in biomass of periphytic algae, dissolved
oxygen (DO) and pH in streams, shifts in algal species and community composition, and changes in
secondary grazer (macroinvertebrate) communities
or food-web structure and function resulting from
shifts in algal community composition and biomass.
Data from reconnaissance samplings are included to
provide an indication of water-quality and algal con-

The Wolf Creek subwatershed is located in
the central portion of the watershed in what is
known as the “Wolf Plateau Vicinity” (U.S. Forest
Service and Bureau of Land Management, 1995),
which also includes Negro Creek and White Creek.
The vicinity is characterized by broad, gently sloping uplands formed from resistant ash-flow tuff, creating a rocky bluff along the northern, western, and
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southern edges. The plateau is dissected by drainage
systems that have begun to cut through this resistant
layer, creating steep gradients with numerous waterfalls that act as natural barriers to fish passage. The
plateau is capped by a variety of volcanic deposits
such as lava flows, mudflows, flow-breccias, and
tuffs. Weathering of these deposits has generated
fine, clay-rich, relatively impermeable soils. Massfailure processes are likely where channel incision
has undermined adjacent banks, and during seasonal
peak flows chronic sediment is delivered from these
channels. Localized debris avalanches, slumps, and
earthflows are found along steeper hillslopes (U.S.
Forest Service and Bureau of Land Management,
1995).

EXPLANATION
Afternoon pH
Morning pH

Afternoon DO (percent saturation)
Morning DO (percent saturation)

Figure 5. Morning and afternoon pH and dissolved oxygen
saturation in the Little River, July 28, 1998. (Source: Powell, 1998.)

Water-Quality Issues in the Little River Watershed
Problems with water-quality and ecosystem
processes in the Little River watershed extend
beyond exceedances of State water-quality standards. There is a variety of aquatic species of concern in the Little River (table 2), including both
anadromous fish and amphibians (John Raby,
Bureau of Land Management, written commun.,
August 1999; Dr. R. Bruce Bury, U.S. Geological
Survey, written commun., August 1999). These
species could be affected by disruption of food supplies resulting from changed inputs of nutrients. To
the extent that management activities on forest
lands in the basin affect these sensitive species,
public land agencies are mandated to strive to balance those activities with the needs of aquatic
biota. Thus, it is important to understand the effects
of forest management, including fertilization, on
aquatic communities in the Little River watershed
and in similar basins throughout the Pacific Northwest.

Previous studies in the Umpqua Basin have
indicated that several streams, including the South
Umpqua River (Tanner and Anderson, 1996), North
Umpqua River (Anderson and Carpenter, 1998),
and Little River (Powell, 1995, 1998) experience
nuisance growths of periphytic algae during summer low flow periods. In many locations, resultant
photosynthesis has raised pH values higher than the
State of Oregon standard of 8.5, with maximum
values in the North Umpqua Basin reaching as high
as 9.1 (Anderson and Carpenter, 1998; Powell,
1995, 1998). Little River is listed on the State of
Oregon’s 303(d) list of water-quality limited
streams for pH, temperature, sedimentation, and
habitat modification (Oregon Department of Environmental Quality, 1999). Longitudinal surveys in
various streams in the basin have shown general
increases in pH in a downstream direction, and
there are substantial diel variations in pH and DO
(fig. 5) characteristic of excessive primary production. Mechanisms that may account for nuisance
algal growth and (or) exaggerated diel pH and DO
cycles include increased primary production resulting from timber operations (Gregory et al., 1987;
Powell, 1995) and lack of functioning hyporheic
zones that could help to reduce pH through benthic
respiration (Storey et al., 1999; Mullholand et al.,
1997, 1999). These effects are likely exacerbated
when streams have low buffering capacity (alkalinity), and geochemical processes may be important
locally in controlling stream pH.

Table 2. Aquatic species of concern in the Little River watershed,
Oregon

Species

Federal
designation

State of Oregon
designation

Umpqua River cutthroat trout
Oregon Coast coho salmon
Oregon Coast steelhead trout
Pacific lamprey

Endangered
Threatened
Candidate
Species of
Concern

Sensitive/Vulnerable
Sensitive/Critical
Sensitive/Vulnerable
Sensitive/Vulnerable

Red legged frog

Sensitive1

No Designation

1

listed on the National Forest Sensitive Species List
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Land uses in the Little River Watershed and Potential
Effects on Water Quality
Forestry is by far the dominant land use in the
Little River watershed. Roughly 60 percent of the
watershed’s area had been harvested for timber and
reforested by 1995. The watershed’s 206 square
miles (approximately 132,000 acres) is predominantly (>63%) Federal forest, of which 76% (63,575
acres) is administered by the Forest Service and 24%
(19,802 acres) is administered by the BLM. The
watershed is sparsely settled (population approximately 1,200), and over 70% of the private lands are
managed for commercial timber production. About
78% of the Wolf Plateau Vicinity has been harvested, making it the most intensively logged vicinity in the Little River watershed. There are 960 miles
of road in the watershed, the majority of which are
used for forest management. Extensive road building
and timber harvesting, especially prior to 1970 when
techniques were poor, may have contributed to the
Wolf Plateau Vicinity’s having the second highest
frequency of land-management related landslides
(5.2 per square mile) in the watershed (U.S. Forest
Service and Bureau of Land Management, 1995).
Fertilization continued on selected Forest Service
lands until 1990, but no BLM lands have been fertilized in the watershed since 1975
(C. Kinntop, Bureau of Land Management, written
commun., 2000). Timber operations were recently
identified as being among potential nutrient sources
in the larger North Umpqua River Basin (Anderson
and Carpenter, 1998). In that study, nutrient enrichment, excessive benthic algal growth, and maximum
pH were evaluated in conjunction with timber and
hydropower operations.
In 1994, the public land in the watershed was
collectively designated as one of 10 Adaptive Management Areas (AMAs) under the President’s Northwest Forest Plan (U.S. Forest Service and Bureau of
Land Management, 1994). The specific emphasis of
the Little River Adaptive Management Area
(LRAMA) is “the development and testing of
approaches to integration of intensive timber production with restoration and maintenance of high quality
riparian habitat” (U.S. Forest Service and Bureau of
Land Management, 1995). As a result, evaluating
management effects on water quality is the major
emphasis of the LRAMA.
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A complicating aspect to the proposed study is
the patchwork pattern of land ownership in the
watershed (fig. 4), a common feature in forested
lands of the western United States. The upper portions of the Little River watershed are located
entirely on National Forest lands, whereas private
timberlands intermix in alternating square-mile sections with BLM and Forest Service lands in the middle portions of the LRAMA, particularly in the Wolf,
Negro, and Cavitt Creek subwatersheds. This pattern
renders many of the perennial streams in these subwatersheds subject to influences from a mixture of
upstream land uses and management practices,
including previous fertilizations on much of the private timberlands during fall in 1998 and 1999. For
this reason, care will be needed to differentiate fertilization effects to perennial streams on BLM lands
and effects from other land uses. This problem
necessitates including smaller scale research (reach
and subwatershed), in addition to investigating larger
streams, to minimize confounding effects from
upstream treatments.
In addition to forestry, there is a small amount
of agriculture, a permanent population of about
1,200, 2 camps that house a combined population of
250–400 people at a time, and least 19 federally
managed camping areas along the Little River (U.S.
Forest Service and Bureau of Land Management,
1995). Of the two camps, one has a small on-site
wastewater treatment plant (WWTP), the other a
large septic drainfield. Private residences in the
watershed predominantly use septic systems, and
recreation areas use either pit toilets or septic systems, some or all of which could provide nutrients to
the river depending on their state of maintenance.
With summertime streamflows dipping to less than
30 ft 3/s, the cumulative nonpoint nutrient inputs
from these sources can potentially contribute to
stream eutrophication.
The two established camps, the Wolf Creek Job
Corps Center and the Little River Christian Camp, are
located just upstream from Wolf Creek at approximately river miles 12 and 13, respectively. The Job
Corps Center houses between 230 and 275 people, and
the Christian Camp averages about 90 during summer.
The Job Corp Center’s WWTP discharges an average
of 21,000 gallons per day. Coincidentally, both camps
are located immediately upstream of Wolf Creek, the
tributary with the largest number of forested stands
planned for fertilization by the BLM and the most

likely location in which to investigate fertilizer effects
on streams. This fact, and possible effects from other
upstream land uses such as recreation and forestry
operations, complicates the assessment of the effects
to the Little River from fertilization within and outside the Wolf Creek subwatershed due to the lack of
an appropriate upstream reference.
Water-Quality Conditions
Data were collected by the USGS and BLM
during reconnaissance investigations in August and
November 1998 (table 4), and August 1999 (table 5).
The August surveys were to assess conditions during
low flow prior to fertilization, and the November
survey was intended to assess runoff during a fertilization to private timber land in the Wolf Creek subwatershed. Ultimately, the November samples were
collected prior to fertilization during a storm. In the
discussion below, emphasis is placed on data from
the August 1999 survey because it is a more complete dataset and more quality assurance data were
collected during that survey. Data from 1998 are referenced where they support or contradict findings
from August 1999.
Samples from all locations (fig. 4, table 3)
were analyzed at the U.S. Geological Survey’s
National Water Quality Laboratory (NWQL) in Denver, Colorado. A subset of samples from the August
1999 survey also was submitted for nutrient analyses
to the Central Chemical Analytical Laboratory
(CCAL) in the Forest Sciences Laboratory at Oregon
State University. This laboratory comparison was an
attempt to assure the quality of CCAL for low-level
nutrient analyses, particularly nitrogen species,
because the NWQL does not have methods available
to analyze organic nitrogen at the low concentrations
routinely found in the Little River watershed (tables
4 and 5). Organic nitrogen is a potentially important
nitrogen species in the adjacent North Umpqua River
Basin and typically constitutes the largest portion of
nitrogen budgets in forested streams in the Cascades
(Triska et al., 1984).
Methods

Discharge was measured using Price AA or
pygmy current meters by established techniques
(Rantz et al., 1982) wherever possible, although in
some places water depths or velocities were too low
to use meters. In these instances, discharge was mea24

sured by directing the entire flow of the stream into a
bucket and measuring the volume of water filling the
bucket in a known amount of time. Frequently this
was done on the downstream ends of culverts under
logging roads. Field parameters (temperature, specific conductance, pH, and dissolved oxygen) were
measured in-place using Hydrolab ® multiparameter
instruments that were calibrated in the field according to manufacturer’s specifications. Where possible, field measurements were timed to document pH
near its daily maximum (about 4:00–6:00 p.m.), and
sampling during 1999 specifically included late
afternoon measurements at each site for this purpose.
Water chemistry samples for nutrients and
major ions were taken by grab sampling in most
cases. Grab sampling was considered representative
where streamflows were low, there was little suspended material, and the streams were well mixed
due to high gradients. Also, in many of the small
catchments, the low streamflow would have prevented the use of larger depth- and width-integrating
samplers. Samples from the main-stem Little River
were collected using depth- and width-integrating
techniques. Samples for whole-water (unfiltered)
nutrients (total phosphorus [TP] and total organicplus-ammonium nitrogen [TKN]) were collected in
acid-washed bottles. Those to be analyzed by the
NWQL were immediately preserved with 0.2N
H 2SO 4, whereas those being analyzed by CCAL
were unpreserved. For filtered-water nutrients (dissolved organic plus ammonium nitrogen [DKN],
NH 3-N, nitrate plus nitrite nitrogen [predominantly
NO 3-N], nitrite nitrogen, soluble reactive phosphorus [SRP], and digested dissolved phosphorus
[TDP]), water was subsampled on site by peristaltic
pump with in-line, prewashed, disposable capsule
filters (0.45 µm [micrometer] pore-size) into sample
bottles and stored chilled and unpreserved. Samples
for major chemistry were filtered into two polypropylene bottles; water analyzed for cations was preserved with nitric acid, and water analyzed for
anions was unpreserved. Samples for alkalinity during August 1999 were filtered in the field and stored
chilled until titrated at the U.S. Geological Survey’s
Oregon District Laboratory (about 3–4 days). Based
on good agreement in cation and anion balances,
storage time did not appear to affect the alkalinity
results. Analytical methods and detection levels for
nutrient samples analyzed at the NWQL and CCAL
are given in table 6.

Table 3. Sites sampled in the Little River watershed by the U.S. Geological Survey (USGS) in 1998 and 1999×
[ID, identification; BLM, Bureau of Land Management; USFS, U.S. Forest Service; Latitude/Longitude given in degrees, minutes, and seconds]

Map ID

1
2
3
4
5
6
7
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8
9
10
11
13
14
15
16
17
18
19
20
21
22
23
24
30
31

Site name

Wolf Creek at mouth
Egglestron Creek at mouth
Unnamed tributary to Fork Wolf Creek at west bank near
Wolf Creek Falls
Wolf Creek above Egglestron ×Creek
Unnamed tributary to Wolf Creek on east bank upstream of
Egglestron Creek on BLM 16.0 road
West Fork Wolf Creek
Unnamed tributary to West Fork Wolf Creek at west bank
on BLM 16.0 road
Cavitt Creek above Withrow Creek on road 25
Unnamed tributary to Cavitt Creek below Evarts Creek
Emile Creek at USFS/BLM boundary
Emile Creek at mouth
Little River above Cavitt Creek at new bridge
Little River above Wolf Creek
Little River above Job Corps at road 2701 bridge
(Old Red Butte Road)
Little River at White Creek Campground
Little River at Coolwater Campground
Negro Creek near mouth
Wolf Creek near Red Butte below gravel quarry
at BLM 14.1 road
Wolf Creek at BLM road 16.0
Little River at Peel (USGS station ID 14318000)
Little River below Wolf Creek
Wolf Creek above Wolf Creek Falls
Reference tributary to Wolf Creek above Egglestron Creek
Unnamed tributary to West Fork Wolf Creek in section 32
at road 32.0
Unnamed tributary to West Fork Wolf Creek, #2,
at east bank at BLM road 16.0

USGS 7-1/2
minute
topographic
map

Dates sampled
Range/
township/section

Latitude/
longitude

August
1998

November
1998

Red Butte
Red Butte
Red Butte

R2W/T27S-9
R2W/T27S-16
R2W/T27S-16

431358/1225700
431341/1225648
431314/1225650

X
X
X

Red Butte
Red Butte

R2W/T27S-16
R2W/T27S-16

431327/1225646
431253/1225619

X
X

X

Red Butte
Red Butte

R2W/T27S-20
R2W/T27S-20

431209/1225719
431210/1225724

X
X

X
X

X
X

Red Butte
Lane Mountain
Mace Mountain
Old Fairview
Lane Mountain
Red Butte
Red Butte

R2W/T28S-9
R3W/T27S-13
R1W/T26S-31
R2W/T27S -2
R3W/T27S-11
R2W/T27S-9
R2W/T27S-3

430914/1225614
431312/1230021
431525/1225215
431455/1225403
431419/1230039
431402/1225659
431453/1225533

X
X
X
X
X
X

X
X
X

Taft Mountain
Taft Mountain
Taft Mountain
Red Butte

R1W/T27S-7
R1W/T27S-7
R2W/T27S-12
R2W/T27S-28

431340/1225137
431350/1225214
431355/1225224
431159/1225630

X

Red Butte
Glide
Red Butte
Red Butte
Red Butte
Red Butte

R2W/T27S-21
R3W/T27S-2
R2W/T27S-9
R2W/T27S-16
R2W/T27S-16
R2W/T27S-32

431214/1225643
431510/ 123013
431358/1225704
431306/1225646
431337/1225650
431056/1225734

Red Butte

R2W/T27S-20

431212/1225709

X
X

X
X
X

August
1999

X

X
X
X
X
X

X

X
X

X

X
X
X
X
X
X
X

Table 4. Nutrient and field data in the Little River and tributaries from reconnaissance samplings during August and November, 1998
[Sites are listed in downstream order. Map ID number refers to locations on figure 4. All nutrient samples were analyzed at the U.S. Geological Survey laboratory in Denver, CO. ft3/s, cubic feet per second;
° C, degrees Celsius; (µS/cm), microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; µg/L, micrograms per liter; BP, Barometric pressure; mm Hg, millimeters mercury; DO, dissolved
oxygen; %, percent; µg/L, micrograms per liter; NH3, ammonia; NO2, nitrite; DKN, dissolved Kjeldahl nitrogen; TKN, total Kjeldahl nitrogen; NO3, nitrate + nitrite; TP, total phosphorus; TDP, total dissolved
phosphorus; SRP, soluble reactive phosphorus; <, actual value is less than the indicated amount; USFS, U.S. Forest Service; BLM, Bureau of Land Management; --, no data]

Station Name
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Little River at White Creek
Campground
Little River above Negro Creek at
Coolwater Campground
"
Negro Creek near mouth
"
Emile Creek at USFS/BLM Boundary
Emile Creek at mouth
Little River above Christian Camp at
USFS road 2701 bridge
Little River above Wolf Creek
"
Wolf Creek at BLM road 14.1
West Fork Wolf Creek
Unnamed tributary to Wolf Creek east
bank
Unnamed tributary to West Fork Wolf
Creek
"
"
Unnamed tributary to Wolf Creek west
bank below Wolf Creek Falls
"
Wolf Creek above
Egglestron Creek
Egglestron Creek
at mouth
"
Wolf Creek near
Red Butte
Wolf Creek at mouth
"
"
Little River above Cavitt Creek at new
bridge
Cavitt Creek above Withrow Creek
Unnamed tributary to Cavitt Creek
Little River at Peel

Map ID
number

Date

Time

Water
Specific
temconFlow perature ductance
(ft3/s)
(×° C)
(µS/cm)

BP
(mm
Hg)

DO
satuDO ration
(mg/L) (%)

pH

DKN
(µg/L
as N)

TKN
(µg/L
as N)

NH3
(µg/L
as N)

NO3
(µg/L
as N)

NO2
(µg/L
as N)

TP
(µg/L
as P)

TDP
(µg/L
as P)

SRP
(µg/L
as P)

88

--

9.3

--

69

--

--

--

7.6

--

110

--

--

--

32

--

--

6.5
-6.4
14.9
16.2
18.7

64
85
80
56
68
92

725
-723
----

11.7
-11.2
9.1
9.2
9.3

100
-96
----

7.7
7.6
7.8
7.5
7.7
8.8

<100
100
120
----

260
270
280
<100
<100
<100

<2
<2
2
2
<2
<2

8
9
6
37
<5
<5

---<1
<1
<1

33
36
40
12
11
9

---9
11
8

7
10
9
5
8
<1

1200 17
1345 133
1435
5.8
1400
.64
1615
.01

17.4
7.1
7.1
12.8
14

95
64
53
129
90

735
738
----

10.4
11.7
-9.4
9

113
100
----

8.6
7.8
7.6
7.9
7.4

-140
<100
---

<100
320
170
<100
<100

<2
5
<2
<2
16

<5
9
96
11
13

<1
--<1
1

9
34
18
12
12

18
--14
10

5
6
8
11
--

8/27/98

1320

.09

13.1

101

--

9.1

--

7.6

--

<100

<2

8

<1

8

13

4

7
7
3

11/9/98
11/10/98
8/25/98

1735
1200
1415

-6.2
.01

-7.2
11.2

-41
26

-629
734

-9.8
10.3

-98
97

-7.3
6.8

<100
---

210
<100
<100

<2
-12

15
-6

--<1

32
20
7

--7

20
-4

3
4

11/9/98
8/25/98

1120
1435

.31
2

9.3
13.8

26
120

735
--

10.6
9.7

96
--

7.5
8

<100
--

<100
<100

<2
<2

1
31

-<1

33
9

-9

19
6

2

8/24/98

1600

.42

14.6

213

--

9.4

--

8.2

--

<100

<2

7

<1

15

12

8

2
19

11/9/98
11/9/98

1210
1230

3.7
4

7.1
6.2

84
91

737
--

11.4
--

97
--

7.8
7.6

<100
130

190
280

<2
5

5
7

---

29
44

---

8
8

1
1
1
13

8/24/98
11/7/98
11/9/98
8/26/98

1400
1100
1310
1645

2.9
-18
16

15.2
7.2
19.5

135
74
61
98

--739
--

9.9
-11.4
9.3

--98
--

8.4
7.4
7.7
8.7

-<100
---

<100
<100
<100
<100

<2
<2
-<2

84
6
-<5

<1
--<1

12
20
27
16

11
--14

7
11
-10

8
9
21

8/26/98
8/27/98
8/26/98

1407
1145
1545

2.3
0
26

12.7
14.4
18.5

138
68
111

699
724
740

9.5
8.4
10.1

98
86
111

8.2
7
8.4

----

<100
<100
<100

<2
<2
<2

18
34
<5

<1
<1
<1

25
21
19

23
22
18

19
18
15

16

8/26/98

1835

8.8

17

11/7/98

1500

--

17
18
18
10
11
15

11/10/98
11/7/98
11/10/98
8/26/98
8/25/98
8/26/98

1500 120
1400
-1420 18
1915
.99
1930
1.1
1745 14

14
14
20(?)
6
5

8/24/98
11/9/98
11/9/98
8/27/98
8/25/98

7

16.4
--

8.2

--

100

<2

<5

<1

8

6

<1

Table 5. Nutrient and field data for sites in the Little River and tributaries, August 1999
[Sites are listed in downstream order. Map ID number refers to locations on figure 4. Sample types— f, field parameters (temperature, dissolved oxygen, pH, specific conductance) only; C, Cooperative Chemical
Analytical Laboratory at Oregon State University; U, U.S. Geological Survey Laboratory in Denver, Colorado; ° C, degrees Celsius; mm Hg, millimeters of mercury; mg/L, milligrams per liter;
µg/L, micrograms per liter; BP, Barometric pressure; ft3/s, cubic feet per second; (µS/cm), microsiemens per centimeter at 25 degrees Celsius; DO, dissolved oxygen; Alk, alkalinity, as CaCO3; NH3, ammonia;
NO2, nitrite+nitrate; DKN, dissolved Kjeldahl nitrogen; TKN, total Kjeldahl nitrogen; NO3, nitrate + nitrite; TP, total phosphorus; TDP, total dissolved phosphorus; SRP, soluble reactive phosphorus; (E), value
is estimated; <, actual value is less than the indicated amount; --, no data; USFS, U.S. Forest Service; BLM, Bureau of Land Management]

Station name
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Little River at White Creek
Campground
Little River at White Creek
Campground
Little River at White Creek
Campground
Little River at Coolwater
Campground
Little River at Coolwater
Campground
Negro Creek near mouth
Negro Creek near mouth
Negro Creek near mouth
Emile Creek at mouth
Little River below Emile Creek
Little River at USFS road 2701
bridge
Little River at USFS road 2701
bridge
Little River at USFS road 2701
bridge
Little River at USFS road 2701
bridge
Little River above Wolf Creek
Little River above Wolf Creek
Little River above Wolf Creek
Little River above Wolf Creek
Little River above Wolf Creek
Little River above Wolf Creek
Wolf Creek at mouth
Wolf Creek at mouth
Wolf Creek at mouth
Egglestron Creek at mouth
Reference tributary to Wolf
Creek above Egglestron Creek
Reference tributary to Wolf
Creek above Egglestron Creek
Wolf Creek above Egglestron
Creek

Map
ID Samnum- ple
ber type

Dates

Water
temperature
Times
(° C)

BP
(mm
Hg)

Specific
conFlow ductance DO
(ft3/s) (µS/cm) (mg/L)

pH

Alk
(mg/L)

NH3
(µg/L
as N)

NO2
(µg/L
as N)

DKN
(µg/L
as N)

TKN
(µg/L
as N)

NO3
(µg/L
as N)

TP
(µg/L
as P)

TDP
(µg/L
as P)

SRP
(µg/L
as P)

9.1

7.9

--

--

--

--

--

--

--

--

--

--

--

--

<10

--

50

40

3

40

--

16

16

f

19990817

1705

17.0

727

--

82

16

C

19990818

1500

--

--

--

--

16

U

19990818

1500

17.3

741

16.5

80

9.5

8.2

39

3

1

102

E 78

7

18

26

16

17

f

19990817

1725

16.7

727

--

88

9.1

7.9

--

--

--

--

--

--

--

--

--

17

f

19990818

1700

17.2

731

--

18
18
18
11
--

f
C
U
f
f

19990817
19990818
19990818
19990818
19990818

1755
1200
1200
1705
1705

14.5
-13.6
17.7
18.8

727
-741
729
729

--4.55
---

15

C

19990817

1530

--

--

--

--

15

U

19990817

1530

19.4

737

25.5

15

f

19990817

1735

19.6

727

15

f

19990818

1715

19.7

731

14
14
14
14
14
14
1
1
1
2

C
U
f
f
f
f
C
U
f
U

19990816
19990816
19990816
19990817
19990817
19990818
19990817
19990817
19990818
19990816

1100
1100
1850
1730
1815
1730
1100
1100
1735
1620

-15.7
19.1
20.1
19.2
19.9
-14.6
16.4
14.8

-738
735
735 (E)
735 (E)
735 (E)
-737
735 (E)
738

24

C

19990816

1430

--

--

24

U

19990816

1430

14.8

734

.02

4

U

19990816

1420

14.5

738

1.47

86

9.3

8.2

--

--

--

--

--

--

--

--

--

110
-106
65
89

8.9
-10.0
8.6
8.9

7.9
-8.1
7.8
8.3

--57
---

-<10
<2
---

--

-30
E 68
---

-38
49
---

-37
12
---

--

<1
---

-40
103
---

16
---

-11
10
---

--

<10

--

40

60

2

42

--

12

--

--

86

9.1

8.5

40

<2

1

<100

<100

6

18

18

10

--

88

8.6

8.3

--

--

--

--

--

--

--

--

--

--

86

9.1

8.6

--

--

--

--

--

--

--

--

--

-90
89
87
90
91
-135
141
208

-9.9
8.6
8.9
8.5
8.7
-10.0
9.1
9.4

-8.1
8.2
8.6
8.2
8.6
-8.2
8.2
8.1

-40
-----68
-100

38
36
----<10
7
-17

-1
-----1
-<1

80
<100
----40
148
-<100

100
111
----50
<100
-E 77

20
12
----24
5
-13

26
19
----33
12
-20

-10
-----14
-13

8
8
----9
7
-13

-20.6
-----1.86
-.81
--

--

--

--

--

<10

--

40

50

14

18

--

4

20

9.0

7.4

9

13

<1

<100

E 85

<5

11

<4

1

126

9.5

7.9

58

11

<1

<100

E 85

12

12

8

4

Table 5. Nutrient and field data for sites in the Little River and tributaries, August 1999
[Sites are listed in downstream order. Map ID number refers to locations on figure 4. Sample types— f, field parameters (temperature, dissolved oxygen, pH, specific conductance) only; C, Cooperative Chemical
Analytical Laboratory at Oregon State University; U, U.S. Geological Survey Laboratory in Denver, Colorado; ° C, degrees Celsius; mm Hg, millimeters of mercury; mg/L, milligrams per liter;
µg/L, micrograms per liter; BP, Barometric pressure; ft3/s, cubic feet per second; (µS/cm), microsiemens per centimeter at 25 degrees Celsius; DO, dissolved oxygen; Alk, alkalinity, as CaCO3; NH3, ammonia;
NO2, nitrite+nitrate; DKN, dissolved Kjeldahl nitrogen; TKN, total Kjeldahl nitrogen; NO3, nitrate + nitrite; TP, total phosphorus; TDP, total dissolved phosphorus; SRP, soluble reactive phosphorus; (E), value
is estimated; <, actual value is less than the indicated amount; --, no data; USFS, U.S. Forest Service; BLM, Bureau of Land Management]

Station name
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Wolf Creek above Wolf Creek
Falls
Unnamed tributary to West Fork
Wolf Creek at BLM road 16.0
West Fork Wolf Creek
West Fork Wolf Creek
Unnamed tributary to West Fork
Wolf Creek
Wolf Creek at BLM road 14.1
Wolf Creek at BLM road 14.1
Unnamed tributary to West Fork
Wolf Creek in section 32 at road
32.0
Little River below Wolf Creek
Little River below Wolf Creek
Little River below Wolf Creek
Little River at Cavitt Creek
bridge
Little River at Cavitt Creek
bridge
Little River at New Cavitt Creek
bridge
Little River at Peel
Little River at Peel
Little River at Peel
Little River Highway 27 bridge
below Peel

Map
ID Samnum- ple
ber type

Dates

Water
temperature
Times
(° C)

BP
(mm
Hg)

23

U

19990816

1730

14.2

727

31

U

19990817

1340

12.6

714

6
6

C
U

19990817
19990817

1530
1530

-13.5

-714

Specific
conFlow ductance DO
(ft3/s) (µS/cm) (mg/L)
--

pH

Alk
(mg/L)

NH3
(µg/L
as N)

NO2
(µg/L
as N)

DKN
(µg/L
as N)

TKN
(µg/L
as N)

NO3
(µg/L
as N)

TP
(µg/L
as P)

TDP
(µg/L
as P)

SRP
(µg/L
as P)

131

9.5

8.1

65

11

<1

<100

267

39

16

8

9

77

9.0

7.7

41

5

<1

<100

<100

<5

9

13

2

.44

-135

-8.9

-7.8

-68

<10
15

-<1

30
105

40
<100

63
30

35
14

-21

9
8

.07

80

8.6

8.3

51

7

1

105

<100

<5

16

19

9

.35

-174

-9.1

-8.0

-89

<10
<2

-1

40
<100

40
188

24
19

35
19

-18

10
10

.18

56

8.7

7.5

35

2

<1

102

E 63

8

6

11

2

.01
--

7

U

19990817

1720

13.8

714

19
19

C
U

19990818
19990818

1330
1330

-12.7

-698

30

U

19990818

1110

11.9

691

22
22
22

C
U
f

19990817
19990817
19990818

1130
1130
1745

-18.3
19.6

-737
--

-24.3
--

-91
96

-10.0
8.6

-8.5
8.6

-42
--

<10
6
--

-2
--

6
<100
--

90
<100
--

13
<5
--

31
13
--

-15
--

9
5
--

13

f

19990817

1835

21.1

--

--

94

8.6

8.5

--

--

--

--

--

--

--

--

--

13

f

19990818

1800

19.4

739

--

108

9.2

8.6

--

--

--

--

--

--

--

--

--

13

f

19990818

1740

19.9

738

--

90

9.5

8.8

--

--

--

--

--

--

--

--

--

21
21
21

f
C
U

19990818
19990818
19990818

1830
1000
1000

19.5
-18.7

741 (E)
-741

--32

112
-109

9.0
-9.0

8.4
-8.0

--51

-<10
10

--1

-12
E 78

-100
210

-3
<5

-32
10

--12

-4
2

--

f

19990817

1900

20.3

--

112

8.7

8.3

--

--

--

--

--

--

--

--

--

--

--

Table 6. Analytical methods and detection levels for nutrient analyses performed at the U.S. Geological Survey National Water Quality
Laboratory (NWQL) and Oregon State University Cooperative Chemical Analytical Laboratory (CCAL)
[EPA, Environmental Protection Agency]
NWQL

Constituent
Total phosphorus (TP)
Total dissolved phosphorus (TDP)
Soluble reactive phosphorus (SRP)
Total organic + ammonium nitrogen (TKN)
Dissolved organic + ammonium nitrogen (DKN)
Ammonium nitrogen (NH4-N)
Nitrate + nitrite nitrogen (NO3-N)
Nitrite nitrogen (NO2-N)

Method
EPA 365.1
EPA 365.1
I260689
I451591
I261091
I252589
I254691
I254289

Detection
level
(µg/L)
8
6
1
100
100
2
5
1

Algal samples from 1999 were collected by
scraping known areas from rocks into jars, homogenizing the sample in a blender, and subsampling
the resulting slurry for algal biomass and chlorophyll a. Analysis of samples for ash free dry mass
(AFDM) and chlorophyll a used standard methods
(American Public Health Association, 1998).
AFDM and chlorophyll a were analyzed in triplicate in the Oregon District Laboratory.

CCAL

Reference

Fishman, 1993
Patton and Truitt, 2000
Patton and Truitt, 2000
Fishman, 1993
Fishman, 1993
Fishman, 1993

Method
EPA 424C
-EPA 424F
Kjeldahl, Nessler finish
Kjeldahl, Nessler finish
EPA 417F
EPA 418F
--

Detection
level
(µg/L)
1
-1
10
10
10
1
--

(Anderson and Carpenter, 1998) and previous data
from the Oregon Department of Environmental
Quality (D. Ades, Oregon Department of Environmental Quality, 1998, written commun.). Data for
DKN from August 1998 were subsequently deleted
from the database.
Results of reference sample analysis (table 7)
indicated that both laboratories performed comparably and well for phosphorus analysis but each had
small bias from contamination of NH3-N, with the
NWQL apparently having a somewhat higher bias
(average ~12 µg/L) than CCAL (average ~6 µg/L).
Bias in NH3-N measurement is not unusual because
contamination is notoriously difficult to avoid
(Holmes et al., 1999). Although new methods to
cleanly sample and analyze for NH3-N have recently been developed (Holmes et al., 1999), they
have not yet been adopted by the NWQL or CCAL.
The largest difference was apparent in analysis of
DKN. The NWQL’s reporting limit for this analysis
(as for TKN) is 100 µg/L, although it will report values as estimates for detections between 50 and 100
µg/L; whereas CCAL’s analytical detection limit for
DKN and TKN is approximately 10 µg/L. For the
DKN samples, NWQL analysis had a highly variable
positive bias ranging from 46–110 µg N/L.

Quality Assurance

Nutrient and major-ion sample results were
checked for bias through the use of blank samples.
Blanks were prepared in the field using the same
equipment as environmental samples, with inorganic-free water obtained from the USGS’s Ocala
Field Services warehouse. Laboratory blank and
standard reference samples to check for bias and
accuracy in low-level nutrient analyses were made
in the Oregon District Laboratory, using Standard
Reference Materials traceable to the National Institute of Standards and Technology (NIST-SRMs) in
inorganic-free water. These quality-assurance samples were simultaneously submitted in triplicate to
the NWQL and to CCAL. Precision was evaluated
in field replicate samples that were submitted to
both laboratories as well.

Among environmental samples analyzed
between the two laboratories, there was considerable disagreement for phosphorus analysis (table
5), despite the favorable comparison of previous
standard reference samples. Concentrations for TP
from the NWQL were approximately half those
reported from the CCAL, although results were
comparable for SRP. Results for NO 3-N and

Data from the August 1998 sampling indicated a possible contamination of dissolved organic
nitrogen because dissolved Kjeldahl nitrogen
(DKN) values were substantially higher than those
for than TKN at more than half of the sites. TKN
and DKN values less than 100 µg/L were expected
on the basis of previous samplings in the watershed
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Table 7. Comparison of nutrient concentrations from standard reference samples analyzed at the U.S. Geological Survey’s National Water
Quality Laboratory and Oregon State University’s Cooperative Chemical Analytical Laboratory, August 1998
[Reference samples (R1, R2, R3) were prepared with only organic nitrogen and organic phosphorus; samples were also analyzed for ammonium nitrogen to
check for decomposition of the organic nitrogen and to evaluate possible bias from contamination in low level ammonium data. NWQL, National Water
Quality Laboratory; CCAL, Cooperative Chemical Analytical Laboratory; *, Replicate analyses performed by CCAL; (E) Concentrations are below the
method reporting limit and are considered estimates; µg/L - micrograms per liter]
Organic P (dissolved digested P)

Sample

Blank
Blank
Blank
R1
R2
R3

Nominal
value
(expected)
(µg/L)

0
0
0
21
21
21

NWQL
(reported)
(µg/L)

<4
<4
<4
21
19
21

CCAL
(reported)
(µg/L)

<1
*1/1
<1
22
22
24

Organic-N + ammonia N
(dissolved Kjeldahl N)

Ammonia-nitrogen
Nominal
value
(expected
(µg/L)

NWQL
(reported)
(µg/L)

0
0
0
0
0
0

3
9
7
13
12
10

CCAL
(reported)
(µg/L)

<10
<10
<10
0
*4/7
7

Nominal
value
(expected)
(µg/L)

0
0
0
43
43
43

NWQL
(reported)
(µg/L)

(E) 71
(E) 88
(E) 95
(E) 89
134
153

CCAL
(reported)
(µg/L)

<10
<10
<10
40
40
50

although Wolf Creek had 2.9 ft 3/s at the mouth
during 1998. Most tributary streams were covered
by dense canopies of alder and low brush, and
could often be straddled. An attempt was made to
mass balance flows in Wolf Creek to evaluate possible ground-water discharge. Though most significant flows were measured, Wolf Creek upstream of
the confluence with West Fork Wolf Creek, with
visible flow, was not measured due to inaccessibility. It is therefore unclear if the approximately
0.5 ft 3/s gain from upstream to downstream
resulted from unmeasured inflows of tributaries or
ground water. Discharge in the Little River main
stem increased from 16.5 ft 3/s at White Creek
Campground (the upstream border between BLMand USFS-managed lands) to 32 ft 3/s at the USGS
gaging station at Peel (table 5), a value equal to the
average monthly discharge for August at the Peel
gage during a previous period (1953–1987) when
the station was in operation (Moffatt et al., 1990).

NH 3-N in environmental samples were also comparable, although the small positive contamination
from NH 3-N was evident in some samples. On the
basis of QA samples (table 7), data on organic nitrogen (TKN and DKN) from CCAL were considered
more reliable than those from the NWQL; however
differences in TP concentrations between the two
labs remain unresolved. For most of the discussion
here, data from the NWQL are used because samples were not submitted to CCAL from all sites;
however reference is made to CCAL data where
interpretation of nutrient status would be different.
Environmental Data

Precipitation during 1999 in the Little River
watershed was slightly higher than normal
(Owenby and Ezell, 1992), and temperatures were
near normal. Nonetheless, many tributaries located
directly within the BLM’s proposed fertilization
units were dry during sampling in August 1999 and
an earlier reconnaissance trip in July 1999. The
lack of water necessitated sampling farther downstream to find adequate water. However, as a result
of relocating downstream from the fertilization
units, samples contained water from additional tributaries that had entered the river from upstream
subwatersheds containing mixed private and Federal (BLM) timberlands. In general, discharge was
low in the Wolf Creek subwatershed, ranging from
less than 0.01 ft 3/s in some of the upland tributaries
to 1.9 ft 3/s at the mouth of Wolf Creek. These discharges were similar to those in August 1998,

Where there was enough water to sample in
the Wolf Creek subwatershed and its tributaries,
field parameter data indicated few overt waterquality problems. Maximum temperatures were less
than 16.5ºC (degrees Celsius) at all sites and as low
as 11.9 ºC at some sites. Maximum pH was as high
as 8.4 at the mouth of Wolf Creek in 1998, and 8.3
in West Fork Wolf Creek in 1999, but at all other
sites ranged from 7.4 to 8.2. Dissolved oxygen
(DO) concentrations were lowest (8.7 mg/L) at site
#30, an unnamed tributary high in the West Fork
Wolf Creek drainage; however, this investigation
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did not target the early morning period, when DO
could be lowest if significantly affected by
periphyton respiration. Therefore, the minimum
DO conditions during August 1998 are unknown.
Algal biomass was low and difficult to observe
without magnification, at almost all locations in the
Wolf Creek subwatershed except for two areas with
open canopies. These were the mouth of Wolf
Creek (site #1) and the upright wall of Wolf Creek
Falls.

fig. 4) and the USFS road 2701 bridge (site #15).
Similarly, during August 1998 pH was higher than
the State standard of 8.5 at main-stem sites between
the USFS road 2701 bridge and Cavitt Creek (table
4). These patterns were similar to those observed
by Powell (1998) in figure 4. Like pH, maximum
water temperatures (fig. 7) did not meet the State
standard (17.8ºC) from below Emile Creek (river
mile 14.9) to the Highway 27 bridge below Peel
(river mile 3.2, not shown on fig. 4). Temperatures
in the Little River during August 1998 did not meet
the standard at the USFS road 2701 bridge, above
Cavitt Creek, or at the Peel gage; temperature at the
site above Wolf Creek may have met the standard
because it was measured around noon rather than in
late afternoon as most other main-stem sites were.
Dissolved oxygen concentrations met the State
standard of 8.0 mg/L at all stations, but were not
investigated during the early morning to evaluate
diel variation associated with periphyton metabolism.

Wolf Creek Falls is unique because of its
physical structure, in which much of the water disperses and trickles thinly over a long, wide slab of
rock. This slab has a western aspect and open canopy, so solar exposure is relatively good. As a
result, the slab had a continuous and consistently
thick film of healthy, bubbling filamentous green
algae covering it as the water slowly poured over it,
resembling a trickling-filter apparatus in a wastewater treatment plant. Due to air exposure, no grazing aquatic insects such as the stone-case building
caddisfly Dicosmoecus, (observed elsewhere in the
lower reaches of Wolf Creek and the Little River)
colonized this mat. Thus the waterfall provides a
naturally occurring habitat for filamentous algal
growth with minimal grazing pressures. This phenomenon undoubtedly acts to reduce nutrient concentrations through uptake during certain times of
the year, and may also increase pH in Wolf Creek
upstream of the mouth such as previously observed
(Powell, 1995). During mid-August 1999, the falls
increased pH only about 0.1 units from top to bottom.

Geologic or land-use differences in the area
may be reflected in the water quality. In particular,
the smaller streams draining the western slopes of
the Wolf Creek subwatershed (sites 24, 7, 30, and
31) had distinctly different chemical signatures, as
measured by major-ion concentrations (fig. 8) and
specific conductance (table 5), from other sites in
Little River and Wolf Creek. Although the major
anion at all sites was almost exclusively bicarbonate, and calcium and magnesium were the dominant
cations at most sites, sodium was increased both in
concentration and percent of total cations at these
four sites and calcium concentrations were reduced.
The same four sites also were the most dilute in the
Wolf Creek subwatershed (specific conductances
20–79 µ S/cm [microsiemens per centimeter]). In
contrast, the two sites draining the east side of the
subwatershed (site 2—Egglestron Creek, and site
20—Wolf Creek at the BLM 14.1 road) had the
highest specific conductances (208 and 174 µS/cm,
respectively) measured during the 1999 survey.
Major ions were not measured during 1998, but
specific conductances during August 1998 were
similar to those during the August 1999 survey.
The causes of the differences among sites, or their
possible effects on nutrient retention in soils and
(or) transport in the streams, have not been
expressly investigated.

The mouth of Wolf Creek (site #1) is covered
by steps of bedrock with little alluvial material, and
at this location solar exposure to the stream is the
greatest in the subwatershed. There, luxuriant mats
of filamentous green algae were observed, with
individual strands exceeding 5 feet in length, during late August-early September 1999.
In contrast to the Wolf Creek subwatershed,
field parameter data in the main-stem Little River
appear to reflect the effects of upstream land uses.
During August 1999, daily maximum pH in the Little River (fig. 6) increased from 8.2 at White Creek
Campground (site # 16) to 8.8 above Cavitt Creek
(site # 13), with the largest increase (0.3 units)
occurring in the 1.5 mile reach between the mouth
of Emile Creek (river mile 14.9, site not shown on
31
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Figure 6. Afternoon pH in the main stem of the Little River, August 1999.
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Figure 7. Afternoon temperature in the main stem of the Little River, August 1999.

streams of the Wolf Creek subwatershed than in the main stem Little River, possibly
reflecting uptake of nitrogen in Little River
and (or) light limitation in Wolf Creek. In
contrast SRP concentrations, and to a lesser
extent TP concentrations, were somewhat higher
in Little River than in Wolf Creek. Organic plus
ammonium nitrogen, measured as TKN or DKN,
was generally less than 100 µ g/L (using data from
CCAL).

Nutrient concentrations in the Little River
watershed and Wolf Creek subwatershed were
typically low during August 1999, consistent
with nitrogen limitation as previously observed
(Anderson and Carpenter, 1998) (fig. 9). Median
concentrations for all dissolved inorganic nitrogen
species were less than 20 µg/L, and TP concentrations (median 20 µg/L) were typically high enough
to saturate algal growth (Bothwell, 1989). Nitrate-N
and NH 3-N concentrations were slightly higher in
32
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Figure 8. Major ion chemistry in Little River and Wolf Creek. (Sites that are the most chemically distinct are the reference tributary
to Wolf Creek above Egglestron Creek [site 24], an unnamed tributary east of the West Fork of Wolf Creek on road 16.1 [site 30], an
unnamed tributary west of the West Fork of Wolf Creek on road 16.1 [7], and an unnamed tributary to West Fork Wolf Creek in
section 32 at road 32.0 [site 31]. See figure 4 for locations.)

Typically N:P ratios <7 (on an atomic weight
basis) are considered indicative of nitrogen limitation, whereas N:P >10 could indicate phosphorus
limitation (Wetzel, 1983; Hillebrand and Sommer,
1999). For this report, ratios of total nitrogen tototal phosphorus (TN:TP) during 1999 depend on the
source of the data (NWQL or CCAL) and the treatment of censored data (that is, nondetections).
Using NWQL data only, and taking nondetected
concentrations at the value of their respective
reporting limits (an approach that overestimates
nitrogen in nondetected samples), the median
TN:TP was 9.3 (range 5.1–24). In contrast the

median TN:TP was 2.3 (range 1.1–4.6) using data
only from CCAL, but this source accounts for only
12 of 17 samples because not all sites had samples
submitted to CCAL. By substituting NWQL
organic nitrogen data with CCAL data where available, the median TN:TP is 5.9 (range 2.6–15.5).
Thus, in a few cases, phosphorus limitation might
be indicated using censored data from the NWQL,
but using data from CCAL, with less positive bias
in TKN and higher TP concentrations, nitrogen
limitation is almost universally indicated. Similar
results are obtained for the ratio of dissolved inorganic nitrogen to soluble reactive
33

be. Even so, during the stormflows sampled in
November 1998, nitrate and total N concentrations
were equivalent to or lower than those reported by
Clark et al. (2000), and TP was only slightly elevated. Together these comparisons support the suggestion that streams in the Little River watershed
are strongly nitrogen limited, indicating that algal
growth could be stimulated by inputs of fertilizer
nitrogen to streams, even in small quantities.
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Periphytic algal biomass (reported as ash
free dry mass, or AFDM) was generally low in
streams of the Wolf Creek subwatershed, but relatively abundant in Little River (table 8). In many
cases, rocks in the smaller Wolf Creek streams
lacked visible algal growth, though chlorophyll a
analysis indicated nominal growth. Algal biomass
within the Wolf Creek subwatershed was visibly
heaviest on the rock wall of Wolf Creek Falls,
which was not sampled during this survey. The
highest measured biomass in the subwatershed, as
AFDM, was at the mouth of Wolf Creek, although
chlorophyll a in Egglestron Creek was similar to
that at the mouth of Wolf Creek. Algal biomass in
Little River was highest below Wolf Creek and at
the Peel gaging station, and chlorophyll a was also
highest below Wolf Creek. During the August survey, algal nuisance conditions (mats with filaments
several feet long) were not observed; however nuisance growths of green algae, with filaments up to
several feet long, were observed during a brief
inspection in early September 1999 at the mouth of
Wolf Creek, and in isolated mats in Little River
above and below Wolf Creek. Macroinvertebrate
grazers (a case building caddisfly of the genus
Dicosmoecus) were abundant in Little River and
the lower reaches of Wolf Creek in early August,
and likely contributed to keeping algal biomass
low. Their subsequent emergence in the warm
waters sampled during mid-August may have
allowed algal growth to accelerate afterwards.
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Figure 9. Distribution of nutrient concentrations in the Little River
and tributaries during August, 1999. (All data are from the U.S.
Geological Survey’s National Water Quality Laboratory (NWQL) in
Denver, Colorado, except dissolved Kjeldahl nitrogen (DKN) and
total Kjeldahl nitrogen (TKN), which include data from both NWQL
and Cooperative Chemical Analytical Laboratory (CCAL) at Oregon
State University.)

phosphorus (DIN:SRP) (table 5). Similar conclusions can also be drawn from the August 1998 data.
Although median TP concentrations during 1998
(~12 µg/L) were lower than from 1999, N-limitation
is supported by a median DIN:SRP ratio of ~1.
Little River watershed nitrogen concentrations (tables 4 and 5) are lower than the national
median flow-weighted NO 3-N and total N (NO 3-N
+ TKN) concentrations (87 and 260 µg/L, respectively) reported by Clark et al. (2000) for relatively
undeveloped streams. In contrast, Little River
watershed phosphorus concentrations are roughly
equivalent to national median flow-weighted concentrations in those streams (TP=22 µg/L,
SRP = 10 µ g/L). These comparisons are made with
caution, however, because data are not available to
determine flow-weighted median nutrient concentrations for the Little River watershed. Also, data
for the Little River watershed are from summer,
when benthic uptake and the lack of particulate
matter probably cause concentrations to be lower
than flow-weighted median concentrations would

Spatial patterns of water quality in the watershed (fig. 10) generally followed the conceptual
model proposed previously (fig. 3). For instance,
NO 3-N concentrations during the 1998 survey were
generally higher at upstream tributary sites where
dense riparian shading prevented light penetration,
somewhat lower at downstream tributary sites
where more light was available, and lowest in the
main stem where light is not limiting and algal
uptake apparently reduces nutrient concentrations.
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Table 8. Algal biomass and chlorophyll a measured in the Little River watershed, August 1999
[AFDM, ash free dry mass; chl a, chlorophyll a; g/m2, grams per meter squared; mg/m2, milligrams per meter squared]
Sampling site

Site number

Unnamed tributary to West Fork Wolf Creek in
section 32 at road 32.0
Wolf Creek at USFS road 14.0
Wolf Creek above falls
Wolf Creek below falls
Wolf Creek above Egglestron Creek
Wolf Creek at mouth
West Fork Wolf Creek
Unnamed tributary to West Fork Wolf Creek
Reference tributary to Wolf Creek above
Egglestron Creek
Unnamed tributary to West Fork Wolf Creek,
number 2
Egglestron at mouth
Negro Creek at mouth
Little River at White Creek Campground
Little River above Job Corp
Little River above Wolf Creek
Little River below Wolf Creek
Little River at Peel

AFDM

Chl a

g/m2

mg/m2

30

2.2

2.6

19
23
33
4
1

3.7
2.6
4.0
6.5
17

9.4
7.8
14
19
24

6
7

2.1
2.3

11
5.5

24

4.9

7.0

31

2.8

2.9

2
18

3.3
2.7

16
15
14
22
21

14
16
18
20
22

27
11
21
35
60
68
57

possibly recently fertilized) Negro Creek subwatershed. However, associations between the waterquality parameters in figure 10 and stream order or
elevation were not statistically significant, indicating that a variety of processes and conditions must
be considered in the Little River watershed for studies of forest fertilization to be conclusive.

The one main-stem site at which NO 3-N was greater
than 10 µ g/L was just upstream of Wolf Creek, illustrating possible NO 3-N inputs from the youth camp,
Job Corps Center, or individual streamside residences. In contrast, total-phosphorus concentrations
were moderate at most sites except the smallest tributaries sampled and in Little River at sites below
Wolf Creek, where concentrations were again
reduced by uptake. Daily maximum temperature and
pH were each typically higher in the Little River
than in the tributaries, except at the most upstream
sites surveyed in Little River. Maximum pH was
lower overall at upstream, shaded sites and somewhat higher at downstream sites. Patterns of chlorophyll a from 1999 followed those of pH.
Chlorophyll a and pH were highest in the main stem
of the Little River below Emile Creek, where an
open canopy likely indicates that algal growth is not
limited by light availability, and nutrient sources are
apparently adequate to support relatively high primary production. During August 1999, NO 3-N was
low (<10 µ g/L) throughout the upper main stem Little River, but it was relatively high (> 40 µ g/L) at
the mouth of the shaded but heavily timbered (and

FRAMEWORK FOR FERTILIZATION STUDY IN
WOLF CREEK AND LITTLE RIVER WATERSHED
In keeping with its mission under the President’s Northwest Forest Plan (U.S. Forest Service
and Bureau of Land Management, 1994), the BLM
plans to study the effects of forest fertilization with
urea-N on water quality and stream ecology in the
LRAMA to determine if fertilization adversely
affects water quality and stream biota. Specifically,
the objectives of the study are to determine:
1. Effects of fertilizer nutrient inputs on the
aquatic ecosystem, including algae and
higher trophic levels, such as macroinvertebrates and (or) amphibians,
35

Nitrate-N (µg/L)

Total P (µg/L)

Main stem
<10
10-25
>25

Tributaries
<10
10-25
>25

Tributaries
<10
10-25
>25

Main stem
<8
8-8.5
>8.5

Tributaries
<8
8-8.5
>8.5

Maximum pH

Maximum temperature (Degrees Celsius)

Main stem
<12
12-16.8
>16.8

Main stem
<10
10-25
>25

Tributaries
<12
12-16.8
>16.8

Figure 10. Concentrations of nitrate-nitrogen and total phosphorus, and daily maximum temperature and pH in the Little River Basin during
August, 1998. (Sampling sites are given in table 3 and figure 5, and water quality data are provided in tables 4 and 5.)

ture that already suggest possible degradation from
natural conditions may confound interpretation of
water-quality data.

2. Relations in the Little River watershed
among nutrient inputs (natural and anthropogenic), watershed characteristics, and
water quality, particularly pH, DO, nutrients, and temperature, and

An obvious approach would be to used paired
drainages, or sets of pairs, to provide controls and
treatments. Where possible, this approach is suggested for fertilization studies. Unfortunately, few,
if any, drainages in the Little River watershed’s
study area are small enough to contain somewhat
homogeneous upstream land uses (especially without private timberland in the subbasins) and yet
large enough to avoid drying in summer. The best
choices for control streams include one small drainage in the Wolf Creek subwatershed with predominantly old-growth trees, and several possible
locations in tributaries to Little River well
upstream of Wolf Creek. Furthermore, benthic
growth in the small tributary streams and immediately below the areas to be fertilized is most likely
limited by light rather than nutrients (fig. 3). Thus,

3. Downstream cumulative effects, both spatial and temporal, of forest fertilization on
water quality and aquatic-biological systems.
An investigation into ecological effects from
forest fertilization in the LRAMA will require care
and detail to distinguish effects of fertilization
from natural processes and other land uses. Ancillary factors include the history of timber production on alternating federal and private lands,
mixed-age stands (including recent clearcuts),
recent forest fertilizations on some private lands,
and residential and recreational land adjacent to the
Little River. Existing extremes of pH and tempera36

fertilizer nutrients are expected to be transported
downstream to lower reaches of Wolf Creek and
Little River, where investigation of cumulative
biological effects would be most confounded. This
lack of suitable subbasin pairs necessitates an alternative approach, with emphasis on comparison of
conditions before and after fertilization and on longitudinal changes in study streams. Longitudinal
evaluations involving an upstream-downstream
comparison need to take into account the possible
inputs from upstream private timber lands with
unknown histories (fig. 4) and the likely changes in
stream function along an elevational or streamorder gradient (fig. 3).

watershed, including downstream of Federal lands,
private lands fertilized in fall 1998, and potential
septic or WWTP influences in Little River, did not
indicate a strong enough gradient ( δ 15N>3 ‰) to
identify sources or processes. Thus it is unlikely
that natural- 15N alone can adequately be used to
trace urea-N transport from forest fertilization
through the forest floor and into aquatic biota.
Nonetheless, additional reconnaissance of natural15 N, alone or in conjunction with 18 O, and testing
of the urea to be applied, is warranted because of
the great advantage that this technique would provide if a distinct fertilizer signature were available.
There have been many studies of N movement in forest floors or into trees using fertilizers
artificially enriched in 15N (herein referred to as
“labelled- 15N”) to ensure a distinct tracer (Marshall
and McMullan 1976; Nason et al., 1988; Preston et
al., 1990; Fry et al., 1995; Downs et al., 1996; Jordan et al., 1997), but no studies to date have traced
the movement of these isotopes from the forest
floor to streams or aquatic biota. Although this
technique is likely to be the most definitive way to
trace the effect of urea-N into streams, it would
also be expensive for even one of the fertilizer units
in the BLM’s proposed fertilization. A coarse cost
estimate was made for an upper elevation drainage
basin with minimal upstream influence from private land and a flowing stream in 1999 (above site
30, in section 32 of the USGS Red Butte 7-1/2
minute topographic map). Using basic costs from
Fry et al. (1995), and scaling the effort to the 0.2square-mile (52 ha) fertilization unit immediately
upstream of site 30, with an application rate of 224
kg/ha, yields an estimate of $75,000, including purchase of the labelled urea and logistical costs of
mixing the labelled urea with nonlabelled urea
prior to application. Furthermore, application of
labelled- 15N to a limited area could prove to be
highly useful near the area of application, but its
signature might be diluted below detection in

Adherence to water-quality criteria for nutrients is not perceived as an effective benchmark to
determine fertilization’s effects on water quality in
this case, with the possible exception of pulsed
ammonia toxicity during rainstorms immediately
following fertilization. Rather, the focus will primarily be on biological endpoints such as measures
of biomass (AFDM and chlorophyll a), changes in
algal community structure (autecology, species
diversity, and dominant species types) and function
(primary production, nutrient sequestration and
uptake), secondary effects on water quality (DO
and pH), and possibly secondary interactions with
higher trophic levels (macroinvertebrate grazing or
amphibian abundance). Nutrient processes will be
investigated to provide insights into relevant ecological processes, evaluate transport, and make
comparisons among stations.
Ideally, incorporation of fertilizer-nutrient
into biological tissues could be traced using unique
signatures of naturally occurring 15N (herein
termed “natural- 15N”), the stable isotope of nitrogen (Lajtha and Michener, 1994; Kendall and
McDonnell, 1998). Natural isotopes of oxygen
(18O) can also be used in conjunction with 15N to
determine hydrologic flow paths and water sources
(Kendall and McDonnell, 1998). However, urea
fertilizer typically has a natural- 15N signature that
generally cannot be differentiated from natural- 15N
found in forest soils, with δ 15N values near 0 ‰2. It
is possible that volatilization, nitrification, and
uptake processes in forest floors and along hydrologic pathways would cause fractionation of the
urea’s 15N to a heavier fraction, producing a traceable signal (Udy and Dennison, 1997). However,
several algal and moss samples from throughout the

2 15

N enrichment is measured in a relative sense compared
to a known reference material. The delta value, expressed as δ15N
and with units of ‰ (parts per thousand), is determined as
δ = (Rx/Rs-1)*1000, where R is the ratio of the heavy to light
isotope in the standard (S) and the sample (X). A positive δ value
means that the isotopic ratio of the sample is higher than in the
standard, and a negative δ value means that the sample is isotopically lighter than the standard.
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downstream reaches most likely to respond biologically to increased nutrients. Thus, the use in this
study of labelled urea to trace the movement of
nitrogen into streams and ecological compartments,
while an attractive method, could be too expensive
for practical use at the drainage-basin scale. More
detailed cost estimates of this method for specific
locations would be warranted prior to final decisions about its use.

could be estimated, major sources of water and
nutrients would be defined, and estimates could be
made of fertilizer effects on algal growth. Majorion data would help evaluate geological influences
on water quality and quantity, and possibly indicate
a catchment response to fertilizer through ion
exchange. Recording monitors for temperature, pH,
dissolved oxygen, and specific conductance would
be used to define diel variability in those parameters, and the timing and magnitude of their seasonal
maxima. The validity of the assumption that primary production is nitrogen limited would be tested
in an assay using nutrient diffusing substrates. A
reconnaissance of possible ground-water inputs
would be done by sampling seeps and mass balancing streamflows. Potential signatures of different
nutrient sources using natural- 15N levels in water
and algal tissues would be assessed at a few locations. Selection of sites longitudinally within the
Wolf-Creek subwatershed and the Little River will
allow differentiation of runoff from upland fertilized stands compared with unfertilized stands in
mixed-use forested areas, as well as generalized
cumulative effects downstream. This analyses
would be aided with broad characterization of
upstream land uses from existing GIS data layers.

Possible Study Approaches
The level of investigation at Little River, and
therefore the degree to which the study would
address its objectives, will greatly depend on available resources. Table 9 indicates two possible levels of research and associated activities to address
fertilizer impacts. Although these approaches are
targeted to the Little River watershed and some of
its specific complications, the concepts could apply
broadly to other investigations of the effects of forest fertilization on aquatic systems.
A basic investigation would examine study
streams for gross biological responses (table 9)
before and after fertilization. The focus would be
on the Wolf Creek subwatershed, although a few
sites in the Little River would be sampled as well.
The relative loading of nutrients to streams from
fertilized and unfertilized areas would be determined. In order to separate confounding upstream
influences in the Little River watershed, relations
between catchment scale characteristics such as
upstream forest-and land-management history,
slope, riparian vegetation, geology, surface and
subsurface hydrology, stream morphology and
water-quality constituents would also be considered. Cumulative effects downstream would be
evaluated at a relatively coarse level.

If there is a large biotic response to fertilization (objective 1, page 35), the basic approach
above might successfully detect it. However, with
the variability of forest management history in
Wolf Creek, and of upstream nutrient sources to
Little River, it is likely that subtle effects on biota
or subtle cumulative changes in water quality
would not be attributable specifically to any one
cause. Nor would this effort generate information
about the relative retention or loss of applied ureaN or its downstream transport, or define potentially
important transport processes (through riparian or
hyporheic zones, benthic recycling, or spiraling
of nutrients). Relations among nutrients, riparian
characteristics, aquatic habitat, or other water-quality parameters such as pH could also be tenuous.

A variety of sampling activities would be utilized for the above approach including standard
water-quality analyses, plus periphytic algal biomass and species data, prior to and following fertilization. Synoptic surveys would provide
“snapshots” (Salvia et. al, 1999) of summer lowflow conditions before and after fertilization.
Monthly sampling at a few sites during summer
would provide data on algal biomass and succession, and on the variability of nutrients and algae.
Using these data, gross summer-nutrient loading

Effects of fertilizer-N on higher trophic levels and questions about cumulative impacts could
be better addressed with a more extensive level of
study (table 9). This could include expanded efforts
to evaluate (1) the status of water quality and nutrient sources in the Little River above and below
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Table 9. Research components for different levels of investigation of effects of urea fertilization on water quality
and stream ecology
[Research objectives are given on page 35. esp, especially; DO, dissolved oxygen; SC, specific conductance; GIS, Geographic Information System]
Research
level

Objectives addressed

Approach

Activities

Gross responses in nutrient
Basic analysis of water quality and algal
• Late summer synoptic surveys before and after
concentrations and algal biomass growth, primarily within Wolf Creek subbasin
fertilization. Include nutrients, major ions, daily
but including some sites in Little River
maximum pH and DO, algal biomass and species
composition. Evaluate stable isotopes as possible
Relations in Little River
Determine gross loading of nutrients to streams
indicators of differences in N sources. Include a few
watershed among watershed
sites in Little River to evaluate influences of upstream
characteristics and water quality and major sources
nutrient sources
(esp. pH, DO, nutrients inputs,
Determine possible differential nutrient
and temperature)
sources or hydrologic flow paths using
• Monthly sampling for nutrients, algal biomass, algal
streamflow and geochemical data and
nutrient content (including algal slough/drift), and
reconnaissance of ground-water inputs
field parameters at select sites
Basic

Evaluate land use and relate to water quality.
Determine gross cumulative effects on Little
River

• Verification of limiting nutrient using nutrient
diffusing substrates
• Recording monitors for continuous measurement of
flow and field parameters (pH/DO/SC/temp) during
selected seasons before and after fertilization
• Reconnaissance of ground water in basin, including
nutrients, pH, and stable isotopes (natural-18O or
natural-15N)
• Characterize upstream land use with GIS data layers,
including fertilization and harvest history in watershed

Previous objectives, with
additional detail, plus
Cumulative downstream effects
(spatial and temporal), of forest
fertilization on
• Water quality, and
• Aquatic biological systems

Extensive

Basic level, plus:

Level 2, and:

More intensive evaluation of cumulative
effects on Little River, including multiple
upstream land uses

• Expanded network of sites in Little River and Wolf
Creek, and use of tracers (Little River only) for septic
waste

Evaluation of nutrient retention, transport, and • Possible use of isotopically labeled urea-N in selected
areas
fate, including percentage of fertilizer N in
different compartments
• Sample for 15N (naturally occurring or artificially
labeled) in algae, sediments, and biota from hyporheic
Relation of fertilization effects on stream biota
zones, streambeds
with riparian condition
More intensive evaluation of ground water and • Nutrient sampling during and immediately after
hyporheic processes
fertilization, and measuring effective fertilization rate
on ground
Evaluation of effects of fertilization on higher
food webs
• Establish piezometer network near selected stream
reaches to determine flow paths, transient storage, and
Evaluation of longer term effects from
nutrient transformation/retention in hyporheic zones
fertilization
• Measure primary production in treatment and
Experimental tracer of urea with 15N in
reference streams
selected fertilization units
• Macroinvertebrate (and possibly aquatic amphibian)
sampling in conjunction with algal sampling
• In-depth GIS analysis, including influences of
confounding upstream land uses, measuring and
mapping riparian conditions
• Nutrient and algal sampling in second summer
following fertilization

Wolf Creek, (2) nutrient transport and retention, (3)
the relative importance of riparian buffers and vegetation in modifying stream response to fertilization, (4) ground-water inputs, including regional
flow and local, hyporheic transformations, (5) effect
of altered nutrient regimes on higher trophic levels,
(6) long-term (> 1 year) contributions of fertilizer-

N to streams, and (7) possible use of urea with
labelled- 15N.
Study elements for this comprehensive
approach would involve sampling at more sites
in Wolf Creek and in the Little River in order to
evaluate possible septic or sewage inputs to Little
River and reference sites outside of Wolf Creek
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subwatershed. It would also include an assessment
of major ions, and possibly 18O to evaluate source
water based on potential geochemical differences
among sites. To investigate the potential for longterm changes in nutrient regimes, sampling would
be extended into fall and possibly an additional
summer of the second year following fertilization.
In addition to mass balances on nutrients and major
ions, inputs from possible septic or sewage sources
to the Little River could be traced by using either
natural- 15N, caffeine, or other methods. Retention
of nutrients in streams would be assessed by analyzing benthic and drifting algae for tissue-nutrient
content and calculating the amount of N and P
retained or transported in biomass. Communitylevel effects on algae would be determined by
multivariate analysis of periphyton species data and
by measuring metabolic rates prior to and following fertilization. Higher trophic levels would be
investigated by sampling of macroinvertebrates in
conjunction with algae in summers prior to and following fertilization to investigate effects on secondary consumers. If reconnaissance data indicate
that natural- 15N will prove useful in following fertilizer N movement, or if urea with labelled- 15N is
used, macroinvertebrates would also be sampled
for 15N levels. GIS data layers, including mapping
of riparian areas and (if possible) private-timberland management and fertilization history, would
be generated. These data would be used to help
define the importance of various influences on
water quality at downstream stations. Depending
on available resources this study would also
include installation of test wells near selected
stream sites to investigate ground-water exchange
with streams and localized nutrient dynamics in
hyporheic zones.

ytic systems is still relatively imprecise. Spreadsheet models of ground-water-N input and stream
dynamics have been developed for intensively studied streams (Peterson et al., 2001), but they do not
model primary production or its resulting affects on
DO and pH. The Oregon Department of Environmental Quality (2000) recently developed a model
for use in setting TMDLs in periphytic streams.
This model predicts DO and pH as a function of
nutrient concentration, and may work reasonably
well for streams where point sources have been
reduced, but has not yet been tested for systems
with diffuse nutrient sources.

SUMMARY
Forests in the Pacific Northwest and elsewhere have long been fertilized to increase timber
productivity, with over 120,000 acres per year
being fertilized in the Pacific Northwest in the late
1980’s. Recent (1990–98) fertilization levels in
Oregon have averaged approximately 95,000 acres
annually. A review of literature on water-quality
effects from fertilization of forests with nitrogen
indicates that applied nitrogen does indeed run off
to streams, in amounts ranging from less than 1% to
as much as 27% of applied nitrogen. The amount of
applied nitrogen lost to streams depends on many
factors, including the amount and form of fertilizer
applied, timing of application (usually fall),
weather during and after application, degree to
which the application was able to avoid direct input
to streams, width of riparian buffers, nitrogen status of soils in the watershed, hydrologic processes
in the watershed (including ground-water residence
time), and history of forestry or other land-use
practices in the watershed. Invariably there have
been high-concentration pulses of nitrogen, usually
as urea (or total Kjeldahl nitrogen) and NH 3-N
(ammonia-nitrogen), during runoff immediately
following applications, with subsequent decreases
in concentrations. Subsequent increases in NO 3-N
(nitrate-nitrogen) concentrations can be more prolonged, often for the duration of the winter and
spring. Summer NO 3-N concentrations are frequently low, often resembling background, but usually have been elevated during the following fall in
streams draining treated watersheds.

Together, these approaches would help to
more definitively determine changes in algal communities among sites affected and not affected by
fertilization, secondary effects on macroinvertebrates, and relations between nutrient concentrations (in water and algal tissues) and water-quality
parameters. They would also provide a better
opportunity to observe cumulative effects in downstream reaches, including Little River, and differentiate them from effects of other land uses.
Ideally, models would eventually be constructed to
evaluate the effects of fertilizer N inputs on stream
biota and water quality; however, modeling periph40

may have been underestimated in some previous
studies.

Despite these increases, water-quality criteria
for nutrients have almost always been met, except
in rare instances such as where soils were already
nitrogen saturated. However, water-quality criteria
for nutrients are targeted towards human health (for
NO 3-N) or aquatic toxicity (for NH 3-N), and are
not set at levels relevant to ecologic processes in
most forested aquatic ecosystems. Biological processes following fertilization have rarely been studied, and most were completed prior to the
development of key concepts of nutrient processing
and ecological dynamics in streams. In several
cases, techniques were not sensitive to potential
processes in the streams studied. Meanwhile, many
forest streams continue to indicate breakdown of
ecological systems, from eutrophication to potential food-web alterations and loss of sensitive species. Thus, key questions about the ecological
effects of forest practices remain unresolved. For
these reasons, new approaches to evaluation of forest management practices, such as fertilization, are
necessary.

The Little River watershed, in southwestern
Oregon, has been designated as one of 10 Adaptive
Management Areas (AMA’s) under the President’s
Northwest Forest Plan. Forest land ownership in
the watershed is predominantly Federal but private
timberland also constitutes much of the watershed
and is interspersed among many Federal tracts.
Currently, water quality in the Little River during
summers does not meet State standards for temperature or pH in some locations, and in many locations nuisance algal conditions are common.
Nutrient concentrations are typically low and
streams are generally nitrogen limited.
To accompany a proposed operational fertilization of Federal (Bureau of Land Management)
timberlands in portions of the watershed, a multilevel framework for investigation of water quality
and ecological processes is suggested. The studies
would focus primarily on biological endpoints but
also would include hydrologic components and
nutrient-data collection to help understand ecological processes. The different levels of study would
help, to varying degrees, define the effects, if any,
of fertilizer-nutrient inputs on aquatic ecosystems
and processes, relations between nutrient inputs,
watershed characteristics, and water quality, and
finally, downstream cumulative effects on both
water quality and aquatic-biological systems.

In Cascade streams of the Pacific Northwest,
productivity in mountainous streams, like forests,
is typically nitrogen limited. Increases in nitrogen
inputs to streams can potentially increase primary
production, and possibly alter successional patterns, community dynamics, and trophic structure
of benthic communities. Nutrient inputs have long
been linked to occurrences of nuisance algal
growth in many streams, with secondary effects on
water quality (DO and pH) from algal metabolism.
These situations are increasingly frequent in forested systems.
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Executive
Summary
Pacific salmon are in serious trouble.
The enormous runs of migratory salmon of
the past have slowly diminished to the
trickle of adult spawning salmon that
presently inhabit western rivers. Although
salmon recovery efforts are underway,
scientists, policy makers, and interest
groups have thus far given insufficient
attention to the role that pesticide contamination of our watersheds may play in salmon
decline. Accordingly, the purpose of Diminishing Returns: Salmon Decline and Pesticides is
to review scientific literature on the effects of
sublethal concentrations of pesticides on
salmonids (see full report for documentation and references). The report places
special emphasis on how pesticides can
alter the biology of fishes in subtle ways
that decrease their chances for reproduction
and survival.

Dynamics of Pesticides in the
Environment
Pesticides include a broad class of
chemical and biological agents that are
purposefully introduced into the environment to kill or damage organisms, including insecticides, herbicides, and fungicides. Once applied, pesticides move into
streams and rivers throughout watersheds and may pose problems far from
the site of application. Movement often
occurs through the medium of water,
thereby exposing all aquatic organisms
during this transport. Where water quality monitoring has been done, a great
variety of pesticides are typically found in
salmon habitat. Federal and state agencies have established few criteria or stan-

dards for the protection of aquatic life
from short-term (acute) and long-term
(chronic) exposure to pesticides.
Pesticides do not necessarily disappear
with time. They transform into other compounds that may be less toxic, of equal
toxicity, or of greater toxicity than the
original compound. The toxicity of these
breakdown products is not well understood, and in general how they affect
aquatic life has not been studied. All the
while, fish and other aquatic organisms
must continue to cope daily with pesticides
(and their breakdown products), some of
which are no longer used but remain in
watersheds.
Although pesticides are diluted by
transport in rivers and streams, a number
of mechanisms concentrate the chemicals,
often to toxic levels. In a process known
as bioaccumulation, pesticides absorbed
into plant and animal tissues may become
concentrated and reach levels many
times higher than those in surrounding
water.
3
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salmonids and thereby render them more
susceptible to predation.

Fish Kills and Acute Toxicity of
Pesticides to Salmon
Pesticides are capable of killing salmon
and other aquatic life directly and within a
short period of time. For example, in 1996
the herbicide acrolein was responsible for
the death of approximately 92,000 steelhead, 114 juvenile coho salmon, 19 resident
rainbow trout, and thousands of nongame
fish in Bear Creek, a tributary of the Rogue
River. Deaths of threatened and endangered species from accidental contamination of waterways are of grave concern.
The loss of each individual in a sensitive
population makes recovery efforts that
much more difficult. Fortunately, these
deaths are relatively infrequent.

Behavioral Effects of Pesticides
at Sublethal Concentrations
In contrast to dramatic fish kills, the
effects of sublethal concentrations of pesticides are more subtle and go largely unseen
and unregulated. Sublethal concentrations
of pesticides do not cause immediate death,
but can interfere with the biology of the
organism in other ways and can ultimately
impact the survival of the species. Laboratory studies show that sublethal concentrations of pesticides can affect many aspects
of salmon biology, including a number of
behavioral effects:
• Long-term exposure to certain
pesticides can increase stress in juvenile
4

• Certain pesticides can alter swimming ability, which in turn can reduce the
ability to feed, to avoid predators, to defend
territories, and to maintain position in the
river system.
• Many pesticides interrupt schooling
behavior, a critical tactic for avoiding predation during salmon migration. Disruption of schooling behavior is thought by
some researchers to be a classic method for
examining sublethal effects of pesticides
because the effect is so common.
• Several pesticides (and other pollutants) have been shown to cause fish to seek
suboptimal water temperatures, thus subjecting them to increased dangers of disease
and predation.
• Some herbicides have been shown
to inhibit normal migration to the sea,
resulting in severe disruption of the life
cycle. There is a dearth of research looking
at this effect for common insecticides.
• Several studies suggest that certain
pesticides can impair salmonid’s ability to
transition from freshwater to seawater.
There is a need for further research in this
area, placing particular emphasis on the
critical period of transition that takes place
in the estuary.
• Adult salmon adjust their migration
patterns to avoid polluted areas, resulting
in delayed spawning.

Compromised Immune Systems
In addition to changes in behavior,
exposure to relatively low concentrations of
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pesticides can disrupt the immune system
of salmon. Evidence for these effects in
salmonids is not as extensive as for disruption of behavior, but the data available
suggest that pesticides can have serious
negative impacts on the immune system.
Such disruption results in the onset of
disease and even death.

Endocrine Disruptors
Fish and other organisms are especially
vulnerable to endocrine-disrupting effects
during the early stages of development.
Pesticides at low concentrations may act as
mimics or blockers of sex hormones, causing abnormal sexual development, feminization of males, abnormal sex ratios, and
unusual mating behavior. The unique
plasticity of sex differentiation in fish suggests that these animals may be very susceptible to disruption of sexual characteristics by pollutants. Pesticides can also interfere with other hormonal processes, such as
thyroid functioning and bone development.

Indirect Effects of Pesticides on
Salmon
Pesticides can indirectly affect fish by
interfering with their food supply or altering the aquatic habitat, even when the
concentrations are too low to affect the fish
directly. Such indirect effects greatly reduce
the abundance of food organisms which in
turn reduces the growth and probability of
survival of the fish. In addition, removal of
aquatic vegetation can decrease habitat
suitability and increase the salmon’s sus-

ceptibility to predation. These indirect
effects are subtle, but evidence suggests
that in complex ecosystems indirect effects
can be even more important than direct
effects.

Recommendations
From the evidence available at present,
there is a plausible basis for considering
pesticides to be one of the causes of declining salmon populations in the Pacific
Northwest. Based on this review, we offer
several policy recommendations and identify areas for further research:
1. Address the impacts of pesticides
on salmon when developing and implementing recovery plans for threatened and
endangered species. To date, efforts to
recover salmon have devoted insufficient
attention to pesticides as a contributing
factor in salmon decline. We must act now
using available information to formulate
management strategies that will minimize
the potential danger from sublethal concentrations of pesticides.
2. Conduct ecoepidemiological studies in critical salmonid habitat. Most of
the effects of pesticides referred to in this
report have been determined in experimental laboratories. In the field, however,
environmental conditions are not controlled, and many factors interact to confuse
the determination of direct relationships.
Ecoepidemiological investigations in the
Great Lakes have established the relationship between chlorinated hydrocarbons and
the decrease in lake trout populations. An
ecoepidemiological approach for salmon in
the Pacific Northwest would be particularly
valuable because it is designed to attribute
causality to events occurring in real-world
situations.
5
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3. Create comprehensive pesticide
tracking systems in the Pacific Northwest.
To better understand the relationship between pesticides and salmon decline, we
must have accurate, site-specific data on the
patterns of pesticide use in the watersheds
of the Northwest. State and provincial
governments need to collect data on which
pesticides are used where, when, and in
what amounts. Such data can then be
combined with watershed-specific information on indicators of salmon health. (Currently, California is the only state with
Pacific salmon habitat where such information is collected.) Pesticide use information
will also enable efficient instream monitoring for pesticide contamination.

4. Establish instream monitoring
programs in critical salmon habitats. A
systematic monitoring program for pesticides and their breakdown products needs
to be undertaken. Not all pesticides can be
tested for in all locations, but current testing
is woefully inadequate for understanding
the role of pesticides in salmon decline. In
conjunction with pesticide use data, these
analyses can be targeted to the compounds
of most concern. Such targeting can greatly
improve the cost-effectiveness of monitoring.
5. Err on the side of caution when
setting water quality standards for pesticides. There are few established criteria for
the protection of aquatic life from pesticides. Moreover, evidence reviewed here

6

shows that sublethal effects on salmonids
have not been fully appreciated, that juvenile salmonids succumb more easily to
toxins in the water, that laboratory studies
do not reflect the natural life cycle of the
fish, and that little is known about how
pesticides affect aquatic ecosystems. These
factors must be considered when setting
standards, and a precautionary approach
must be adopted.
6. Prevent pesticide contamination of
salmonid habitat by reducing pesticide
use. Once contaminated, water is difficult
if not impossible to clean up. Therefore,
pest management approaches that do not
depend on pesticide use in agricultural and
non-agricultural settings should be encouraged and further developed. There is
ample evidence that ecologically sound and
economically viable methods can be successfully implemented. The adoption of
such alternatives can be encouraged
through technical assistance, financial
incentives and disincentives, demonstration
programs, and information exchange opportunities.
7. Adopt state and provincial programs in the Pacific Northwest to phase
out pesticides that persist and
bioaccumulate in the environment. Numerous pesticides, including some that are
no longer used and many that are currently
used, are known to persist in the environment and to bioaccumulate in aquatic
systems. Washington State’s Department of
Ecology is now considering a plan to end
the release of such toxins, including certain
pesticides, into the environment. To ensure
salmon recovery, all state and provincial
governments in the Pacific Northwest
should adopt similar programs.
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Introduction

in subtle ways that decrease their chances
for survival and reproduction.

A great deal of work is being done to
catalog and restore the physical aspects of
Northwest streams (e.g., restoring riparian
vegetation and gravel beds, planting buffer
strips along streams). Insufficient attention,
however, has been devoted to the use and
presence of pesticides in the watersheds and
the role this water quality degradation plays
in salmon decline. Accordingly, the purpose
of this report is to present information from
scientific literature
Salmon and
that points to the
trout make up the
unseen danger
family Salmonidae, a
Rivers and streams have become great
posed by the
group of fish characconduits through which pesticides,
existence of pestiterized by an adieither intact or as breakdown products,
cides in salmonid
pose fin located near
flow to the sea. Salmon now live
habitats.
the tail. These fish
throughout
their
life
cycle
with
these
require clean, cold
Pesticides
residues as part of their daily
fresh water for much
include a broad
of their life history.
environment.
class of chemical
Because such habitat
and biological
is low in nutrients,
agents that are
salmon and many of
purposefully applied to the environment to
the trout developed anadromy, a behavior
kill or damage organisms (National Repattern in which the juveniles migrate to
search Council 1993). These agents are
the sea. In the sea, the juvenile fish use rich
used in a wide range of occupations for a
ocean productivity for feeding and growth,
variety of purposes. Foresters use herbithen return to the streams where they were
cides to keep broadleaf plants from competborn to lay their eggs.
ing with conifer seedlings, and insecticides
to deal with numerous insect pests that
Today, migratory salmon and trout are
damage forests. Farmers use insecticides to
fighting for their survival. The enormous
protect their crops and keep insects away
runs of migratory salmonids in the 1860s
from their livestock, and herbicides to
have slowly diminished to the trickle of
remove unwanted weeds from fields and
adult spawning salmon that presently
waterways. State and local agencies use
inhabit western rivers. The causes for the
herbicides to remove brush from roadsides.
decline are many, some of which are well
Fishermen use defouling compounds like
documented. Yet, in their recovery efforts
tributyltin to keep organisms from settling
for threatened populations, scientists,
on the hulls of their boats. The ordinary
policy makers, and interest groups have
homeowner uses a wide variety of pestitended to overlook the role of pesticides
cides: herbicides on the lawn, insecticides
that flow daily through salmon habitat,
on pets, and fungicides in house paint.
potentially changing the biology of the fish
Salmon are a keystone species for
Northwest ecosystems. Entire foodchains
base their existence on the proliferation of
salmon and trout that surge from the sea
into streams and rivers, work their way
upstream to their natal spawning areas, lay
their eggs, and die, providing a source of
nutrients for the very organisms that later
feed the salmon’s progeny.
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Oregon’s ocean-going salmon
years before going to the ocean.
• They spawn in the winter and early spring, using small
pockets of gravel. They may spawn more than once. The
spawning age of cutthroats seems to vary over their distribution area.
• Cutthroat prefer the smallest, highest tributaries in a basin.

Chinook Salmon (ocean-rearing)

Chinook (stream-rearing)
• In Oregon, they are only in upper Columbia Basin tributaries.
• Juveniles migrate to the ocean as 1-year-olds, in the spring.
• Little is known about the ocean distribution of Oregon’s
stream-rearing chinook.
• Adults return to fresh water in the spring, when 3 to 5 years
old, and require deep, cool pools to hold for several months
over the summer before fall spawning.
• They spawn in concentrations on gravel bars in upper
tributaries.

Chum Salmon
• Shortest freshwater residence of all salmon. Adults stay
only about a week prior to spawning; juveniles migrate to
the ocean hours after hatching.
• Juveniles rear briefly in estuaries.
• Most Oregon chums migrate to the Gulf of Alaska for ocean
rearing.
• Adults spawn at 3 to 5 years of age.
• Spawning occurs in lower mainstems, concentrated on
large gravel bars.
• Adults are unable to pass even minor barriers.

Coastal Cutthroat
• Some coastal cutthroats migrate to the ocean. But others
may migrate only to the estuary or river mainstems, or they
may not migrate at all.
• Those that do go to the ocean migrate out in the spring, stay
only a few months close to shore, then return in the fall.
• The ones that migrate may rear in fresh water for several
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Coho Salmon
• Juveniles rear throughout watersheds and tend to live in pools
in the summer.
• Juveniles migrate to the ocean at 1 year, in the spring.
• Most Oregon coho rear just off our coast.
• Adults return to fresh water in the fall and spawn in late fall
and winter.
• Adults tend to spawn in concentrations on gravel bars in
upper watersheds.
• Most adults spawn when they are 3 years old.

Sockeye/Kokanee Salmon
• There is both an ocean-going form (called sockeye), and a
resident form (called kokanee).
• Juveniles rear in a lake, spending 1 to 2 years in fresh
water before migrating to the ocean in the spring.
• Columbia Basin sockeye migrate to the Gulf of Alaska for
ocean rearing.
• Adults typically spend 2 years in the ocean.
• Loss of Oregon sockeye resulted from blocked access to
lakes. Kokanee are thriving in some lakes.

Steelhead
• There are two subspecies of steelhead in Oregon. Each
also has a resident form. Coastal steelhead are closely
related to rainbow trout. Inland steelhead are closely
related to redband trout.
• Most juveniles rear in fresh water for 1 or 2 years and migrate
to the ocean in the spring.
• Most steelhead spend 2 years in the ocean. Their
distribution is poorly known but appears to be further offshore than other salmon.
• Most inland steelhead return to fresh water in the summer
while most (but not all) coastal steelhead return in the
winter.
• Summer-run steelhead require cold, deep pools where they
hold until spawning. All steelhead spawn in the winter and
may spawn more than once.

ILLUSTRATION AND INFORMATION COURTESY: KATHRYN KOSTOW, OREGON DEPARTMENT OF FISH AND WILDLIFE

• Distribution includes coast and Columbia Basin mainstem
rivers.
• Juveniles migrate to the ocean the first fall after they hatch,
rearing briefly in estuaries.
• They rear over a broad ocean area, ranging from northern
California to the Gulf of Alaska.
• Adults, typically 3 to 5 years old, return to fresh water in the
spring, summer or fall.
• Spring and summer migrants prefer deep, cool pools where
they hold several months before fall spawning.
• Adults spawn in large concentrations on mainstem gravel
bars; may use both upper and lower mainstems.

Diminishing Returns: Salmon Decline and Pesticides

Once applied, pesticides can move
away from the point where they were used.
As a result, rivers and streams have become
great conduits through which pesticides,
either intact or as breakdown products,
flow to the sea. Salmon now live throughout their life cycle with these residues as
part of their daily environment.
This report reviews our existing
scientific knowledge of the effects of pesticides on salmonids, placing a special emphasis on sublethal effects of pesticides.
Sublethal effects are those that result from
exposure to a pesticide in an amount that is
not high enough to cause death, but can
damage an organism in other ways, including physiological and behavioral changes
that can ultimately impact the survival of
the species. These effects can occur
throughout the entire life history of salmonids, from hatching of eggs, entry of
juveniles into the ocean, and return of

adults for spawning. With the data currently available, it is possible to identify key
areas that need immediate attention.
The present report emphasizes research
performed on salmonids. Most of the
studies included here, however, have been
done with rainbow trout, which are found
throughout the United States, are relatively
easy to grow, and provide a reasonable
standard for examining physiological and
behavioral changes. Fewer studies were
done with anadromous (seagoing) salmon.
Where this research exists, the information
is emphasized. Studies from other species
of fish are introduced when certain points
need to be made and information is not
available from salmonid research.
The data suggest there is a plausible
basis for considering pesticides as a
causative factor in salmon population
declines.
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Dynamics of
Pesticides in the
Environment
Pesticides are Ubiquitous in
Western Watersheds
In 1991, the U. S. Congress provided
funds for the U. S. Geological Survey to
conduct a National Water-Quality Assessment (NAWQA) on major river systems in
the United States. The study units chosen
encompass sources of drinking water for
about 70 percent of the U. S. population. In
the Northwest, study units included the
Puget Sound and the central Columbia

River plateau of Washington, the
Willamette River Basin of Oregon, the
Sacramento and San Joaquin River systems
of California, and the Snake River Basin of
Idaho. Table 1 presents the numbers of
pesticides detected in streams and the
numbers of pesticide detections that exceed
criteria for aquatic life.
A major problem with the interpretation of the data presented in Table 1 is that
concentrations of pesticides compatible
with aquatic life are not well defined. The
U.S. Environmental Protection Agency
(EPA) has identified aquatic life criteria for
the protection of aquatic organisms from
short-term (acute) or long-term (chronic)
exposure for very few pesticides. Of the
118 pesticides typically looked for in water
quality studies, only 20 (17%) have been

Table 1. Pesticide detections in the western United States as
measured by the U. S. Geological Survey NAWQA program.
State, region

# Pesticides
Examined

# Pesticides
Detected

# Exceeding
Aquatic Life
Criteria1

# For Which
Aquatic Life
Criteria
Are Available
_______________________________________________________________________________________________

Oregon
Willamette Basin2
86
36
4
22
Washington
Puget Sound Basin3
NA
23
4
NA
Central Columbia
84
45
5
18
River Plateau4
California
San Joaquin Basin5
83
49
7
16
Idaho
Snake River Basin6
80
36
2
17
______________________________________________________________________________________
NA, not available.
1

Aquatic life criteria set by the National Academy of Sciences and National Academy of Engineering or by
the Canadian Council of Resources and Environment Ministers.
2
Data from Anderson et al. (1997).
5
3
Data from Dubrovsky et al. (1998).
Data from Bortleson and Davis (1997).
6
4
Data from Clark et al. (1998).
Data from Wagner et al. (1996).
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assigned aquatic life criteria (Larson et al.
1997). Of the 96 herbicides, 55 insecticides,
and 30 fungicides that currently have the
highest agricultural use in the United
States, EPA has established aquatic life
criteria for only 6 insecticides (Larson et al.
1997). EPA has not established any aquatic
life criteria for the herbicides and fungicides most commonly used today.
The National Academy of Sciences
(NAS) and National Academy of Engineers
(NAE) set aquatic life criteria for a number
of commonly used pesticides in 1973, but
these are outdated. Their derivation was
based on acute toxicity data but did not
take into account bioaccumulation, sublethal effects, or synergistic effects.

Figure 1
Number of pesticides with
aquatic life criteria.

Pesticides
with criteria
20
(17%)

Pesticides
without water
quality criteria
98
(83%)

(Based on 118 pesticides typically looked for
in water quality studies)
Source: Larson et al. (1997)

The EPA and NAS/NAE criteria are
commonly used as indicators of the degree
of water pollution, but, as we shall see, may
be far higher than the levels at which damage to fish can occur.
From the NAWQA studies, one can see
that pesticide use is prevalent in our watersheds, and the water in our river basins
contains dozens of pesticides. Exactly what
happens to the hundreds of tons of pesticides put on the land each year?

Pesticides Persist in the
Environment and Degrade into
Toxic Products
Most pesticides undergo chemical
transformations after application (Day
1991). The transformations may result from
either physical processes, such as oxidation
or photolysis, or biological metabolism by
microbes. The breakdown products may
be less toxic, of equal toxicity, or more toxic
than the original compound. In many
cases, the breakdown products of pesticides
are not completely understood and their
toxicities to aquatic life have not been
studied. In surveys of pesticides in streams,
the parent compound is typically looked
for. When it is not found, it may be concluded that the pesticide has been cleared
from the system. However, the breakdown
products may still be present and constitute
a danger to the organisms living there.
For example, Roundup, or glyphosate,
has been publicized as an environmentally
friendly herbicide that breaks down shortly
after application. However, experiments
have shown that glyphosate may persist in
the environment for as long as 3 years
(Torstensson et al. 1989). Its metabolite,
AMPA, may persist even longer (World
Health Organization 1994). Glyphosate is
11
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The rate at which a pesticide breaks
down varies widely, depending upon the
conditions of application. Degradation
depends largely upon temperature. Pesticides such as glyphosate may oxidize in as
little as 3 days in Texas or as long as a year
in Canada. Conditions that favor microorganisms also tend to promote pesticide
degradation (Barbash and Resek 1996),
although in some cases, the presence of

Pesticides may remain in the
environment much longer than
expected or claimed, and the
breakdown products may also be
toxic to organisms.

humic material in the soil stabilizes the
pesticide (Chapman et al. 1981; Barbash and
Resek 1996). Light and water are also
important in the degradation of pesticides
(Barbash and Resek 1996). Pesticides break
down more quickly under bright sunshine
than under cloud cover. Breakdown occurs
more quickly under moist conditions than
under dry conditions. Oxygen concentration is also important for metabolism of
pesticides. For example, pesticides are
resistant to breakdown in the anoxic, highly
reducing muds of estuaries where there is
an absence of oxygen (Barbash and Resek
1996).
In short, the timing of degradation of
a pesticide is highly variable and depen12

dent upon environmental conditions.
Pesticides may remain in the environment
much longer than expected or claimed,
and the breakdown products may also be
toxic to organisms. Fish and aquatic
organisms must cope daily with a variety
of pesticides or metabolites that may have
been used years before. Many of the
pesticides which were banned long ago
still appear in water quality surveys.
One aspect of pesticide degradation is
quite clear. Pesticides and their metabolites do not magically disappear from the
environment.

Pesticides Move throughout
Watersheds
Water promotes the transport of pesticides from their site of application (see
Figure 2). Streams are often the recipients of
pesticide residues following rainfall. But
the rapid downstream transport of chemicals by streams and rivers does not mean
that pesticides have no effects on a variety
of organisms living in the area of application. Pesticides in streams typically reach
high levels for short periods of time after
application, then decrease to very low or
undetectable levels. During the brief period of high concentration, damage to

NEVA HASSANEIN

typical of many pesticides in that its breakdown is dependent upon the environmental
conditions in which it is used and that the
toxicity of its breakdown products is equal
to or greater than the toxicity of glyphosate
itself.

Pesticide residues move readily into streams and
rivers following rainfall.
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Figure 2. Routes through which pesticides move in the water cycle.

organisms in the stream may occur. Fish
and wildlife at early stages of development
are particularly vulnerable. Brief exposures
to toxic materials at early stages in development may arrest future development of
complete organ systems (Guillette et al.
1995). During early development, the
sexual characteristics of the animal are
formed, the immune system develops
competence, and a variety of hormones
regulate the formation of bone structure
and organ systems. Disruption of any of
these complex systems at critical times can
lead to permanent impairment.
Pesticides in streams are rapidly diluted by riverflow so that soon after entry
into a stream they can be detected only at
very low levels or no longer be detected at

all. While the concentrations in streams
may be relatively harmless during rain and
high water flow, under certain conditions
pesticides are concentrated rather than
diluted. Depending on the nature of the
pesticide, they may attach to sediment
particles, accumulate in the tissues of various organisms, or become buried in the
sediment (Barbash and Resek 1996). Eventually, all probably reach the sea, where
they become a problem of relatively unknown magnitude. If pesticides are applied
in huge amounts each year for dozens of
years, the dilution effect begins to disappear as the chemical concentrations increase
in their particular final resting place. Thus,
spraying of hillsides with a certain pesticide
may not affect the animals in the immediate
vicinity but may have disastrous effects on
13
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other populations downstream from the site
of application.

mulated in tissues of aquatic organisms,
often becoming magnified thousands of
times higher in the organism than in the
Most pesticides reach the water bound
surrounding water. Usually
to soil particles (Barbash and Resek 1996).
biomagnification is a function of the fat
Erosion, which in the United States is estisolubility of the pesticide (Norris et al.
mated to transport four billion tons of soil a
1991). Biomagnification is thus dependent
year into
upon the metabolic
waterways, is a
state of the animajor contribumal, such that
tor of pestifatter animals
Pesticides can be taken up from the water
cides to rivers
tend to accumuand accumulated in tissues of aquatic organand river beds.
late more lipid
isms, often becoming magnified thousands
Thus, poor
soluble pesticides.
of times higher in the organism than in the
land-use
This reaches an
surrounding water.
practices not
extreme in the
only contribute
buildup of silt
to the spawning areas in streams which
results in suffocation of eggs. Erosion may
also deliver pesticides to the rivers at a time
when the fish, as embryos, are most sensitive to their deleterious effects.

lipid-rich eggs
and embryos.
Eggs of aquatic organisms usually have
enough fats in the form of yolk to meet
early energy requirements during development. Lipid soluble pesticides accumulate
rapidly in these fat deposits and are not
easily removed. There they may compete
with hormones provided maternally for use
by the embryos (Bern 1990). The presence
of environmental contaminants in the yolk
that act as endocrine mimics thus may have
a powerful influence on embryonic
development.

Pesticide Concentrations Can
Become Magnified in Tissues

CORVALLIS ENVIRONMENTAL CENTER

Under certain circumstances, pesticides
can be taken up from the water and accu-

Erosion, which in the United States is estimated to
transport four billion tons of soil a year into
waterways, is a major contributor of pesticides to
rivers and river beds.
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Not only are pesticides taken up directly from the environment, fishes can also
absorb them from food organisms. A study
of DDT accumulation in brook trout (Macek
and Korn 1970) found that ten times more
of the available DDT and its metabolites
were absorbed from food than from the
water. This can be magnified still further as
the pesticide travels through food chains.
Metcalf et al. (1971) demonstrated this
biomagnification effect convincingly with
radioactive DDT in a model ecosystem. C14DDT was applied to Sorghum as the source
for the pesticide. The Sorghum was then
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Table 2. Bioaccumulation of various pesticides, pesticide
additives, and pesticide contaminants in fishes.
____________________________________________________________________
Pesticide
Category
Bioaccumulation Factor
Species
Reference
______________________________________________________________________________________
Carbaryl (Sevin)
Insecticide
30
golden ide
1
Chlordecone
Insecticide
1100-2200
fathead minnow
2
Chlorothalonil
Fungicide
840
rainbow trout
3
Chlorpyrifos (Dursban) Insecticide
1374
rainbow trout
4
Cypermethrin
Insecticide
700-1000
rainbow trout
5
Diazinon
Insecticide
60
carp
2
Dichlobenil (Casoron)
Herbicide
40
golden ide
1
Fenvalerate
Insecticide
40-200
salmon
6
Flucythrinate
Insecticide
3000-5000
fathead minnow
6
Hexachlorobenzene
Contaminant of chlorothalonil,
5500
rainbow trout
7
picloram, and pentachlorophenol
Nonyl phenol
Surfactant
1300
stickleback
8
Pentachlorophenol
Insecticide
251-5370
rainbow trout
2
Permethrin
Insecticide
1700-3300
fathead minnow
6
73
Atlantic salmon
9
Pentachlorophenol
Fungicide
100
rainbow trout
10
2,3,7,8-TCCD
Contaminant of Dacthal, and 2,4-D
28,000
rainbow trout
11

______________________________________________________________________
1. Freitag et al. 1985.
2. Howard 1991.
3. World Health Organization 1996.
4. Racka 1993.
5. Hill 1985.
6. Smith and Stratton 1986.

introduced into a system with several
components that provided a food web.
Sorghum was eaten by a salt marsh caterpillar. Excreta from the caterpillar was consumed by diatoms, which were subsequently eaten by nine species of plankton.
The plankton was eaten by mosquito larvae
which were subsequently eaten by Gambusia, the mosquito fish. After one month,
54% of the radioactivity was found in the
fish, of which most was DDE, a breakdown
product of DDT. The concentration of DDT
was 84,000 times greater in the fish than in
the water, while the concentration of DDE
was 110,000 times greater in the fish than in
the water. Biomagnification of concentra-

7. Veith et al. 1979.
8. Ahei et al. 1993.
9. McLeese et al. 1980.
10. Hattula et al. 1981.
11. Mehrle et al. 1987.

tions of DDT and its metabolites has been
well established (Woodwell et al. 1967;
Risebrough et al. 1967), which was a major
factor leading to its removal from the pesticide market in the United States.
Modern pesticides are usually more
water soluble and do not accumulate in
high concentrations in fat deposits. However, they do show bioaccumulation (Table
2). While these accumulations are not as
dramatic as those of DDT, they show that
the concentration of pesticide in the water
may not be relevant in determining whether
levels of pesticide will cause biological
effects. These accumulations are usually
15
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measured in whole animals. Localized
are subjected. If aquatic life has been exconcentrations of pesticides at the cellular
posed for long periods of time, the concenlevel may be extremely high, but this is an
trations within the tissues may be much
area that has not
higher than that of
been widely exthe surrounding
plored.
water. In addition, exposure to
Without complete analysis of the pestiBioaccumulation
many types of
cides and their breakdown products in
and
pesticides may
aquatic organisms in a natural state, we
biomagnification
lead to interacare unable to determine the exact concenproperties of
tions between
trations
to
which
they
are
subjected.
If
pesticides in
them that inaquatic life has been exposed for long
tissues represents
crease their
periods of time, the concentrations within
a problem in our
toxicity. Little
assessment of
work has been
the tissues may be much higher than that
their toxicity.
done on the
of the surrounding water.
Without complete
interactions
analysis of the
between differpesticides and their
ent pesticides,
breakdown products in aquatic organisms
but available evidence suggests that these
in a natural state, we are unable to deterinteractions can increase toxic effects
mine the exact concentrations to which they
(Koenig 1977; Cook et al. 1997).
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Fish Kills and
Acute Toxicity of
Pesticides
Pesticides are capable of killing salmonids and other aquatic organisms quickly.
These short-term, acute toxicities to fish
have been studied extensively for most
chemicals used in forestry, agriculture,
manufacturing, and the home. Much of this
information is provided by the chemical
manufacturer in order to meet requirements
by the Environmental Protection Agency
and various state agencies.

though studies from the Great Lakes have
shown that exposure during this stage of
life can lead to profound results. Cook et
al. (1997) found that the toxicities of congeners of TCDD injected into eggs of lake
trout were additive and effective at much
lower dosages than with juvenile fish. In
general, embryonic stages are the most
sensitive to environmental pollutants
(Guillette et al. 1995). This is an area of
research in western salmonids which has
been overlooked in the past and needs
immediate consideration.

When pesticides in water supplies
exceed their lethal concentrations, the
results are immediate. Large numbers of
fish are killed, and these are reported to a
variety of federal
Most of these
and state agenacute toxicity studies
cies. The spill is
report lethal amounts
The herbicide acrolein killed approxicleaned up when
as LC50s, the concentra- mately 92,000 steelhead, 114 juvenile
possible and the
tions of chemicals that
coho, 19 resident rainbow trout, and
responsible parkill 50% of the test
thousands
of
nongame
fish
in
the
ties are fined. An
animals within 48 or 96
Rogue
River
Basin.
example of this
hours, or LD50s, the
regulatory action
doses of chemicals in
comes from
milligrams per kilosouthern Oregon.
gram body weight of
The Rogue River has received a number of
the test animal which kill 50% of the aniinadvertant spills of pesticides, particularly
mals within 48 or 96 hours. Organisms
acrolein, an herbicide used for removal of
used for these tests range from algae to
aquatic vegetation. This herbicide is very
mice and rats. Rainbow trout are a comtoxic to fish. Lorz et al. (1979) reported a
mon subject, as are bluegills, fathead min1977 release of treated irrigation water
nows, mosquitofish (Gambusia), and
containing Magnicide H, a gaseous form of
zebrafish (Brachydanio rerio). A number of
acrolein, into the Rogue River within 24
LC50s for various fish are available in the
hours of treatment instead of the recomliterature (e.g., Norris et al. 1991; Anderson
mended holding time of 6 days. A 10 mile
et al. 1997) or on the internet (e.g.,http://
section of the river was affected. ODFW
ace.orst.edu/info/extoxnet/pips/
officials estimated that 238,000 fish were
ghindex.html). In the interest of space, they
killed, including 42,000 salmonids with an
will not be reproduced here.
estimated value of $284,000.
Acute toxicity studies are usually
On May 9, 1996, another large fish kill
performed on subadult or adult fish. Few
occurred in a four-mile stretch of Bear
of these studies have used eggs or fry, even
17
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pesticide to enter the stream (Evenson
Creek, a tributary of the Rogue River, Or1998).
egon. A head gate was found open on an
irrigation canal which had been treated
Deaths of threatened and endangered
with acrolein. The acrolein was used to
species from
remove aquatic
inadvertant convegetation that grew
tamination of
in the canal and
Deaths
of
threatened
and
endangered
waterways are of
interfered with its
grave concern
species from inadvertant contamination
operation. Approxibecause the loss of
mately 92,000 steelof waterways are of grave concern beeach individual in
head, 114 juvenile
cause the loss of each individual in a
a sensitive popucoho salmon, 19
sensitive population makes recovery
lation makes
resident rainbow
efforts that much more difficult.
recovery efforts
trout, and thousands
that much more
of nongame fish were
difficult. Fortukilled within a short
nately, these
period of time after
events are relatively infrequent. By conexposure. Talent Irrigation District was
trast, pesticide contamination at sublethal
fined $356,000 for the loss of steelhead by
levels are probably an even greater danOregon Department of Fish and Wildlife.
ger to salmonid populations because the
They were also fined $50,000 by the Oregon
contamination is poorly regulated, the
Department of Environmental Quality and
mortalities go unseen, and the consean additional fine of $407 by the Oregon
quences are unknown.
Department of Agriculture for allowing the
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Behavioral
Effects of
Pesticides at
Sublethal
Concentrations

Figure 3
Salmon life cycle.

Behavior of salmonids is specifically
directed at the continuance of the species.
Each aspect of behavior has been highly
selected over the generations to contribute
to survival. (See Figure 3.) Interruptions of
these behavior patterns will therefore
reduce survival and diminish populations.
Pesticides at sublethal concentrations
have been shown to disrupt many of the
behavior patterns of both juvenile and adult
salmonids and probably have deleterious
impacts on their survival. Examples of
these disruptions are presented below,
although their impact on survival of fish
populations is unknown at this time.

Pesticides Impair Swimming
Performance
The ability to feed, to avoid predators,
to defend territories, and to maintain position in the river system are all dependent
upon the swimming ability of the fish. A
decrease in swimming performance reduces
the ability of the fish to survive and compete with others. Swimming performance
is commonly measured in swim tubes
where the fish is forced to swim against a
gradually increasing current. The current
velocity at which the fish loses its position
is referred to as critical swimming speed.
The time of swimming at a particular velocity before it loses its position is referred to

Salmon and many trout have developed anadromy, a
behavior pattern in which juveniles migrate to the sea.
In the sea, juvenile fish feed and grow before returning
to the stream where they were born to lay their eggs.

as swimming stamina. Both are used as
indications of swimming performance.
Exposure to sublethal concentrations of
pesticides often causes a loss in swimming
performance. The fungicide TCMTB, which
is used to prevent fungal staining of logs,
causes deleterious effects on the swimming
ability of salmonids. Chinook salmon and
rainbow trout juveniles exposed to 5-20 ppb
TCMTB for 48 hours, then removed to clean
water for 12 hours, showed a dose-depen19
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Colquhoun et al. (1984) tested the
swimming stamina of brown trout exposed
to the insecticide naled for 24 hours at a
concentration of 84 ppb. The stamina of the
exposed fish was reduced 57% compared to
controls. Paul and Simonin (1996) felt that
this exposure time was unrealistic when
compared to the actual exposure times from
aerial application of pesticides over
streams. They held brook trout in water
containing 23 and 46 ppb naled for 6 hours
and found no change in swimming
stamina. However, they found that both an
insecticide formulation containing
resmethrin and Scourge, a synergised
formulation with resmethrin and piperonyl
butoxide, did affect swimming stamina.
Brook trout that were held in solutions of
3.2 ppb synergised and non-synergised
resmethrin for 6 hours had significantly
reduced stamina. Little et al. (1990) examined behavior of rainbow trout exposed for
96 hours to sublethal concentrations of five
agricultural chemicals: carbaryl, chlordane,
2,4-D amine, methyl parathion, and pentachlorophenol. All chemicals inhibited
spontaneous swimming activity and swimming stamina.
Rainbow trout exposed to tributyltin
oxide, an anti-fouling agent used in boat
20

paint, lost their ability to orient themselves
in a current (Chliamovitch and Kuhn 1977).
Rainbow trout exposed to Aqua-Kleen, 2,4D butoxyethanol ester, also lost orientation
to currents with increasing concentrations
(Dodson and Mayfield 1979a). At near
lethal concentrations, the orientation became variable. The most evident behavior
change was a lethargy that increased with
greater concentrations of the herbicide.

CORVALLIS ENVIRONMENTAL CENTER

dent reduction in critical swimming speeds
(Nikl and Farrell 1993). A further study
with coho salmon at the same concentrations indicated that the reduction in critical
swimming speed was dependent on both
the concentration of TCMTB and the time of
exposure to the chemical (Nikl and Farrell
1993). Damage to gill structure also increased with concentration and time of
exposure. The researchers speculated that
gill damage prevented respiratory exchange
and that the decrease in oxygen availability
was at least partially responsible for the
decrease in swimming speed.

Studies show that low concentrations of certain
pesticides impair the swimming performance of
rainbow trout.

Half of juvenile Atlantic salmon subjected to 1 ppm of the insecticide
fenitrothion for 15-16 hours lost the ability
to maintain territories for a period of six
days after exposure (Symons 1973). Exposure of rainbow trout to 46 ppb of Vision, a
glyphosate herbicide, for one month caused
increased aggressive behavior (Morgan and
Kiceniuk 1992). Rainbow trout exposed to
the synthetic pyrethroids, fenvalerate and
permethrin, tended to swim at the water
surface, coughed repeatedly (attempting to
clear the gill surface) and increased gill
movements, suggesting respiratory distress
(Holcombe et al. 1982). Those exposed to
the organophosphate pesticides, Dursban
(chlorpyrifos) and disulfoton, became
darker and showed indications of muscle
spasms and skeletal deformations. Both
pesticides are cholinesterase inhibitors and
the reactions were attributed to blocked
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cape responses similar to controls in a
neural transmission. Trout exposed to the
chlorinated hydrocarbon, Kelthane
simulated estuarine environment. After
five days, however, TCMTB-treated fish
(dicofol), became dark, lethargic, and
had been preferentially consumed by introshowed signs of respiratory distress, suggesting both respiraduced rockfish 5.5
times more fretory and neurotransThese experiments show that pestimission problems
quently than
cides
at
very
low
concentrations
can
(Holcombe et al.
controls. In another study, after a
1982).
interfere with swimming performance
24-hr exposure to
in salmonids and that these effects can
These experi1.0 ppm
last for some time after exposure to
ments show that
fenitrothion,
the chemicals.
pesticides at very
Atlantic salmon
low concentrations
parr were more
can interfere with
vulnerable to
swimming perforpredation by
mance in salmonids and that these effects
brook trout than controls (Hatfield and
can last for some time after exposure to the
Anderson 1972). Exposure to DDT had no
chemicals. The evidence comes from laboeffect on the predation. Little et al. (1990)
ratory experiments and would be very
found that carbaryl and pentachlorophenol
difficult to replicate in the field. If similar
increased vulnerability of rainbow trout to
effects occurred in field situations, however,
predation.
interference with swimming performance
would result in increased death from
Predator avoidance tests with coho
predation.
(Olla et al. 1992) and chinook salmon (Olla
et al. 1995) indicated that stresses causing
increased plasma cortisol levels resulted in
Pesticides Can Increase
susceptibility to predation, but that predaPredation on Juvenile Salmonids
tor avoidance in coho salmon returned
within 90 minutes (Olla et al. 1992) or 4
The end result of any decrease in
hours (Olla et al. 1995). In chinook salmon,
swimming ability will be an increase in
predator avoidance was recovered in 24
predation upon the juvenile salmonids. If a
hours after exposure to stress. While acute
young salmonid is slowed in its escape
stresses seem to render the juveniles susresponses by ion imbalances, metabolic
ceptible to predation, the effects of chronic
problems, or disease, it becomes prey for a
stresses from pesticide exposure are not
number of hungry predators. Its demise is
well known. Exposure of juvenile coho
not immediately evident without sophistisalmon to sublethal levels of two triclopyr
cated predator tests. Several studies have
herbicides for four hours did not result in
demonstrated that pesticides can indeed
significant changes in secondary stress
increase predation.
effects, such as respiration, plasma glucose
and lactate, and hematocrit (Janz et al.
For example, Kruzinski and Birtwell
1991). No plasma cortisol levels were
(1994) found that juvenile coho salmon
measured, but these usually correlate well
exposed to sublethal concentrations of the
with plasma glucose concentrations. Howfungicide TCMTB showed fright and esever, exposure to sublethal concentrations
21
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of the butoxyethanol ester of 2,4-D caused
enlargement of the interrenal gland, an
indication that cortisol production was
increased (McBride et al. 1981). If chronic
exposure to pesticides does cause increase
stress responses in salmonids, the studies of
Olla et al. (1992, 1995) suggest that predation will be much greater in exposed fish.

by subyearling Atlantic salmon exposed to
sublethal concentrations of DDT persisted for
at least a month after the fish were transferred
to clean water (Ogilvie and Miller 1976).
Exposure to the organochlorine insecticide
aldrin at a concentration of 100-150 ppb also
caused Atlantic salmon juveniles to select
lower water temperatures (Peterson 1973).

These results suggest that salmonids
exposed to some pesticides select temperatures according to the concentration
of pesticide. At low concentrations, fish try
Most organisms respond to the presto lower their body temperature to minimize
ence of pathothe effects on physigens through
ological processes. As
temperature
the concentration
Disruption of schooling behavior by
selection. Coldincreases, they respond
many pesticides suggests that these
blooded animals
by seeking warmer
compounds may increase predation
such as lizards or
water to stimulate
upon juvenile salmonids and lead to
fish typically
detoxification. These
population
losses
that
would
be
very
seek warmer
effects can last for a
difficult to detect by conventional
environments to
considerable time after
increase metathe pesticide is refisheries techniques.
bolic repair
moved, causing the fish
when subjected
to seek abnormal water
to toxicants or
temperatures and thus
infections. In salmonids, studies showed that
subjecting them to increased dangers of
the temperature selected depended on the
disease and predation.
concentration of the pesticides to which the
fish were exposed. Juvenile Atlantic salmon
Schooling Behavior is Reduced
exposed to low doses of DDT selected lower
by Pesticides
temperatures than controls (Ogilvie and
Anderson 1965; Peterson 1973). At higher
Schooling behavior is a tactic to reduce
doses of DDT, exposed fish selected higher
predation. Predators are presented with a
temperatures than controls. This effect was
large mass of fish from which it is difficult
accentuated in fish acclimated to warm
0
to focus on a single individual (Cushing
temperatures (17 C) compared to fish acclimated to cool temperatures (80 C). Fish
and Harden-Jones 1968). Seaward migra0
acclimated to 17 C and exposed to 10 ppb or
tion of juvenile salmonids is accompanied
higher of DDT became hyperactive when
by schooling responses, probably to reduce
introduced into cold water. Brook trout
losses to the population during the
exposed to isomers of DDT and derivatives
migration.
showed similar changes in temperature
selection (Miller and Ogilvie 1975; Gardner
Many pesticides disrupt schooling
1973). The alteration in temperature selection
behavior. Drummond et al. (1986) found

Temperature Selection is
Changed by Pesticides
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that loss of schooling behavior in fathead
minnows was the most sensitive indicator
of stress for 133 of 139 organic chemicals
tested, including a number of pesticides.
Exposure to sublethal concentrations of the
fungicide TCMTB interferes with schooling
behavior in chinook salmon (Kruzinski and
Birtwell 1994). Exposure to methoxyclor
caused a progressive increase in inter-fish
distance in brook trout (Kruzinski 1972).
Holcombe et al. (1982) found that schooling
behavior was disrupted in fathead minnows exposed to sublethal concentrations
of Kelthane, Dursban, disulfoton,
fenvalerate, and permethrin.
Disruption of schooling behavior by
many pesticides suggests that these compounds may increase predation upon
juvenile salmonids and lead to population
losses that would be very difficult to detect
by conventional fisheries techniques. The
prevalence of this effect by organic chemicals (Drummond et al. 1986) suggests that
this sublethal effect may be more widespread than we might suspect.

Pesticides Can Interfere With
Seaward Migration
Juvenile salmon rearing in streams
reach a stage where their color changes
from brown to silver. This is the stage of
parr-smolt transformation where a variety
of morphological, physiological, and behavioral changes occur. In addition to the
silvery color, the smolts lose their territorial
behavior, begin to school, and to migrate
downstream to the sea. The mechanisms of
this process have been widely debated and
have been the subject of many local and
international workshops.
The effects of pesticides on seaward
migration have not been extensively stud-
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Estuaries are a critical transition zone where
salmon adapt to saltwater.

ied because of the difficulty of measurement of migration tendency. Lorz et al.
(1979) studied the effects of three herbicides
on seaward migration in coho salmon.
Diquat at concentrations from 0.5 ppm to
3.0 ppm inhibited seaward migration in a
dose-dependent manner. Dinoseb inhibited
migration only at the high (but sublethal)
concentrations of 40 and 60 ppm. Tordon
101 (a mixture of picloram and 2,4-D)
caused a slight inhibition of migration at
the highest levels studied (1.2 and 1.8 ppm),
but the results were not significantly different from controls. Although the herbicides
were not lethal to the fish at the concentrations used, the levels were very high (ppm)
compared to other concentrations of pesticides (ppb) described in this section. This
may be due to the low toxicity of most
herbicides, compared to other classes of
pesticides. More work on seaward migration should be done with other pesticides,
especially the organochlorine and organophosphate insecticides commonly found in
western streams.

Pesticides Interfere with
Seawater Adaptation
The end result of seaward migration is
the entry of juvenile salmon into an estuary
23
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and the tranformation of the fish’s osmoDDT (Hansen 1972). No change in salinity
regulatory mechanisms from a fresh water
preference was induced by malathion
to a saltwater environment. These osmo(Hansen 1972).
regulatory processes permit the fish to
maintain required water and ion concentraIn a study on the effects of herbicides
tions in various organ systems. The stresses
on juvenile coho salmon, three of the thirinvolved with this transition can be surteen herbicides studied, Amitrole-T, diquat,
mised from the large mortality (usually
and paraquat, caused dose-dependent
about 90% or greater for hatchery smolts)
mortality in seawater tests (Lorz et al. 1979).
which results from seawater entry (Pearcy
An interesting phenomenon occurred in
1992). Death can result from several causes.
fish exposed to Tordon 101 (a mixture of
The juvenile fish may simply not make the
2,4-D and picloram). In December, fish
transition to seawater and die from osmowere tested at eight different concentraregulatory problems. The juvenile fish may
tions. The two lowest concentrations, 0.25
be slowed by the osmotic stresses and be
and 0.5 ppm, caused increased mortalities,
eaten by birds or predatory fish. The imwhile at higher concentrations up to 20
mune system of the fish may be comproppm all fish survived. When this was
mised by the osrepeated in March,
motic stresses,
fish exposed to 20
Because
the
transition
from
fresh
water
permitting the
ppm Tordon 101 all
to seawater is a critical period in the
onset of disease
died in seawater. The
and subsequent
researchers could not
survival of the juvenile salmon, one
predation by pisexplain the unexwould expect pesticides to have some of
civorous birds or
pected mortalities at
their greatest effects at this stage.
fish.
the low concentrations but suggested
Most salmothat pre-smolted coho
nids spend a period of transition in the
salmon in December were less sensitive to
estuary where they seek the salinities they
environmental pesticides than those in
prefer. Many utilize the less saline estuasmolted condition in March (Lorz et al.
rine surface water which stratifies over
1979). Mitchell et al. (1987) found that a 10deeper more saline water (Iwata et al. 1982;
day exposure to 2.78 ppm of the herbicide
Birtwell and Kruzinski 1989).
Roundup (a glyphosate formulation) did
not affect seawater adaptation or growth.
Few studies have looked at the salinity
preference of fish exposed to sublethal
Because the transition from fresh water
levels of pesticides. One would expect that
to seawater is a critical period in the surthe stress from pesticide exposure might
vival of the juvenile salmon, one would
cause the fish to select salinities compaexpect pesticides to have some of their
rable to that of their blood to relieve the
greatest effects at this stage. However,
extra burden of osmotic stress. Coho
studies showing relationships between
salmon in the stratified salinity tank set up
pesticides and osmoregulatory problems
by Kruzinski and Birtwell (1994) sought the
leading to mortality in salmonids are few.
freshwater wedge if they were previously
Most of the studies that have been done
exposed to TCMTB. Mosquitofish, howhave focused on marine species or euryhaever, sought a higher salinity if exposed to
line species which do not undergo the
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radical transformation of osmoregulation
experienced by salmonids and other
anadromous species. Studies on the effects
of pesticides, especially organochlorine and
organophosphate pesticides, on salmonids
are needed in this area.

OREGON SEA GRANT

the evidence is convincing that the salmon
runs have been affected by spraying, the
experimental evidence has not yet been
published in the scientific literature. A
paper describing these effects has been
submitted for publication (Fairchild 1999).

An adult chinook salmon that is ready to spawn.

Pollutants Affect Adult Returns
The result of interference with life
history mechanisms of the juveniles should
be the decrease in numbers of returning
adults. Because the sublethal effects of
pesticides on fish survival have not been
fully appreciated, there are few studies that
have correlated the return of adult salmon
with the extent of pesticide use in the river
basin. In New Brunswick, however, researchers have found that decreased returns
of Atlantic salmon have been correlated
with the use of pesticides in the area. Specific concern has focused on the compounds
known as nonyl phenols, which are used
not only as wetting agents in pesticides, but
also in the production of paper, textiles, and
petroleum products. Nonyl phenols are
thought to act both by endocrine disruption
and by interference with the normal adaptation of salmon smolts to seawater. While

Migration patterns and timing of adult
salmon may be altered by pollutants as they
re-enter fresh water during their spawning
runs. Elson et al. (1972) showed that
radiotagged Atlantic salmon entering the
unpolluted Tabusintac estuary in New
Brunswick moved quickly up the estuary
and into the river system. In contrast,
salmon entering the Miramichi estuary, a
heavily industrialized estuary, spent time
swimming back and forth in an attempt to
avoid heavily polluted water. They were
never found in a channel on the northwest
side of Beaubears Island, where a marsh at
the lower end of the island served as a
reservoir for effluent from a wood-preservative plant. This effluent seeped into the
river at high tides. Salmon clung to the
cleanest side of the river as they swam
upstream past the industrial area. Clearly,
the fish were slowed in their spawning
migration as they searched for the cleanest
parts of the river.
Respiration of adult coho salmon was
examined as they attempted to pass a
polluted estuary within the city limits of
Seattle, Washington (Smith et al. 1972).
They found that respiration decreased and
blood lactate increased during swimming
in the polluted area. They suggested that
the salmon either avoided the areas of
pollution, resulting in delayed passage
times, or swam through the polluted areas,
resulting in an oxygen debt and decreased
energy reserves. Decreased energy reserves could result in smaller eggs and
insufficient energy for passage into upstream spawning areas.
25
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In summary, these studies on the
disruption of behavior of salmonids by
pesticides suggest that the presence of
pesticides can have profound effects on the
survival of the juveniles. Every aspect of
their biology can be affected. The studies
reported here consider mainly the freshwater portion of the salmonid life history.
Exposure to pesticides continues in the
estuaries and in the sea. For example, a
major food source for juvenile salmon in the
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estuary is the amphipod Corophium, which
spends the day buried in sediments which
may be the final repository for many of the
pesticides applied far upstream. It is likely
that the amphipods accumulate pesticides
and transfer them to the salmonids when
eaten. Few studies have documented the
behavior of juvenile salmonids once they
reach the estuary. Even fewer have examined the effect of pollutants and pesticides
on their behavior and survival.
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Compromised
Immune Systems

growth, with non-specific immunity developing first, followed by cell-mediated and
then humoral immunity. Full humoral
immunity, the ability to produce circulating
antibodies, develops at about 1 g in size.

Fish in polluted waters are subject to
A number of natural and anthropomore frequent and more severe outbreaks
genic factors suppress the function of the
of disease because many synthetic chemiimmune system. Stresses from habitat
cals tend to suppress the immune system
changes, poor water
(Moller 1985;
quality, lack of food,
Repetto and
and pollutants all
Baliga 1996).
Fish
in
polluted
waters
are
subject
to
result in
Immune systems
more
frequent
and
more
severe
outimmunosupression
protect fish from
and an increase in
breaks
of
disease
because
many
synserious diseases
disease (Pickering
caused by exterthetic chemicals tend to suppress the
1993).
nal bacteria,
immune system.
parasites, and
Information on
viruses. The
immunosuppression
complexities of
in
salmonids
due
to
pesticides
is scanty,
these systems are regulated and coordialthough other fish have received more
nated by a variety of compounds that act
similar to hormones but that do not quite fit
into the classical definition (Bern 1990).
Most texts on molecular endocrinology
include interleukins, cytokines, epithelial
growth factors, and other compounds that
influence the immune system as hormones
(Bolander, 1994). These immunohormones
can be compromised in various ways by
environmental pollutants (Anderson 1996;
Repetto and Baliga 1996).

CORVALLIS ENVIRONMENTAL CENTER

Although considerable work has been
done on the immune system of fish, our
understanding is still far from that we have
gained about the intricacies of the human
and rat immune mechanisms. As in mammals, fish have both cellular and humoral
(antibody) responses to foreign agents, and
exert both the B cell and T cell responses to
these stimuli. It is generally agreed that
size rather than age of fish determines the
immunological maturity (Tatner 1996). In
rainbow trout, a gradual increase in immune competence occurs during early
27
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attention (Anderson 1996; Iwama and
Nakanishi 1996). The insecticide endrin
reduced the activities of phagocytes and
antibody producing cells in rainbow trout
(Bennett and Wolke 1987). Organotin
compounds caused immune suppression in
rainbow trout (O’Halloran et al. 1998).
Although tributyltin is considered more
toxic to fish than its breakdown product,
dibutyltin, the latter was the more potent
immunotoxin. Phenol and the PCB
Arochlor 1254 were found to reduce antibody producing cells in rainbow trout
(Anderson et al. 1984) and coho salmon
(Cleland et al. 1989). TCDD caused mitogenic suppression in rainbow trout
(Spitsbergen et al. 1986) and increased
susceptibility to infectious hematopoetic
necrosis virus (Spitsbergen et al. 1988).
The timing of exposure to pollutants
may be an important factor for the health of
the immune system in anadromous salmonids. Maule et al. (1987) found that im-
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mune suppression occurred to a greater
extent during smolting of coho salmon.
This may be due to the higher levels of the
stress hormone, cortisol, found during
smolting in salmonids (Specker and Schreck
1982; Thorpe et al. 1987). Cortisol is
known to suppress the immune system of
salmonids (Maule et al. 1987; Pickering
and Pottinger 1989; Maule and Schreck
1990). It is likely that the effects of exposure to immunosuppressant chemicals
during the period of seaward migration
may be compounded by the high levels of
plasma cortisol in the fish at that time.
Many pesticides cause some degree of
immunosuppression in mammalian systems (Repetto and Baliga 1996). It seems
likely that similar effects may be found in
the fish immune systems. Before the
necessary research provides answers, it
seems prudent to err on the side of caution and assume that similar immunosuppression by pesticides can be found in
salmonids.
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In the late 70s, researchers Mike
Howell and Ann Black found that their
seine hauls from a small coastal stream in
the panhandle of Florida contained
mosquitofish with a strange characteristic.
They were all males (Howell et al. 1980).
On further inspection, another oddity was
noted. Many of the apparently male fish
had a gravid spot on their gonopodium,
which normally indicates a female with
internally developing young. Further
analysis in the laboratory indicated that
many of the apparent males were in fact
masculinized females. A few months later,
a second population of masculinized females was discovered in the Fenholloway
River of coastal Florida (Bortone and Davis
1994), a stream approximately 300 kilometers east of the first stream. This collection
included not only mosquito fish but also
the least killifish and the sailfin molly. In
both streams, the masculinized females
were found downstream of paper mills.
Some component of the effluent from paper
mills caused the females to acquire masculine traits.
This research was one of many studies
conducted over the past twenty years that
indicated that certain synthetic chemicals,
including many pesticides, can alter the
sexual endocrine (or hormone) system of
wildlife (Colborn and Clement 1992). The
effects of these pseudo-hormones can vary
considerably. In the above example, female
fish became masculinized. Other pollutants
act as artificial female sex hormones or
estrogens. In still others, sexual expression
is not affected. Instead, the chemicals
interfere with bone formation during early
development and result in stunted or mal-

Endocrine-disrupting chemicals can interfere
with normal functioning of the body’s hormone
system in a variety of ways. By mimicking or
blocking hormones, the synthetic chemicals
disrupt normal cellular communication, altering
or preventing the appropriate biological
response. Some endocrine disruptors can also
interfere with chemical messengers involved
with the immune system, hormone synthesis,
neurotransmitters, and growth processes.

formed adults. As scientists gain greater
insights into the complex workings of
endocrine systems, they have come to
appreciate the delicate balance of hormones
needed to direct the early development of
an embryo and the profound effects that
endocrine mimics may produce.
Endocrine systems in an organism
control production of hormones, which in
turn control many of its functions. An
endocrine system is a complex network of
positive effectors and feedback loops that
29
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carry messages from one part of the body to
elements to stimulate or regulate the proanother to keep the body functioning propduction of steroid specific proteins.
erly. Initial input to the system comes from
the environment in the form of temperaIn such a complex system, pesticides
ture, light, or other sensory stimuli. These
and their derivatives can interact at many
stimuli are recognized and integrated in the
levels in the brain-pituitary-target organ
brain. Through a
axis with a
number of pathways,
variety of
brain centers control
effects. These
Certain pesticides and pollutants can
the synthesis of prieffects can
mimic the effects of estrogens, causing
mary hormones in the
manifest thempituitary, a small bud
feminization of male animals.
selves through
of nerves and tissues
behavioral,
at the base of the
reproductive,
brain. In the reproducimmunologitive cycle, the pituitary produces gonadotcal, or physiological changes (Bern 1990).
ropins which act on the gonads to produce
Our knowledge of the hormonal relationsteroid hormones: androgens predominatships to many of these functions is not well
ing for males and estrogens predominating
enough defined at present to exactly deterfor females. Steroids and other hormones
mine what effects pollutants may have on
travel through the blood to seek specific
these functions. However, our knowledge
receptors in the cytoplasm of responsive
of the female endocrine system and the
cells. Each sex contains both male and
effects of pesticides on its function has
female receptors in its cells so that the
grown rapidly in recent years, and numerrelative concentration of androgens and
ous studies have defined some of the unestrogens are the determining factor for
wanted effects.
sexual differentiation. When the steroid
binds to the receptor protein, the steroidPesticides Can Mimic Estrogens
receptor complex finds its way to the
nucleus where it binds to DNA response
The sex of fishes can be determined
relatively late in development. For example, applications of testosterone during
the egg and fry stages of salmonids can
convert the young fish completely to males
or cause them to become sterile, depending
on the concentration. Applications of
estradiol, the female sex hormone, can
cause production of 100% female salmon
(Hunter and Donaldson 1983). In chinook
salmon, Piferrer et al. (1994) suggested that
aromatase, an enzyme that converts androgens to estrogens, acts as a regulatory
switch for the process of sex differentiation.
During early development, fish are especially
vulnerable to pesticides that can mimic natural
They showed that a treatment of young
hormones.
salmon with an aromatase inhibitor for only
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Certain pesticides and pollutants can
mimic the effects of estrogens, causing
feminization of male animals. Actions of
pesticides that result in feminization in fish
are thought to occur in three ways:
1) Estrogen mimics compete with
estradiol, the female sex hormone, for its
receptor protein. The complex that is
formed enters the nucleus, binds the DNA
response elements, and stimulates the
responses expected from normal female sex
hormones. This has little effect in females
but stimulates inappropriate responses in
males, which have only very low concentrations of circulating estrogens. The result is
feminization of the males.
2) Antiandrogenic compounds compete with androgens, or male sex hormones, for the androgen receptor protein.
Once bound, the complex enters the
nucleus but is not able to bind to DNA
response elements. Consequently, no
androgenic response is stimulated. In the
absence of an androgenic response, the fish
assumes that it is a female and the result is
feminization.
3) Compounds may interfere with
neurotransmitters or signal transduction
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two hours could transform genetic females
into functional males. These transexual
males had testes indistinguishable from
normal males, underwent all stages of
sperm maturation, and were later used to
fertilize females to produce all female
offspring. Concentrations of androgens
and estrogens circulating through the blood
provide a stimulus for induction of levels of
aromatase activity (Callard and Callard
1987). With a system of sex differentiation
in fishes that is labile (i.e., likely to change),
the potential for major impacts from estrogen mimics may be quite large.

Pesticide exposure at the fry stage can cause
feminization of male fish or even sterility.

mechanisms in the brain. The interference
results in an upset of the regulatory mechanisms that distinguish males from females
and sends the wrong messages to the pituitary. The result may be the release of
gonadotropins that stimulate feminization
of the juvenile fish.
The best known examples of feminization by competition of pesticides for estrogen receptors have occurred with alligators
in the Southeast (Guillette et al. 1995), sea
gulls (Fry and Toone 1981) and Caspian
terns (Fox 1992). Increasing numbers of
chemicals are found to have estrogenic
activity in fish (Jobling and Sumpter 1993;
Jobling et al. 1995). Unknown chemical
contaminants from sewage effluents have
been shown to produce estrogenic responses in male carp (Folmar et al. 1996).
DDT and its long-lived breakdown product,
o,p’-DDE, have been shown to bind estrogen receptors to provide weakly estrogenic
responses, whereas p,p’-DDE does not bind
estrogen receptors except at high concentrations (Donohoe and Curtis 1996). p,p’-DDE
31
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has a higher affinity for androgen receptors
Most of these pesticides bind only
(Kelce et al. 1995),
weakly to the estrosuggesting that
gen receptor. For
the binding may
example, the
Environmental compounds in combinabe nonspecific for
binding of the
tion
may
act
together
with
the
estrogen
a number of
insecticides
receptors to provide responses far
steroid receptors.
endosulfan,
greater than that of single compounds.
Lindane,
dieldrin, toxchlordecone
aphene, and
(Donohoe and
chlordane to the
Curtis 1996; Thomas
estrogen receptor
and Khan 1997), alkylphenols (Jobling et al.
was very weak: less than 1/10,000 that of
1995; White et al. 1994), endosulfan, dieldthe natural binding compound, estradiol
rin, and toxaphene (McLachlan 1993; Soto
(McLachlan,1993; Soto et al. 1994). For this
et al. 1994) have all been shown to provide
reason, these compounds were thought for
estrogenic responses in fish and other
a long time to produce few environmental
organisms through binding to estrogen
effects. However, environmental comreceptors.
pounds in combination may act together
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Increase in number of breast cancer cells
(in thousands)

Figure 4. Combinations of chemicals have a greater estrogenic
effect on organisms than single chemicals.

0
Unexposed
(control)

Exposed to single chemicals
at low concentrations (1µM)

Notes: Lines above the bars represent standard errors. * indicates that the increase in number of
cells is significantly greater than unexposed cells. Proliferation of breast cancer cells is a standard
test for estrogenic effects.

Exposed to a
combination of
chemicals at low
concentrations

Source: Soto, A. M., K. L. Chung, and C. Sonnenschein. 1994. The pesticides endosulfan, toxaphene, and
dieldrin have estrogenic effects on human estrogen-sensitive cells. Environ. Health Perspect. 102:380-383.
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with the estrogen receptors to provide
responses far greater than that of single
compounds (see Figure 4).

ketotestosterone, to receptors for testosterone in the nucleus is not clear
(Pasmanik and Callard 1985; Callard and
Callard 1987), although a receptor for 11ketotestosterone in the ovaries of coho
salmon has been reported (Fitzpatrick et
al. 1994).

Feminization of males may also be
brought about by antiandrogenic compounds. Vinclozolin, a fungicide used
widely for grapes, ornamental plants, snap
peas, and turfgrass (Kelce et 1994), causes
The third category of hormonal disrupfeminization of males. The fungicide binds
tion which may result in feminization by
to androgen receptors and enters the
environmental pollutants arises from the
nucleus, but blocks normal androgenic
interference with regulatory functions in
responses. The vinclozolin-androgen
the brain and pituitary. This interference
receptor complex cannot recognize the
can affect neurotransmitter functions,
appropriate DNA
sensory systems,
response elements
control of serum
to stimulate prohormone levels and
The peculiar lability of sex differentiation
duction of essential
therefore hormonal
in fishes suggests that endocrine-dismale proteins
feedback. We
rupting chemicals in the environment
(Wong et al. 1995).
know little about
may profoundly alter the sex ratios and
DDE, the persisthe role of pestibreeding capabilities of our native fish.
tent break-down
cides in this area,
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product of DDT,
also binds to
androgen receptors
with similar results (Kelce et al. 1995).
Antiandrogenic responses in fish are not
well understood at present. Part of this
difficulty is the problem of demonstrating
androgen binding activity in fish tissues
(Monosson et al 1997). The relationship of
the active androgen in fish, 11-

although there is
ample information
that shows that
brain function is a necessary part of providing the correct hormones for sexual
differentiation. Serotonin has been shown
to cause release of gonadotropins from the
pituitary in croakers (Khan and Thomas
1992) and goldfish (Somoza et al. 1988) so
compounds that interfere with serotonin
levels may affect the release of gonadotropins. Arochlor 1254 has been shown to
cause decreases in serotonin and dopamine
levels in the brains of fish (Kahn and
Thomas 1996), due either to increased
degradation or decreased synthesis of the
neurotransmitters. Many insecticides are
cholinesterase inhibitors, that is, they
interfere with the normal breakdown of
acetylcholine, a neurotransmitter, by
blocking the enzyme cholinesterase. This
results in a longer lifespan for acetylcholine and a disruption of normal neural
function.
33

Diminishing Returns: Salmon Decline and Pesticides

Pesticides May Have Other
Endocrine Effects
Although disruption of sex steroid
function has received the most attention, it
is not the only type of endocrine disruption
that may result from exposure to environmental chemicals. Brucker-Davis (1998)
listed over 90 synthetic chemicals that
affected function of the thyroid gland.
Thyroid hormones are thought to influence
seasonal adaptations, reproduction, migration, and growth of fish. Hypothyroidism
resulting in the formation of goiters was
shown in coho and chinook salmon rearing
in the Great Lakes and was related to environmental contaminants in the lakes
(Moccia et al. 1977; Moccia et al. 1981).
Thyroid impairment has been shown in the
catfish Clarias batrachus after exposure to
carbaryl (Sinha et al. 1991) and malathion
(Sinha et al. 1992). Both malathion and
carbaryl suppressed levels of thyroxine in
the kidney, but increased thyroxine in the
pharyngeal thyroid. Peripheral conversion
of thyroxine to the active hormone, triiodothyronine, was suppressed with both
compounds.
Skeletal deformities have long been
recognized as an effect of environmental
34

pollution and have been suggested as an
excellent indicator of the extent of pollution
(Bengtsson 1979). A comparison of reports
of skeletal damage from old and new
sources has given rise to the suspicion that
water pollution may be having a larger

OREGON DEPT. OF
ENVIRONMENTAL QUALITY

The peculiar lability of sex differentiation in fishes (Chan and Yeung 1983) suggests that endocrine-disrupting chemicals
in the environment may profoundly alter
the sex ratios and breeding capabilities of
our native fish. This field is still young and
effects on fish population are largely unknown. With the development of more
sophisticated methods for detection of
pseudo-estrogens and pseudo-androgens in
the environment, we should have a better
understanding of the effects of chemicals
that find their way into our watersheds.

Squawfish from the Newberg pool in the Willamette
River have a high incidence of skeletal deformities.

impact on fish populations that we expect.
Bone formation and structure relies
upon the mobilization and handling of
calcium ions, which are controlled by a
variety of hormones, including growth
hormone, calcitonin, parathyroid hormone,
and stanniocalcin (Davis 1997). These are
in turn controlled by the brain-pituitary
axis described earlier and subject to similar
feedback mechanisms to regulate their
synthesis and concentration. Unfortunately, calcium regulation mechanisms have
not received the study that reproductive
hormones have and consequently we know
little about specific mechanisms underlying
skeletal defects. Evidence that links environmental pesticides to skeletal abnormalities, however, is widespread.
In the early 1970s, fish biologists studying members of the drum family in James
River, Virginia, found that a large number
of specimens had shortened vertebral
columns compared to similar species in the
nearby York River. With the help of toxicologists, they found that a manufacturing
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facility for chlordecone, a widely-used
insecticide, had been releasing large
amounts of the compound into the James
River. The stunted fish contained high
chlordecone levels (Davis 1997). Exposure
to chlordecone interfered with calcium
deposition into bone and produced scoliosis
and compression of the vertebrae (Couch et
al. 1977). After 1976, when manufacture of
chlordecone had stopped, the frequency of
vertebral abnormalities decreased.

researchers feel that the damage is done in
the egg or early fry stages, possibly by
effects on neuromuscular interactions
during early development.

Recent studies on squawfish in the
Willamette River have shown elevated
numbers of abnormalities in bone formation, especially in the Newberg Pool (RM 26
to RM 60) (Altman et al. 1997). In the
Newberg Pool, skeletal deformities ranged
from 22.6 to 52.0 percent. No specific cause
Wells and Cowan (1982) reported
for the deformities has been identified, but
dysplasia in Atlantic salmon parr after a
a variety of factors including high temperasimulated spill of
tures, low distrifluralin, a presolved oxygen,
emergent herbicide,
pesticides, PCBs,
Trifluralin, a pesticide found in the
in the Eden River of
and effluents from
Willamette River, has been shown to
Scotland. The fish
pulp mills, paper
cause
bone
abnormalities
in
Atlantic
were exposed to the
mills, and ore
salmon.
herbicide for less
smelters have been
than 1 day. Parr
suggested. Analydeveloped scoliotic
ses by the U. S.
vertebral abnormalities that caused them to
Geological Survey showed the presence of
appear stumpy. Laboratory tests showed
heavy metals (Altman et al. 1997), orgathat exposure to trifluralin resulted in
nochlorine pesticides, organophosphate
hyperosteosis, a proliferation of the bone
pesticides, and even trifluralin in the
tissue (Couch et al. 1979). This was accomWillamette River and its tributaries
panied by fusion of vertebrae, persistence
(Anderson et al. 1997). Although no
of osteoblasts, abnormal vertebral proskeletal abnormalities were found in
cesses, and, strangely, the presence of notosalmonids in the watershed, the widechord tissue in the vertebral canal. Clearly,
spread occurrence of pesticides in
the mechanisms of bone formation had
Willamette River and the presence of
been severely disrupted.
skeletal abnormalities in squawfish
should stimulate research on the potential
A number of other environmental
endocrine-disrupting effects of the most
pollutants, including chlorinated hydrocarcommon contaminants, such as atrazine,
bons (toxaphene, DDT), organophosphate
simazine, metolachor, and diuron. At the
pesticides (malathion, parathion, demeton),
least, such abnormalities in the fish popucrude oil, and heavy metals (Bengtsson
lations should provide a warning for the
1979), have been implicated in bone abnorpresence of endocrine disruptors in our
malities in fishes. In most of these studies,
watersheds.
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Pesticides can indirectly affect fish by
interfering with their food supply or altering the aquatic habitat, even when the
concentrations are too low to affect the fish
directly. Such indirect effects may greatly
reduce the abundance of food organisms
which in turn reduces the growth and
probable survival of the fish.
Excellent examples of indirect effects of
numbers of poisoned nymphs were found
pesticides on salmonids were documented
drifting downstream after spraying. Comin the attempts to control spruce budworm
parisons with pre-spray drift samples
in the forests of northeastern U. S. and
showed that the numbers of dead nymphs
Canada (Muirhead-Thomson 1987). In the
increased as much as 6000 times after
mid 1970s, permethrin, a synthetic pyrespraying. This massive mortality was
throid, was introduced to kill the spruce
followed by a feeding frenzy among the
budworm. The insecticide was lethal to
salmonids. Atlantic salmon increased the
insects and moderately toxic to fish. Experinumber of nymphs in their stomachs by 2-4
mental sprayings of permethrin at 13 differfold. Brook trout
ent streams befed even more
tween 1976 and
voraciously, increas1980 did not result
Pesticides can indirectly affect fish by
ing their stomach
in moralities in
interfering with their food supply or
contents by as much
native fish
altering
the
aquatic
habitat,
even
when
as 10-fold.
(Kingsbury and
the
concentrations
are
too
low
to
affect
Kreutzweiser
The poisoned
the fish directly.
1987). Blocking
insects
seem to have
seines set at the
no apparent direct
bottom of the
effects on the salmosprayed areas
nids, which fed as long as the drifting
were never found to contain dead fish.
larvae were available. With time, however,
Minnows and juvenile Atlantic salmon
the diets of the salmonids, especially the
held in live cages in the sprayed area
brook trout, changed considerably. With
showed no mortality attributed to the
few of the normal food components of
spraying regimes.
stonefly and mayfly nymphs and caddis
larvae left in the streams, the trout changed
The same could not be said for the
to a diet of primarily Dipteran (fly) larvae
aquatic larvae in the streams, however
and terrestrial insects.
(Kreutzweiser and Kingsbury 1987). Huge
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Densities of Atlantic salmon and brook
trout were followed for a year after spraying. One month after spraying, the density
of Atlantic salmon rearing in the area of
highest application had decreased substantially. Brook trout populations did not
show as great a decrease. It was felt that
the reduced density of the Atlantic salmon
was due to migration from the area in
response to a reduced food supply.
Insect larvae and crustaceans are very
sensitive to many types of pesticides, reducing the availability of these organisms to
fish as prey (Macek et al. 1976; Brown 1978;
Muirhead-Thomson 1987). Experimental
spraying of ponds with carbaryl to simulate
overspraying for spruce budworm control
resulted in massive mortality of aquatic
invertebrates (Muirhead-Thomson 1987).
Some species of amphipods were not found
for three years after the spray event (Gibbs
et al. 1984). Walker (1964) found no fish
mortality after application of 2-6 ppm of
atrazine, a common herbicide, to ponds but
insect larvae were killed immediately.

insects, while the predatory insect population was unaffected. She suggested that the
decrease in nonpredatory insects was due
to a reduction of algae and plants used as
food and a reduction of water plants used
as habitat for the insects. Further study of
the fish populations indicated that the
reproduction of bluegills was greatly reduced, probably from a lack of food. The
stomach contents of the bluegills in the
treated ponds were significantly lower than
those in the control ponds (Kettle et al.
1987). Populations of young bluegills were
further reduced by the lack of aquatic
vegetation in which to hide. Without the
aquatic vegetation, the young were preyed
upon by the adult bluegills (Kettle et al. 1987).
At present, we have no information on
whether deleterious effects of pesticides to
algae (Stadnyk et al. 1971; Brown 1978;
Bester 1995) or diatoms (Menzel et al. 1970;
Brown 1978) may have trickle-down effects
on salmonid populations, although it seems
likely that they would be subject to population dynamic forces similar to those demon-

In experimental treatments of replicate
ponds with atrazine, deNoyelles et al.
(1989) found that phytoplankton and
aquatic plants were reduced by as much as
95% at the higher concentrations. Zooplankton did not seem to be directly affected.
However, several months later, zooplankton populations also were reduced
(deNoyelles et al. 1982). In the same study
on atrazine, Dewey (1986) reported a decrease in the number of nonpredatory

NEVA HASSANEIN

Pesticides may also indirectly affect
prey species. Aquatic herbicides kill algae
and diatoms on which aquatic insect larvae
feed, thereby reducing the number of
aquatic insects and decreasing growth and
survival of fish feeding on the insects
(Brown 1978).

The integrity of aquatic ecosystems is essential for
healthy salmon populations.
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(Beitinger 1990; Birge et al. 1993). Brown
strated with bluegills. Interference with
(1978) found that application of the herbigrowth of salmonids, however, has deletericide paraquat caused death and decomposious effects on smolting (Ewing et al. 1980),
tion of aquatic plants which in turn lowered
immune function (Tatner 1996), predation
the oxygen content
(Parker 1971),
of the water enough
seaward migration
to kill trout.
(Wedemeyer et al.
Increased predation on small fish may
1980), and seawater
occur when water plants are killed by
These results
adaptation (Folmar
herbicides
in
the
aquatic
environment.
and others of simiand Dickhoff 1980;
lar nature (Brown
Mahnken et al.
1978; Muirhead1982).
Thomson 1987) indicate that disruption of
the food chains in aquatic ecosystems can
In addition to interference with their
have relatively long-lasting effects on fish
food supply, pesticides may also affect the
populations. In complex ecosystems,
habitat of the fish. Increased predation on
indirect effects can be more important
small fish may occur when water plants are
than direct effects (Lampert et al. 1989)
killed by herbicides in the aquatic environand non-target organisms may be better
ment (Lorz et al. 1979; Kettle et al. 1987).
indicators of ecosystem health than the
Adverse water temperatures may result
organisms of interest. Management of
from the removal of riparian vegetation by
pesticide applications for protection of
herbicides (Norris et al. 1991). Fish may
aquatic habitats is obviously much more
avoid contaminated areas with a consecomplex than promoting the use of LC50s
quent reduction in availability and suitabilfor setting application limits.
ity of feeding and spawning areas
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Conclusions
Salmonids require coordinated responses to environmental stimuli and
internal physiological reactions for healthy
development, territorial defense, smolting,
seaward migration, and adaptation to
seawater. Interruptions of this interplay
may cause inappropriate physiological
responses that have deleterious effects on
survival of the salmon. As we have shown
here, sublethal concentrations of pesticides
can cause such interruptions and therefore

result in harmful changes in physiology
and behavior. The wide array of effects that
have been demonstrated is cause for concern (Table 3).
The magnitude of the problem from
pesticides is difficult to assess because of
the lack of monitoring programs for the use
and distribution of pesticides. Yet, where
water quality monitoring has been done,
pesticides are usually detected. A recent
report commissioned by the Oregon Legislature (Botkin et al. 1995:104) concluded
that fertilizers and pesticides were detri-

Table 3. Sublethal effects of selected pesticides found in the
Willamette River Basin Study by USGS.1
__________________________________________________________________________________________________________
Herbicides
Insecticides
Atrazine
Simazine
Malathion
Chlorpyrifos
Carbaryl
____________________________________________________________________________________________________________
Negative Effects on:
Food Supply
Growth
Reproductive success
Bone Abnormality
Endocrine Disruptor
Immune System
Behavior
Schooling
Predator Avoidance

+2
+2
+2

+3
+6
+11
+14
+15
+17,18

+16
+20

+4
+7
+9
+12

+5
+8
+10
+13
+13,14

+12,17

+12
+19

+18

____________________________________________________________________________________________________________________
Plus indicates a detectable response from sublethal concentrations of pesticide. Blanks indicate that
studies were not found analyzing these effects. Superscripts are references.
1. Anderson et al. 1997.
2. Macek et al. 1976.
3. Naqvi and Hawkins 1989.
4. Washino et al. 1972.
5. Burdick et al. 1960.
6. Hermanutz 1978.
7. Brazner and Kline. 1990.
8. Arunachalam and Palanichamy 1982.
9. Jarvinen et al. 1983.
10. Carlson 1971.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Weis, P. and J. S. Weis. 1976.
Holcombe et al. 1982.
Weis, J. S. and P. Weis. 1976.
Bruckner-Davis 1998.
Plumb and Areechon. 1990.
Dodson and Mayfield. 1979b.
Hansen 1969.
Hansen 1972.
Weis, P. and J. S. Weis. 1974.
Lorz et al. 1979.
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mental to salmon: “With such large applications of pesticides and fertilizers, some
portion is sure to make its way into nearby
streams, especially since most agricultural
land lies in close proximity to streams and
rivers. Since little monitoring is done to detect
the presence of pesticides and fertilizers in
streams, the levels of exposure by fish to chemicals are largely unknown (authors’ emphasis).”
Certain facts about pesticides in the
environment are known and reviewed
briefly here:
• Pesticides are typically found in great
variety in salmonid habitats.
• Pesticides break down into products
that may be less toxic, of equal toxicity, or
of greater toxicity than the original compounds.
• Fish and other aquatic organisms
must continue to cope daily with a variety
of pesticides or breakdown products which
were used years ago but remain in aquatic
environments.

sensitive population thwarts our efforts to
recover wild salmonids.
In contrast to these dramatic fish kills,
sublethal concentrations of pesticides are
more subtle and their effects are largely
unseen. From laboratory experimentation,
researchers have found that sublethal
concentrations of pesticides can affect many
aspects of salmonid biology, including
swimming performance, predator avoidance, temperature selection, schooling
behavior, seaward migration, immunity to
disease, reproduction, and food supply.
Specifically, the literature reviewed here
shows that:
• A variety of pesticides impair
swimming performance which can reduce
such critical behaviors as the ability to feed,
to avoid predators, to defend territories,
and to maintain position in the river system.
• Chronic exposure to certain pesticides can increase stress in juvenile salmonids and thereby render them more susceptible to predation.

• In a process known as
bioaccumulation, pesticides absorbed into
plant and animal tissues may become
concentrated and reach levels many times
higher than the concentrations in the surrounding water.
The levels of pesticides encountered in
streams and rivers have occasionally
reached lethal concentrations for salmonids,
as evidenced by the major fish kills that
have occurred in the Rogue River Basin and
elsewhere. Loss of each individual in a
40
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• Pesticides move in streams and rivers
throughout the watersheds and may pose
problems far from the site of application.
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however there is a need for further research
in this area, placing particular emphasis on
the critical period of transition that takes
place in the estuary.
• As with other pollutants, pesticides
may interrupt the spawning migrations of
adult salmon by interfering with the timing
of migration and by draining energy
reserves.

Pesticides can affect salmon biology at many stages
in their development.

• Pesticides can suppress the normal
functioning of the immune system, resulting in a higher incidence of disease.

• Several pesticides have been shown
to cause fish to seek abnormal water temperatures, thus subjecting them to increased dangers of disease and predation.

• Certain pesticides can act as hormone
mimics or blockers, causing abnormal
sexual development, feminization of males,
abnormal sex ratios, and abnormal mating
behavior.

• Many pesticides interrupt normal
schooling behavior of salmon, a critical tactic
for avoiding predation during migration.

• Pesticides can interfere with other
hormonal processes, such as normal thyroid
functioning and bone development.

• Several herbicides have been shown
to inhibit normal seawater migration patterns; however, there is a dearth of research
looking at this effect for common insecticides.

• Fishes and other organisms are
especially vulnerable to endocrine-disrupting effects during the embryonic and early
development stages of life.

• Several studies suggest that certain
pesticides can impair salmonids’ ability to
transition from fresh water to sea water;

• Pesticides can indirectly affect salmonids by altering the aquatic habitat and
food supply for salmonids.

41

Diminishing Returns: Salmon Decline and Pesticides

The Ecoepidemiological Approach
An extensive literature on the effects of synthetic chemicals on survival, physiology and
reproduction of fishes is available (Murty 1986). The literature is disparate, however, and
largely fails to attribute causality to events occurring in particular aquatic ecosystems. A new
approach to appreciate the dangers pesticides pose for salmonids may be necessary. One
method that has proved useful to establish the relationship between chlorinated hydrocarbon
concentrations and the decrease in lake trout populations in the Great Lakes is the application
of principles borrowed from epidemiology (Mac and Edsall 1991).
Epidemiology is the medical science used to determine the causes of disease in a particular population when many confounding factors are present simultaneously. The subdiscipline
used for examining environmental health hazards to wildlife populations is called
ecoepidemiology (Morgenstern and Thomas 1993). In epidemiology, researchers form a
central hypothesis about the cause of an outbreak of a disease. The validity of the central
hypothesis is then tested by five criteria, as illustrated by Mac and Edsall’s (1991) study of the
Great Lakes’ trout.
The hypothesis in Mac and Edsall’s study was that large concentrations of chlorinated
hydrocarbons were responsible for the reduced reproductive success in populations of lake
trout. The first criterion is that the problem must be temporally related to the appearance of
the causative agent. In the Great Lakes, during the period 1975 to 1988, survival of trout eggs
improved significantly as concentrations of PCBs, DDT, and oxychlordane declined. The
second criterion is that there must be a strong correlation between exposure to the hypothetical agent and the disease. In a study of egg and fry survival at different locations, the extent
of egg and fry loss was directly proportional to the concentration of PCBs in the water and in
female fish at each location. Thirdly, the causative agent must be shown to induce the disease.
Tests done in various laboratories established that PCBs could decrease egg and fry survival.
Fourth, the observed cause-effect relationship must be shown in repeated studies. Comparison of different species at the same time, the same species at different times, and the same
species at different locations established that reproductive impairment correlated with PCB
exposure. Finally, there must be a biological plausibility of the relationship between the
causative agent and the symtoms. Laboratory studies of tissue histology, exposure to other
chlorinated hydrocarbons, and studies of enzyme induction were all consistent with the
hypothesis that PCBs and chlorinated hydrocarbons were impairing egg and fry survival.
The authors concluded that their hypothesis was strongly supported, although they point
out that “much of this evidence is circumstantial with little definitive proof of causality, which
is why the epidemiological approach is used” (Mac and Edsall 1991). In other words, the
strength of the ecoepidemiological approach is that it involves trying to understand relationships between environmental contaminants and population survival in real-world settings
where a host of factors come into play. Restrictions on the use and dumping of organochlorine compounds into the Great Lakes resulted in partial restoration of the lake trout populations.
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Recommendations

1. Address the impacts of pesticides
on salmon when developing and implementing recovery plans for threatened
and endangered species. As federal, state,
provinicial, and local agencies work to
recover salmon in the Pacific Northwest,
all factors contributing to the decline
should be addressed. To date, pesticides
have been overlooked as a factor deserving
attention in our recovery efforts. Although there is a need for more information on the effects of pesticide use in
salmon habitats, our salmon runs may be
extinct by the time lengthy and laborious
studies using strict scientific methods are
complete. Thus, we must act now using
available information to formulate management strategies that will minimize the
potential danger from sublethal concentrations of pesticides.
2. Conduct ecoepidemiological studies in critical salmonid habitat. Most of
the effects of pesticides referred to in this
report have been determined in experimental laboratories. In the field, however,
environmental conditions are not controlled, and many factors interact to confuse the determination of direct relationships. An ecoepidemiological approach
(see inset opposite page) would be particularly valuable because it is designed to
attribute causality to events occurring in
real-world situations. This approach
requires data which are not currently being

INSTITUTE FOR FISHERIES RESOURCES

From the evidence available at present,
it can be concluded that there is a plausible
basis for considering pesticides as one
causative factor in the decrease of salmon
populations. Based on this review, we offer
several policy recommendations and
identify areas for further research:

We must act now to protect salmon from pesticides.

collected. In particular, ecoepidemiological
studies at the watershed level require
specific pesticide use information in order
to establish correlations between salmon
decline and pesticide use.
3. Create comprehensive pesticide
tracking systems in the Pacific Northwest.
To better understand the relationship
between pesticides and salmon decline,
we must have accurate, site-specific data
on the patterns of pesticide use in the
watersheds of the Northwest. State and
provincial governments need to collect
data on which pesticides are used where,
when, and in what amounts. Such data
can then be combined with watershedspecific information on a host of physiological and behavioral indicators of
salmon health. (Currently, California is
the only state with salmon habitat where
such information is collected.) Pesticide
use information will also enable efficient
instream monitoring for pesticide
contamination.
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4. Establish instream monitoring
programs in critical salmon habitats. A
systematic monitoring program for pesticides and their breakdown products needs
to be undertaken. Clearly, not all pesticides
can be tested for in all locations, but current
testing is woefully inadequate for understanding the role of pesticides in salmon
decline. In conjunction with pesticide use
information, these analyses can be targeted
to the compounds of most concern. Such
targeting can greatly improve the costeffectiveness of monitoring.
5. Err on the side of caution when
setting water quality standards for pesticides. As discussed in this report, there are
few established criteria for the protection of
aquatic life from pesticides. Moreover,
evidence reviewed here shows that sublethal effects on salmonids have not been
fully appreciated, that juvenile salmonids
succumb more easily to toxins in the water,
that laboratory studies do not reflect the
natural life cycle of the fish, and that little is
known about how pesticides affect aquatic
ecosystems. These factors must be considered when setting standards, and a precautionary approach must be adopted. Much
can be gained by emphasizing how to
eliminate the introduction of these toxic
substances into the watersheds that comprise critical salmonid habitat.
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6. Prevent pesticide contamination of
salmonid habitat by reducing pesticide
use. Once contaminated, water is difficult
if not impossible to clean up. Therefore,
pest management approaches that do not
depend on pesticide use in agricultural and
non-agricultural settings should be encouraged and further developed. There is
ample evidence that ecologically sound and
economically viable methods can be successfully implemented. The adoption of
such alternatives can be encouraged
through technical assistance, financial
incentives and disincentives, demonstration
programs, and information exchange opportunities.
7. Adopt state and provincial programs in the Pacific Northwest to phase
out pesticides that persist and
bioaccumulate in the environment.
Numerous pesticides, including some that
are no longer used and many that are
currently used, are known to persist in
the environment and to bioaccumulate in
aquatic systems. Washington State’s
Department of Ecology is now considering a plan to end the release of such
toxins, including certain pesticides, into
the environment. To ensure salmon recovery, all state and provincial governments in the Pacific Northwest should
adopt similar programs.
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Glossary, Abbreviations
and Scientific Names
2,4-D — 2,4-dichlorophenoxyacetic acid. A
herbicide that mimics natural plant
hormones.
DDT — dichlorodiphenyltrichloroethane.
An insecticide widely used in the past but
now illegal in the United States.

lent to milligrams per liter (mg/L).
Pesticide — anthropogenic chemicals used
for control of target organisms. These include insecticides, herbicides, fungicides,
and other biocides.
Redd — a depression dug in the streambed
gravel in which salmonids lay their eggs.
Salmon, Atlantic — Salmo salar

DDE — dichlorodiphenylethane. A longlived breakdown product of DDT.

Salmon, chinook — Oncorhynchus
tshawytscha

Eulachon — Thaleichthys pacificus

Salmon, coho — Oncorhynchus kisutch

Euryhaline — the ability to tolerate wide
ranges of salinity. Euryhaline fish are often
found in estuaries where the salinities can
range from fresh water to seawater.

Salmon, sockeye — Oncorhynchus nerka

Gonopodium — front rays of the anal fin of
livebearing fish (Family Poeciliidae) are
elongated to form an organ that assists in
internal fertilization.
IHN virus — infectious hematopoetic
necrosis virus, a major cause of mortalities
in Columbia basin salmonids
Lamprey, Pacific — Lampetra tridentata

Shad, American — Alosa sapidissima
Smolt — a juvenile salmonid characterized
by a uniform silvery color. Fish at this stage
undergo a number of physiological
changes, lose their ability to hold territories,
tend to school, and begin migration toward
the sea.
Steelhead — Oncorhynchus mykiss, a migratory form of rainbow trout

Minnow, fathead — Pimophales promelas

Surfactant — a chemical added to formulations of pesticides to reduce surface tension
and cause wetting by the pesticide solution.

Mosquitofish — Gambusia sp.

TCDD — 2,3,7,8-tetrachlorodibenzo-dioxin

Parr — a juvenile salmonid characterized
by vertical bars, or parr marks, along its
sides. Fish at this stage are brownish in
color and hold territories in the stream.

TCMTB — 2-(thiocyanomethythio)benzothiazole, an antisapstain fungicide
used on timber to be exported.
Trout, brook — Salvelinus fontinalis

Ppb — parts per billion; a concentration of
pesticide equal to one gram of the compound dissolved in a billion grams of water.
Equivalent to micrograms per liter (µg/L).
Ppm — parts per million; a concentration of
pesticide equal to one gram of the compound
dissolved in a million grams of water. Equiva52

Trout, brown — Salmo trutta
Trout, cutthroat — Oncorhynchus clarki
Trout, lake — Salvelinus naymaycush
Trout, rainbow — Oncorhynchus mykiss

For more information…
Northwest Coalition for Alternatives to Pesticides
P.O. Box 1393
Eugene, OR 97440-1393
(541) 344-5044; fax (541) 344-6923
www.efn.org/~ncap
Oregon Environmental Council
520 SW 6th Ave., Suite 940
Portland, OR 97204
(503) 222-1963; fax (503) 222-1405
www.orcouncil.org
OSPIRG Foundation
1536 SE 11th Ave.
Portland, OR 97214
(503) 231-4181; fax (503) 231-4007
www.pirg.org/ospirg
Institute for Fisheries Resources
PO Box 11170
Eugene, OR 97440-3370
(541) 689-2000; fax (541) 689-2500
www.pond.net/~fish1ifr

Senator Brad Avakian, Chair
Senate Committee on Environment and Natural Resources
Oregon State Capitol
900 Court Street NE, Room 333
Salem, Oregon 97310

April 10, 2007

RE: Senate Bill 20 (School Buffer Bill), restricts spraying of pesticides near school property and
roads servicing school property.
Dear Senator Avakian and Members of the Committee:
I am presenting testimony in support of Senate Bill 20, the School Buffer Bill, which restricts
spraying of pesticides near school property and roads servicing school property in order to protect
our most vulnerable citizens - our children.
A colleague recently sent me an article in which contained three of the most meaningful statements
pertinent to Senate Bill 20:
●
●

●

"Children are our most important national resource".
"Children's brains, development, and behavior are important to their
health, to their ability to contribute to society throughout life, and to the
well-being of future generations."
"Children cannot make choices about their environment; it is up to
adults to make the right decisions to ensure that they are protected".

The authors Lynn R. Goldman and Sudha Koduru from John Hopkins University in Baltimore
Maryland deserve our thanks for helping us focus on what is important and most precious to us.
The article Chemicals in the Environment and DevelopmentalToxicity to Children: A Public
Health and Policy Perspective was published in Environmental Health Perspectives, Vol. 108,
Supplemental 3, in June 2000.
It may be found at the website below:
http://www.pubmedcentral.nih.gov/picrender.fcgi?artid=1637825&blobtype=pdf

For many years I was involved in diverse fields of scientific research. My first research was in Air
Pollution inquiries with Dr. T. J. Chow at Scripps Institute of Oceanography and Dr. Clair
Patterson showing that the lead in the environment came from the lead additive in gasoline, which
ultimately resulted in the ban on leaded gasoline. I moved to Oregon to set up the lab atthe
University of Oregon for Dr. Gordon Goles in preparation for analysis of the lunar samples.

Following that, I worked with a team of scientists conducting research on Nitrogen Cycling in the
Canopy of Old-Growth Douglas Fir at the H. J. Andrews Experimental Forest in Blue River
Oregon. I assisted with analysis of samples in the lab and also participated in some field work.

In my many scientific pursuits I gained an appreciation for the delicate balance between
humankind and the environment. Because humankind has the capability of destroying the
environment, we also have the enormous responsibility of making sure we DO NOT destroy the
environment!
For the nearly 30 years I have engaged in organic/no spray farming, and forestry. My experience
in forestry research combined with my experience with organic farming and forestry convinces me
that man-made pesticides are not necessary for either farming or forestry.
I have farmed organically in the Willamette Valley in Coburg, Junction City, and Elmira, and in the
Coast Range in several locations.

All our farms have been maintained organically and without pesticides. The riparian forest my
husband and I own is managed without chemicals. We grow vegetables, orchard fruit, cane
berries, strawberries, blueberries, grapes, pasture, sheep for wool, and timber.
All food and fiber crops can be grown successfully without use of pesticides. Oregon has one of
the highest numbers of organic farms in the nation, and a significant number of non-chemically
managed timberlands/woodlots as well.

Although the farmers and foresters who oppose the School Buffer will claim they will go out of
business, it is simply not true. Restricting pesticide use will not force them out of the business of
agriculture (growing crops) or forestry (growing trees).
Present day agriculture has been hijacked by the chemical companies and turned into a
"chemiculture".

For the sake of our children, Senate Bill 20 requires farmers and foresters to restrict pesticide use
within a buffer zone around schools.

The "crop" we really need to concentrate on growing is not chemically
produced timber or chemically produced food. The crop we need to grow is
our children - for our children truly are our most important resource and our
only future.
It is up to adults to make the right decision.
I urge you to protect our children from exposures to pesticides by supporting
and voting for Senate Bill 20 providing a Pesticide-Free Buffer around the
Schools.
Sincerely

