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ABSTRACT

IMPACTS OF SALMON-BORNE NUTRIENTS ON RIPARIAN SOILS
AND VEGETATION IN SOUTHWEST ALASKA

Krista K. Bartz

Chair of the Supervisory Committee:
Professor Robert J. Naiman
School of Aquatic and Fishery Sciences
Spawning Pacific salmon (Oncorhynchus spp.) contribute marine-derived
nutrients to riparian communities, potentially impacting characteristics of the associated
soils and vegetation. | address these potential impacts by comparing soil and vegetative
characteristics upstream and downstream of natural migratory barriers on spawning
streams in southwest Alaska. O horizon and surface mineral soils were measured for
total nitrogen (N) and phosphorus (P) concentrations and nitrogen stable isotope ratio
(d**N), an indicator of salmon-borne N. Total N and P pools were calculated from the
concentrations within each soil layer. Foliage from three dominant plant species (Picea
glauca, Salix alaxensis and Arctagrostis latifolia) was analyzed for total N and P
concentrations and d™°N. In addition, structural and compositional characteristics were
measured in the overstory, understory and ground layer vegetation. Results indicate that
soil and vegetative characteristics differ between downstream (salmon-bearing) and
upstream (non salmon-bearing) reaches. O horizon and surface mineral soil d*°N values
are significantly higher downstream than upstream, as are foliar d*°N values for all
species tested. The surface mineral soil total P pool size is also higher downstream,
though the total N concentration of this layer is higher upstream. Of the structural and
compositional characteristics measured, overstory stem density is 99% higher
downstream, primarily due to a fivefold increase in the number of large-diameter willows
(Salix spp.). Understory stem density is 87% higher upstream, with all common genera
but Viburnum contributing to the difference. Ground layer species richness is 19% higher
upstream, while non-vascular and dwarf shrub species cover are 38% and 276% higher

upstream, respectively. Though many characteristics differ upstream to downstream, few



differences correlate with spawning density. These results suggest, on the one hand, that
salmon-borne nutrients impact riparian soils and vegetation and, on the other, that factors
unrelated to salmon are responsible for the ultimate expression of community

characteristics.

Key words: Alaska; fertilization; nitrogen; phosphorus; riparian community

characteristics; salmon-borne nutrients; soils; stable isotope analysis
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SITES
Ten streams served as study sites within three drainages in southwest Alaska: the
Wood, Kvichak and Naknek river systems (Figure 1). Together these drainages cover
33,100 km? and span several of the major land resource areas recognized in Alaska
(Rieger et al. 1979). Since land resource areas are distinguished by climate, terrain, soils
and vegetation, the study sites encompass a high degree of variability. The climate
includes both maritime and continental weather patterns (Table 1). Mean annual

temperature increases with distance from the coast, while wind, humidity and
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Figure 1. The Wood (A), Kvichak (B) and Naknek (C) rivers with the ten study sites numbered by
increasing spawning density, as in Table 3.



precipitation decrease. The terrain consists of rolling hills and peaks <2000 m in
altitude, interspersed with river valleys and muskeg lowlands. The land was shaped by
volcanism and glaciation during the Pliocene and Pleistocene epochs (U.S. Fish and
Wildlife Service 1986, Manley et al. 2001) and by eruptions of Mts. Katmai, Novarupta,
St. Augustine and Redoubt during the last century.

Table 1. Area, climate and escapement within the three drainages studied.

Drainage  Basin  Mean summer Mean winter Mean annual Mean annual Mean annual

area temperature  temperature rainfall snowfall escapement
(km?) (©) (©) (cm) (cm) (sockeye)
Wood 3100 11.8 * 9.1° 66.3 ° 220.5 * 1,087,000
Kvichak 20700 120 ° -8.6 ° 65.0 ° 150.4 ° 5,910,000
Naknek 9300 11.8 ° 93 ° 49.2 © 116.8 © 1,242,000

* Data compiled from Dillingham airport records for 1951 —2000.

® Data compiled from Iliamna airport records for 1939 — 2000.

¢ Data compiled from King Salmon airport records for 1955 — 2000.

¢ Data compiled from Alaska Department of Fish and Game records for 1956 — 1995.

The soils vary widely between study sites. Surveys by Rieger et al. (1979)
summarize this variability with eight soil associations based on four taxonomic classes:
Typic Haplocryods, Typic Vitricryands, Lithic Vitricryands and Typic Fibristels (Table
2). The first three classes are well-drained, strongly acidic soils that develop in similar
parent materials. Typic Haplocryods form in silty loess and volcanic ash over gravelly
glacial till. Typic Vitricryands form in thick volcanic ash over moraines or glacially
scoured bedrock. Lithic Vitricryands form in thin (< 50 cm) volcanic ash, also over
moraines or bedrock. In contrast, Typic Fibristels are poorly drained organic soils that
develop in partly decomposed sedge or moss peat. Appendix A contains more detailed
soil profile descriptions.

As with soils, the vegetation varies between sites, but generally fits the forest and
scrub classes defined by Viereck et al. (1992). Of the forest classes present, most are
mixed white spruce (Picea glauca) — paper birch (Betula papyrifera) communities or

broadleaf balsam poplar (Populus balsamifera) communities. The scrub classes range



Table 2. Eight soil associations designated by Rieger et al. (1979) upstream (US) and downstream
(DS) of the barrier at each site.

Site Reach Soil association

Kijik DS 1. Typic Humicryods, very gravelly, hilly to steep * —
Typic Fibristels, nearly level °

US 2. Rough mountainous land
Elva DS 3. Typic Humicryods, very gravelly, hilly to steep — Rough moutainous land
US 3. Typic Humicryods, very gravelly, hilly to steep — Rough moutainous land
Kakhonak DS 4. Lithic Vitricryands, loamy, hilly to steep °
US 4. Lithic Vitricryands, loamy, hilly to steep
Fenno DS 5. Typic Humicryods, very gravelly, hilly to steep
US 5. Typic Humicryods, very gravelly, hilly to steep
Grant DS 5. Typic Humicryods, very gravelly, hilly to steep
US 6. Typic Humicryods, loamy, nearly level to rolling —
Typic Fibristels, nearly level
Margot DS 7. Typic Vitricryands, very gravelly, hilly to steep ¢

US 7. Typic Vitricryands, very gravelly, hilly to steep

Tazimina DS 8. Typic Vitricryands, very gravelly, nearly level to rolling —
Typic Fibristels, nearly level

US 8. Typic Vitricryands, very gravelly, nearly level to rolling —
Typic Fibristels, nearly level

Chinkelyes DS 1. Typic Humicryods, very gravelly, hilly to steep —
Typic Fibristels, nearly level

US 2. Rough mountainous land
Southeast DS 4. Lithic Vitricryands, loamy, hilly to steep
US 4. Lithic Vitricryands, loamy, hilly to steep
Copper DS 4. Lithic Vitricryands, loamy, hilly to steep
US 4. Lithic Vitricryands, loamy, hilly to steep

* Nomenclature revised since 1979 from Humic Cryorthods to Typic Humicryods.
® Nomenclature revised since 1979 from Peregelic Cryofibrists to Typic Fibristels.
“ Nomenclature revised since 1979 from Dystric Lithic Cryandepts to Lithic Vitricryands.
4 Nomenclature revised since 1979 from Typic Cryandepts to Typic Vitricryands.

from tall alder (Alnus spp.) to low willow (Salix spp.) to dwarf shrub (e.g., Vaccinium
spp.) communities. The ground layer features polar grass (Arctagrostis latifolia),

horsetail (Equisetum arvense) and oak fern (Gymnocarpium dryopteris), above a variety



of feathermoss species (Hylocomium spp. and Pleuorzium spp.). Appendix B contains an
inventory of the species encountered.

Bristol Bay supports the largest sockeye salmon (O. nerka) fishery in the world.
The average annual catch is ~19,000,000 adults, which exceeds the average annual
escapement by ~8,000,000 (Alaska Department of Fish and Game 2002). Escapement
refers to the number of fish that successfully “escape” the fishery to spawn. Average

escapement at the study sites varies between 322 and 100,473 sockeye per year (Table 3).

Table 3. Overview of the study sites, ordered by increasing spawning density. Density was defined
as the average escapement per m” of stream area downstream of the barrier. Nutrient load was
estimated by dividing the product of escapement, mean wet weight (2.70 kg/sockeye), and nutrients
as a percentage of wet weight (0.36% for P, 3.03% for N, Larkin and Slaney 1997) by the mouth-to-
barrier distance.

Site Coordinates Watershed Mean annual Mouth-to-  Spawning Mean annual
at area sockeye barrier density ~ nutrient load
mouth (km?) escapement distance (km) (sockeye/m’)  (kg/km)

1. Kijik 60 17'48" N 788.3 5263 13.0 0.004 N:33.1
154 13'06" W P:3.9

2. Elva 5935'36" N 313 322 2.0 0.010 N: 13.1
159 03'42" W P: 1.6

3. Kakhonak 5926'54"N  394.7 7864 8.1 0.017 N:79.5
154 29'00" W P:9.4

4. Fenno 5926'30" N 38.3 3258 — 0.029 * N:279°
158 47'06" W P:33%

5. Grant 5946'48" N 119.7 6742 11.6 0.030 N:47.8
158 33'00" W P:5.7

6. Margot 582921"N  291.6 8375 7.2 0.052 N:95.4
1553423" W P:11.3

7. Tazimina 59 5724" N 865 54960 16.8 0.060 N: 268.1
154 50"12" W P:31.7

8. Chinkelyes 59 44'48" N 76.1 9055 4.1 0.076 N: 1823
154 52'18" W P:21.6

9. Southeast 59 19'54" N 49.1 12416 9.5 0.097 N: 106.9
154 36'36" W P: 12.7

10. Copper 59 3130"N  330.9 100473 24.5 0.147 N: 336.6
154 31'00" W P:39.9

* Calculations based on the entire stream length (9.6 km) in the absence of an absolute barrier.



Given that each adult contains ~82 g nitrogen (N) and ~10 g phosphorus (P) (Larkin and
Slaney 1997), escapements within this range represent additions of 13 — 337 kg N and 2 —
40 kg P per km of stream length annually.

Three criteria guided site selection: 1) each stream was to support sockeye
salmon; 2) each was to contain a natural barrier blocking the upstream migration of
spawning adults; and 3) each was to have comparable lithology and geomorphology
upstream and downstream of the barrier. Ideally, sites with these criteria would enable
comparisons of riparian soils and vegetation on either side of the barrier, isolating
salmon-borne nutrients as factors of interest while other variables remained relatively
constant. Geologic maps, topographic maps, aerial photos and recommendations from
local biologists assisted in identifying suitable sites. At one site (Fenno Creek), the
barrier believed to prevent migration was found to be only a partial block. Since the
number of sockeye observed upstream (n = 29) was <10% of the number downstream in

July, 2000, this site was retained in all analyses.



METHODS
Field investigations occurred during summer, 2000. Six line transects were
placed upstream of the barrier and six were placed downstream at each site (Figure 2).
Placement was random except for the avoidance of steeply incised reaches and
downstream reaches rarely used for spawning. Transects extended from the edge of the
active channel 25 m laterally into the riparian zone. This length corresponded with the

region of highest foliar '’N enrichment identified by Helfield and Naiman (in review).

Physical environment

Physical variables were examined at each transect to evaluate whether sites had
comparable geomorphology upstream and downstream of the barrier. The variables
included channel width, sediment size, gradient and bank height. Channel width was
measured unless flow necessitated visual estimation. Each width was then divided into
fifths, and substrate size in the sections was estimated visually in terms of percent sand,
gravel, cobble, boulder and bedrock. Channel gradient was measured by Abney level.
Bank height was recorded between the channel bed and the proximal end of the transect.
Variables were assessed for differences across the barrier through non-parametric Mann-
Whitney U tests. These analyses and others below were performed on SPSS 10.0.5
software (SPSS Inc., 1989-1999) with a significance level of p < 0.05, unless otherwise

specified.

Nutrient characteristics of soils

Soils were sampled at three upstream and three downstream transects per site. At
each of these transects, two O horizon grab samples were collected for bulk density
analysis (Figure 2). The samples were located at either end of the transect, from the litter
surface to the mineral soil interface. Sample volume was determined through water
displacement. Two additional O horizon grab samples were collected at the same
locations, measured for depth, then composited for nutrient analysis. Two mineral soil

samples were collected from the upper ~20 cm with a 2.5 cm diameter corer at the
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RESULTS

Physical environment

Though the geomorphology varied widely between sites, within sites it was
generally comparable upstream and downstream of the barrier. Seven sites (Elva,
Kakhonak, Fenno, Margot, Tazimina, Chinkelyes and Southeast) were equivalent across
the barrier in all physical variables tested (Table 5). Two of the remaining sites (Grant
and Copper) were equivalent in all variables except sediment composition, with higher
percentages of cobble and boulder upstream than downstream, and higher percentages of
gravel downstream than upstream. Kijik River was the least equivalent on either side of
the barrier. It differed significantly in channel width and sediment, and contained the

widest contrast in altitude.

Nutrient characteristics of soils

Upstream and downstream means differed for several nutrient characteristics. O
horizon 8'°N was higher downstream than upstream by 1.56%o (p = 0.01, Table 6).
Likewise, surface mineral soil 8'°N was higher downstream by 0.95%o (p = 0.04). Also
in surface mineral soil, the P pool size was higher downstream by 200 kg/ha (p = 0.05),
while [N] was higher upstream by 0.15% (p = 0.04). Means of the other characteristics

did not differ significantly across the barrier.

Nutrient characteristics of foliage

Mean foliar 8'°N differed upstream to downstream in all species tested. White
spruce &'°N was higher downstream than upstream by 3.44%o (p = 0.01, Table 7).
Similarly, 8N in feltleaf willow and polar grass was higher downstream by 2.59%o (p =
0.02) and 3.33%o (p < 0.01), respectively. However, differences in mean foliar [N] and
[P] proved insignificant in each of these species. In diamondleaf willow, highbush
cranberry and cow parsnip, the 3N X downstream €Xceeded the 8N X upstream, though the

differences were not tested statistically.
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Table 6. Upstream-downstream comparisons of nutrient characteristics in soils. Data represent

16

grand means (X ) £ 1 SD. P values in bold indicate significant differences across the barrier based
on paired t-tests in which n = 10 sites.

Characteristic Downstream Upstream P (to) > tobs)
O horizon Total N (%) 1.54 £ 0.23 1.60 £ 0.32 0.64
Total N (kg/ha) 660 = 195 737 + 273 0.41
Total P (%) 0.11 + 0.01 0.10 £ 0.02 0.09
Total P (kg/ha) 48 + 13 46 + 15 0.63
5"N (%o) 0.35 + 1.35 ~1.21 + 0.96 0.01
Surface mineral soil Total N (%) 0.34 £ 0.19 0.49 = 0.29 0.04
Total N (kg/ha) 2995 + 1442 3397 £ 1525 0.25
Total P (%) 0.10 £ 0.03 0.09 + 0.05 0.62
Total P (kg/ha) 956 + 388 756 + 283 0.05
5N (%o) 3.98 + 1.45 3.03 + 0.82 0.04

Table 7. Upstream-downstream comparisons of nutrient characteristics in foliage. Data are
formatted as in Table 6, except n varies by species (n =7, 6 and 9 sites for white spruce, feltleaf
willow and polar grass, respectively).

Characteristic Downstream Upstream P (taro) > tobs)
White spruce Total N (%) 1.29 £ 0.20 1.28 £ 0.22 0.83
Total P (%) 0.18 + 0.03 0.16 £ 0.04 0.17
5N (%o) 0.81 + 2.29 —2.63 £ 1.66 0.01
Feltleaf willow Total N (%) 2.92 + 0.53 2.75 + 0.64 0.41
Total P (%) 0.24 + 0.08 0.23 + 0.08 0.31
8"N (%o) 0.58 + 1.82 -2.01 + 1.14 0.02
Polar grass Total N (%) 2.71 £ 0.56 2.72 £ 0.57 0.95
Total P (%) 0.19 £ 0.05 0.17 £ 0.06 0.13
5"N (%o) 2.03 £ 2.16 ~1.30 + 1.02 <0.01
Diamondleaf willow Total N (%) 2.94 £ 0.63 271 £ 0.57 ‘
Total P (%) 0.21 + 0.06 0.17 £ 0.07 ‘
5"N (%) —0.14 + 0.61 —1.80 + 0.41 :
Highbush cranberry Total N (%) 295 + 0.85 2.92 + 045 ‘
Total P (%) 0.32 £ 0.07 0.26 = 0.07 ¢
5"N (%o) 0.95 + 3.50 ~2.50 + 0.19 ‘
Cow parsnip Total N (%) 3.53 £ 0.46 3.56 £ 0.42 ‘
Total P (%) 0.27 £ 0.01 0.28 £ 0.03 ¢
5N (%o) 1.56 + 1.30 —0.44 + 039 :

®n < 3 and, therefore, too low to warrant statistical analyses.
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Structural and compositional characteristics of vegetation

Upstream and downstream means differed for two of the four structural
characteristics. Overstory stem density was higher downstream than upstream by 259
stems/ha, a 99% increase (p = 0.01, Table 8). In contrast, understory stem density was
higher upstream than downstream by 8,758 stems/ha, an 87% increase (p < 0.01).
Overstory basal area was higher downstream than upstream at nine of ten sites, but when
analyzed across sites, a statistical difference was not demonstrated. Likewise, understory
basal area was higher upstream at seven sites, but across-site analyses did not reveal a

significant difference.

Table 8. Upstream-downstream comparisons of structural and compositional characteristics in
overstory, understory and ground layer vegetation. Data are formatted as in Table 6, with n = 10
sites.

Characteristic Downstream Upstream P (to) > tons)
Overstory  Stem density (stems/ha) 519 + 194 260 £ 115 0.01
Basal area (m’/ha) 147 £ 5.9 9.6 £ 5.5 0.09
Understory  Stem density (stems/ha) 10025 + 5308 18783 + 5761 <0.01
Basal area (m’/ha) 112 + 34 156 + 7.1 0.11
Ground layer Richness (species/transect) * 134 + 42 16.0 = 3.8 0.05
Evenness * 0.78 = 0.07 0.81 = 0.05 0.21
Non-vascular cover (%/transect) 52 + 4.8 72 + 5.7 0.05
Graminoid cover (%/transect) 277 £ 79 24.0 £ 12.6 0.41
Dwarf shrub cover (%/transect) 2.9 + 10.5 109 £ 17.6 0.01

* Data include only vascular non-graminoid species.

Upstream and downstream means differed for three of the five ground layer
compositional characteristics examined. Species richness was higher upstream than
downstream by 2.6 species/transect, a 19% increase (p = 0.05, Table 8). Non-vascular
cover and dwarf shrub cover were higher upstream, as well, by 2% (p = 0.05) and 8% (p
=0.01), respectively. Graminoid cover was higher downstream at seven of ten sites, but

when analyzed across sites, the difference was not significant.
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Partitioning the stem density means by genus offered insights into changes in
composition across the barrier. In the overstory, densities of the five main genera were
higher downstream than upstream (Figure 3A). Though this difference was marginal for
Picea and Populus, for Betula, Alnus and Salix it was substantial. Specifically, Betula
and A/nus densities downstream (78 and 22 stems/ha) were almost twice those upstream
(45 and 12 stems/ha). Salix density downstream (255 stems/ha) was about five times the
upstream value (51 stems/ha), with ~85% of the density on both sides of the barrier due
to feltleaf willow (217 stems/ha downstream and 44 stems/ha upstream). In the
understory, means were partitioned across seven categories, of which six were common
genera and one was a catchall for nine genera with limited distributions. The densities of
all categories but Viburnum were higher upstream than downstream (Figure 3B). For
Picea, Betula, Populus and Salix, the upstream densities (608, 825, 933 and 11,142
stems/ha) were about twice those downstream (325, 492, 408 and 5,633 stems/ha). For
Alnus, the difference in density approached threefold (3,108 vs. 1,125 stems/ha).
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Figure 3. Overstory (A) and understory (B) stem density means partitioned by genus upstream (US)
and downstream (DS) of the barrier.
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Adding the overstory and understory basal area means revealed qualitative trends
independent of stem diameter. Picea, Betula and Populus basal areas were comparable
upstream (5.0, 2.2 and 4.1 m*/ha) and downstream (5.0, 2.3 and 3.7 m?/ha) of the barrier
(Figure 4). On average, Salix basal area was higher downstream (12.1 m?/ha) than
upstream (9.4 m*/ha), while Alnus basal area was higher upstream (4.1 m*/ha) than
downstream (2.6 m*/ha). Interestingly, these differences canceled each other out, making
the total basal area for the five main genera virtually equal upstream (24.9 m*/ha) and

downstream (25.7 m*/ha) of the barrier.

basal area (m 2y ha)

Picea M Betula B Populus O Salix[® Alnus

Figure 4. Combined overstory and understory basal area means partitioned by genus upstream (US)
and downstream (DS) of the barrier. Genera represented in the understory only are omitted.

DCA output revealed modest differentiation across the barrier in overall
vegetative composition. Upstream and downstream transects were divided roughly along
Axis 1, with downstream transects more concentrated at the lower end (Figure 5).
Despite this trend, 88 of 120 transects overlapped in ordination space between the two

boundaries enclosing 90% of upstream and downstream transects. The post hoc
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coefficients of determination (+%) for Axes 1 and 2 were 0.41 and 0.19, respectively,

indicating that these axes together explained 60% of the variance in the matrix.
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Figure 5. DCA ordination of the overstory, understory and ground layer percent cover data. Axes
show the raw scores resulting from the ordination. Open symbols () represent upstream transects
and closed symbols (o) downstream transects. Boundaries are drawn around 90% of the upstream
(---) and downstream (—) transects.

Correlations with spawning density

Differences ( X downstream — X upstream) 10 Characteristics were generally unrelated to
spawning density. O horizon 8N differences increased with spawning density (» = 0.64,
p = 0.05), but differences in other soil nutrient characteristics did not correlate
significantly (Figures 6 and 7). Likewise, white spruce 8N differences increased with
spawning density (» = 0.82, p = 0.03), but no other foliar nutrient characteristic correlated
significantly (Figure 8). Differences in structural (Figure 9) and compositional (Figures
10 and 11) characteristics exhibited no significant correlations with spawning density.

Despite this overall lack of statistical significance, plots of several characteristics
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revealed substantial trends. For example, surface mineral soil, willow and polar grass

5" N plots each contained visible upward trends (Figures 6 and 8). Similarly, overstory

stem density and basal area plots contained upward trends once an outlier signifying the

Copper River data was omitted (Figure 9).
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Figure 6. Correlations between spawning density and nutrient characteristics in O horizon (A — C)
and surface mineral (D — F) soils. For each point, the X-value is the mean spawning density at a site
and the Y-value is the difference in a characteristic (X gownstream — X upstream) At that site. r is the
Pearson correlation coefficient. Asterisks indicate significant correlations and bars indicate standard

errors of the difference.
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Figure 8. Correlations between spawning density and nutrient characteristics in white spruce
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willow and diamondleaf willow data, since no significant differences in foliar N, P or 5"5N were

detected between the two species. Otherwise, plots are formatted as in Figure 6.
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DISCUSSION

Many characteristics examined in this study differ between reaches with and
without spawning salmon, yet few of the differences correlate directly with spawning
density. Together these results support two plausible explanations. On the one hand,
they suggest that salmon-borne nutrients impact riparian soils and vegetation; on the
other, they suggest that factors unrelated to salmon are responsible for the ultimate
expression of community characteristics. Both possibilities are discussed below in the
context of previous studies of salmon-borne nutrients and man-made fertilizers, as well as

studies unrelated to either salmon or fertilization.

Do nutrient characteristics of soils differ between reaches?

Nutrient characteristics of riparian soils differ significantly between upstream and
downstream reaches. In the O horizon, mean 3N is higher downstream. In the surface
mineral soil, mean 8N and P pool size are higher downstream, but mean [N] is higher
upstream. Previous studies of salmon-borne nutrients have largely bypassed soils (but
see Reimchen et al. in press, Pinay et al. in review), focusing instead on plants and
animals as the main riparian sinks for salmon inputs. Yet, soils should show evidence of
salmon inputs, because they integrate the long-term responses of forest communities to
change (Rastetter et al. 1991) and mediate the flow of nutrients between salmon and
vegetation.

Many fertilization studies suggest that soil is the primary sink for added nutrients,
out-competing vegetation through immobilization, adsorption or precipitation of
otherwise available inputs (Marion et al. 1982, Kummerow et al. 1987, Magill et al. 1996,
Chang et al. 1996, Nadelhoffer et al. 1999). This is documented for NH4-, NOs- and
POs-based additions. For example, at a Norway spruce (Picea abies) plantation fertilized
with NH,4 and NOs, soils retained 87% of the added NH4 and 79% of the added NOj after
two growing seasons (Buchmann et al. 1996). Similarly, at a red alder (4/nus rubra)

plantation fertilized with POy, soils retained 93% of the PO, inputs after two growing
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seasons (Compton and Cole 2001). The retention of nutrient inputs often increases soil
total [N] and [P] (Prescott et al. 1995a, 1999; Compton and Cole 2001).

Given the increased concentrations found in other studies, the lack of higher [N]
and [P] downstream in this study is unexpected. These results may indicate that salmon
do not influence nutrient availability in soils. Alternatively, they may indicate that
salmon inputs are diminished by vegetative uptake, or that background concentrations are
large enough to mask inputs from salmon. This latter scenario is supported by the high
surface mineral soil [N] values upstream and downstream, which may result from
including buried organic layers within the samples.

The lower [N] in surface mineral soil downstream is unexpected. It may result
from upstream inputs, such as alder-fixed N, exceeding downstream inputs of salmon-
borne N. It may also result from higher rates of denitrification downstream, or
nitrification followed by leaching. Indeed, higher potential denitrification rates have
been demonstrated in soils near spawning streams than non-spawning streams (Pinay et
al. in review). The disparity in rates may arise from differences in riparian soil texture.
The limited observations of Pinay et al. (in review) suggest that spawning streams may be
bordered by more finely textured soils than non-spawning streams. If comparable
differences in soil texture exist upstream and downstream, and if potential and actual
denitrification rates are equivalent, then denitrification could explain the change in [N]
across the barrier. Denitrification also could explain the change in 8'°N.

The 8N results provide the strongest evidence that salmon-borne nutrients reach
riparian soils. However, salmon may not be the sole source for '’N enrichment since
microbial processes can also concentrate N by discriminating against compounds
containing the heavier isotope (Nadelhoffer and Fry 1994). For instance, nitrification and
denitrification may cause N-fractionations of -12%o to -40%o (Kendall 1998). Either
process could account for the '’N-enriched surface mineral soil downstream, provided
that the reaction rate is higher below the barrier and the isotopically light product leaves
the upper 20 cm. Likewise, mineralization may cause fractionations of +£1%o (Kendall

1998). This process, on its own, could not account for the mean 1.56%o enrichment in the
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O horizon downstream. However, enriched NHy4 from nitrification and NO3 from

denitrification could increase litter 8 °N values if these pools are used by vegetation.

Do nutrient characteristics of foliage differ between reaches?

Only one nutrient parameter of riparian foliage differs between reaches. Mean
foliar '°N is higher downstream for all species tested. This result confirms previous
reports of foliar 8'°N enrichment near spawning reaches (reviewed by Naiman et al.
2002b), yet it contrasts with reports of foliar [N] and [P] enhancement in the same
locations (Helfield and Naiman 2001, Helfield and Naiman in review, Bilby et al. in
review).

Fertilization studies suggest that, while the majority of added nutrients remains in
soils, the vegetation also acquires an appreciable percentage. In general, the overstory
retains 10 — 20% of inputs (Fisher and Binkley 2000). Higher percentages may be
retained by the understory and ground layer (Buchmann et al. 1996, Chang et al. 1996),
and all three layers have been shown to exhibit increased foliar nutrient concentrations
following fertilization (van den Driessche 1974, Rainey et al. 1999).

Given that salmon-borne nutrients and fertilizers increase concentrations in other
studies, the results of this study raise an interesting question. Why are foliar [N] and [P]
not significantly higher downstream? Several scenarios could account for this without
discounting an explanation based on salmon. First, salmon-borne nutrients may enhance
foliar growth, diluting any increases in concentration with added biomass. Second, the
allocation of stored nutrients may lessen differences in concentrations across the barrier
(Chapin 1980). Finally, factors other than nutrient availability may determine foliar
concentrations (Wang and Klinka 1997). If such factors are constant across the barrier,
then foliar concentrations may be steady regardless of salmon inputs.

The enrichment in foliar 8'°N downstream suggests that vegetation utilizes
salmon-borne nutrients. However, foliar enrichment may depend on causes other than

salmon. Soil age, rooting depth, mycorrhizal association and topographic position may
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affect foliar 8N values (Vitousek et al. 1989, Garten 1993, Schulze et al. 1994), and

none of these variables was measured directly.

Do characteristics of the overstory differ between reaches?

Overstory structural and compositional characteristics differ between upstream
and downstream reaches. Mean stem density is 99% higher downstream, with the
difference driven primarily by a fivefold change in Sal/ix. Previous studies of salmon-
borne nutrients have not viewed overstory density as a characteristic potentially altered
by salmon inputs. Instead, spawning and reference sites have been chosen to minimize
density contrasts, so the differences reported are seldom significant.

Most fertilization studies deliberately minimize density differences as well.
Therefore, they provide little additional insight regarding the impacts of inputs on
density, though some corroborate the disproportionate response of Salix. For example,
white spruce growth in a Yukon boreal forest increased 10% following NPK additions,
whereas gray willow (Salix glauca) growth increased 200 — 300% (Nams et al. 1993). A
later study of the same area reported a comparable gap in species’ responses to
fertilization, with white spruce growth increasing 15 — 50% and gray willow growth
increasing 146% (Turkington et al. 1998).

Given these results, salmon-borne nutrients could explain the density difference
reported here. If the nutrients enhance basal area growth, stems near spawning reaches
would have larger diameters than same-age stems elsewhere (Helfield and Naiman 2001).
Larger diameters could then yield a higher tally of overstory stems, since diameter size
(> 10 cm) defines the overstory in this study.

The role of Salix in driving the density difference suggests that salmon impact
riparian communities in southeast and southwest Alaska differently. In southeast Alaska,
salmon-borne nutrients are believed to accelerate the production of large woody debris
(LWD), forming a central link in the feedback between salmon and vegetation (Helfield
and Naiman 2001). In southwest Alaska, the feedback is unlikely to be perpetuated this

way, because Salix yields relatively decomposable and displaceable LWD (Naiman et al.



30

2002a). Instead, the feedback is more likely to occur through allochthonous inputs of
decomposable Salix stems and litter.

The role of Salix in driving the density difference has further implications. Salix
is a preferred source of food for many mammals (Viereck and Little 1986). Feltleaf
willow, in particular, is a favored fare of moose (Alces alces), which browse stems up to
4 cm in diameter (Wolff and Zasada 1979, Viereck and Little 1986). If browsing causes
plant mortality, then it may speed succession by favoring the replacement of Salix with
less palatable, more slowly growing evergreen species (Bryant and Chapin 1986).
However, if Salix can restore browsed tissue through rapid compensatory growth, then
browsing will not favor its replacement. The capacity for compensatory growth depends
on high nutrient and light availability (Bryant and Chapin 1986). Thus, salmon-borne
nutrients could enable the endurance of overstory Salix downstream, slowing the

successional changes usually accelerated by browsing.

Do characteristics of the understory differ between reaches?

As with the overstory, understory characteristics differ between upstream and
downstream reaches. Mean stem density is 87% higher upstream, with all common
genera but Viburnum contributing to the difference. Two other salmon-borne nutrient
studies have addressed understory structure and composition. Bilby et al. (in review)
found significantly higher understory cover near one spawning creek (p < 0.05). Helfield
and Naiman (in review) found substantially fewer A/nus stems near five spawning creeks
(p=0.07).

Fertilization studies provide a broader context for comparison, but no consensus
concerning the impacts of inputs on understory characteristics. Some studies report
positive effects across species. For example, riparian shrub production in northwest
Alaska increased by 30% on treated plots (15 g N - m - yr ') relative to controls
(Binkley et al. 1995). Other studies report positive effects on particular species, such as
resin birch (Betula glandulosa) and dwarf birch (Betula nana) (Chapin and Shaver 1985,

Turkington et al. 1998). Yet, many studies report negative effects on ericaceous species
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(Persson 1981, Aerts et al. 1990, Prescott et al. 1995b), or negative effects across all
species. For instance, understory stem density in a red pine (Pinus resinosa) plantation
declined by 88% on high-input (15 g N - m - yr ") plots, relative to controls (Rainey et
al. 1999). Likewise, understory cover in a Douglas-fir (Pseudotsuga menziesii)
plantation declined from 67% on control plots to 14% on high-input (25 g N - m - yr ")
plots (Prescott et al. 1993).

Several mechanisms are proposed to explain a negative understory response to
fertilization. First, fertilization may lessen the competitive advantage of species adapted
to low-nutrient systems (Chapin et al. 1986). Second, fertilization may hamper nutrient
uptake by reducing the diversity and abundance of ectomycorrhizal fungi (Lilleskov et al.
2001). Third, fertilization may inhibit growth indirectly if its effect on the overstory
decreases light availability below (Newman 1973). Finally, fertilization may decrease
concentrations of carbon-based secondary metabolites, causing increased palatability and
herbivory in turn (Bryant and Chapin 1986).

In this study, the first mechanism could account for the threefold lower stem
density of Alnus downstream. The second could account for lower densities of other
understory genera, since Picea, Betula, Populus and Salix are in families commonly
associated with ectomycorrhizae (Meyer 1973). Either mechanism could explain the
distinct response of Viburnum, which typifies N-rich sites (Klinka et al. 1989) and occurs
in a family seldom reported as having ectomycorrhizal associations (Brundrett 2000), yet
neither mechanism could explain the higher densities of large-stemmed Salix, Alnus and
Betula downstream. The third and fourth mechanisms are more apt in that regard. The
third mechanism could account for the opposite overstory and understory responses as an
understory loss due to an overstory gain. The fourth mechanism could account for the
opposite responses similarly, since the compensatory growth needed to survive browsing

depends on light availability.
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Do characteristics of the ground layer differ between reaches?

Ground layer characteristics, like those of the upper layers, differ between
upstream and downstream reaches. Vascular non-graminoid species richness is 19%
higher upstream, while non-vascular and dwarf shrub species cover are 38% and 276%
higher upstream, respectively. Though not directly comparable, these results diverge
from the findings of Bilby et al. (in review), who reported higher total species richness in
the ground layer near two spawning creeks. No other salmon-borne nutrient studies have
addressed the impacts on ground layer composition.

However, many fertilization studies report decreased ground layer species
richness in response to nutrient additions (reviewed in DiTommaso and Aarssen 1989).
These findings, which span a range of systems from single-layer fields (Tilman 1993,
Stevens and Carson 1999) to multi-layer forests (Thomas et al. 1999), may be explained
by two theories. According to the first, competition reduces diversity in fertile sites, as
species suited to nutrient-rich habitats displace others that are less well-adapted (Grime
1979). According to the second, thinning reduces diversity in fertile sites, as rare species
are lost at random through density-dependent mortality (Okasanen 1996).

Fertilization studies also report shifts in composition similar to those presented
here. Graminoid cover typically increases with fertilization, while non-vascular and
dwarf shrub cover decreases (Tamm 1991, Kellner 1993, Mikipaa 1995, Lilleskov et al.
2001). These decreases may result directly from fertilizer toxicity, or indirectly from

displacement by other species (Turkington et al. 1998).

Do any differences correlate with spawning density?

Upstream-downstream differences in most characteristics do not correlate with
spawning density. Specifically, O horizon and white spruce 8N differences increase
with spawning density, but no other relationships prove to be significant. While these
results confirm positive relationships reported between 8N and spawning density
(Reimchen et al. in press), they also suggest that factors unrelated to salmon are

responsible for many differences, or that these differences and spawning density relate
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non-linearly. Correlation analysis measures the linear association between variables. If
two variables relate non-linearly, Pearson’s correlation coefficient (») will underestimate
their association. Several scenarios could cause the differences and spawning density to
relate non-linearly. First, a threshold effect may limit the magnitude of the difference in
a given characteristic. Second, spawning density in the channel may not correspond with
the quantity of nutrients reaching land. Third, soils and vegetation may reflect spawning
densities prior to the period on record. Any of these scenarios could make » an

inappropriate measure.

Caveats

One explanation of the results has directed the discussion thus far, namely that
salmon-borne nutrients drive the observed differences in soils and vegetation. While this
salmon-based explanation readily accounts for some differences, it leaves other results
unjustified. Therefore, two explanations unrelated to salmon warrant mentioning.

First, might the results reflect spatial patterns independent of salmon-borne
nutrients? Many studies describe systematic upstream-downstream patterns in river
communities (Vannote et al. 1980, Stanford and Ward 1983, Statzner and Higler 1986,
Naiman et al. 1987). Few studies examine comparable patterns in riparian communities,
yet their findings indicate that trends do exist (Table 9). These patterns are attributed to
topographic and hydrologic factors that also change longitudinally, and all are noted over
distances of 150 km or more. In contrast, the average distance between the uppermost
and lowermost transects in this study is 13 km (range: 4 — 24 km). This smaller scale
may eliminate patterns relevant at longer distances.

Second, might the results reflect temporal patterns independent of salmon-borne
nutrients? Many of the characteristics measured change predictably over time, both in
the short-term seasonally, and in the long-term throughout succession (Table 10).
Seasonal patterns were addressed with paired t-tests to account for differences caused by
sampling date. Successional patterns, however, were not addressed. No measurements

of forest age were made to ensure similar successional stages upstream and downstream
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Table 9. Soil and vegetative characteristics found to exhibit spatial patterns along river channels.
Some characteristics increase in magnitude toward the upstream reaches (1 US). Others increase
toward the downstream reaches (1 DS), or peak in the midreaches (1 MR).

Characteristic Pattern = Reference
Soil Moisture 1T US Gould and Walker 1999
pH 1 DS Gould and Walker 1999
Organic matter 1 US Gould and Walker 1999
Vegetation  Vascular species richness T MR Nilsson et al. 1994, Tabacchi et al.
1996, Planty-Tabacchi et al. 1996
Native vascular species richness 1 MR Nilsson et al. 1989
Total species richness 1 US Gould and Walker 1999
Deciduous shrub cover 1 DS Gould and Walker 1999
Shrub height 1 DS Gould and Walker 1999
Forb cover 1 DS Gould and Walker 1999
Bryophyte cover T US Gould and Walker 1999
Bryophyte species richness 1 US Gould and Walker 1999

Table 10. Soil and vegetative characteristics found to exhibit temporal patterns, either increasing (1),
decreasing (|), or increasing then decreasing in magnitude throughout primary succession.

Feltleaf willow cover
Highbush cranberry cover

Viereck et al. 1993
Viereck et al. 1993

Characteristic Pattern  Reference
Soil Total N pool 1 then | Crocker and Major 1955, Walker 1989
Available N pool 1 then | Van Cleve and Dymess 1983
Available P pool ! Van Cleve and Dyrness 1983
Temperature ! Van Cleve and Dyrness 1983
Moisture 1 Van Cleve and Dyrness 1983
pH l Walker 1989
Organic matter T Crocker and Major 1955, Cole and Rapp 1981
Fine texture 7 Crocker and Major 1955, Viereck 1966
Vegetation White spruce foliar [N] ! Wang and Klinka 1997
White spruce foliar [P] l Wang and Klinka 1997
Stem density ! Balian 2001
Basal area ) Balian 2001
!
T
1

Non-vascular cover

Van Cleve and Dyrness 1983




35

of the barrier. Consequently, the results may reflect a younger successional stage
downstream rather than the impacts of salmon-borne nutrients. This explanation could
account for the higher overstory and lower understory stem densities downstream as signs
of stem exclusion, an early successional stage (Oliver 1981). It also could account for the
lower non-vascular cover downstream, as well as the higher Salix density given the
prevalence of early successional feltleaf willow (S. alaxensis). Yet, this explanation
would not account for the higher Viburnum density downstream, since later successional
highbush cranberry (V. edule) is the only representative species. It also would not
account for the similarity in the combined overstory and understory basal areas on either

side of the barrier.

Conceptual model and conclusions

The conceptual model below summarizes the salmon-based explanation of the
results (Figure 12). Salmon-borne nutrients arrive in forms both available and
unavailable to plants. Soils retain some portion of these inputs, enriching O horizon and
surface mineral soil 8'°N. Vegetation obtains another portion, causing comparable
enrichment in foliar 8 °N. Vegetative uptake also impacts community structure and
composition. Overstory stem density increases, most likely through the accelerated
growth of species well adapted to higher nutrient availability. Understory stem density
decreases, most likely through overstory shading or shading-induced inability to recover
from herbivory. Ground layer non-vascular and dwarf shrub cover also decreases,
possibly in response to increases in better-adapted ground layer species. Collectively,
these differences may increase the quality of allochthonous inputs to streams, as well as
the quality of food for terrestrial herbivores.

This conceptual model is not yet complete. Uncertainties exist concerning the
processes underlying the differences. Uncertainties also exist concerning the differences
themselves, particularly those related to soil nutrients, foliar nutrients and species

diversity. Future studies may clarify these issues by measuring other characteristics. For
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Figure 12. Conceptual model summarizing the salmon-based explanation of the results. Differences
that remain uncertain are noted with question marks. Processes that underlie thedifferences are
noted with italics.

example, measuring available rather than total [N] and [P] in soils may determine
whether background concentrations mask increases due to salmon. Measuring foliar
nutrient accumulation (concentration - biomass) may determine whether enhanced growth
rates dilute increases due to salmon. Future studies may provide further clarification by
measuring variables to test explanations unrelated to salmon. For instance, measuring a
greater number of physical variables may discern whether spatial patterns affect the
results, while measuring forest age may discern whether temporal patterns are a
confounding influence.

Without additional data, the salmon-based explanation cannot be verified. Even
with additional data, upstream-downstream comparisons may not rule out alternate
explanations definitively, due to the difficulty of finding valid reference reaches.
Therefore, long-term experimental fertilization or exclosure studies may be essential to
verify that differences in soil and vegetative characteristics are indeed impacts of salmon-

borne nutrients.
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APPENDIX A

Soil profile descriptions

Soil profiles were described at one upstream and one downstream transect per
site. Each description entailed digging a pit ~30 cm in depth at the transect midpoint,
then identifying visible horizons and measuring horizon widths. For mineral horizons,
color and texture were recorded using Munsell® color charts and manual tests of particle

size (Kimmins 1987). All color descriptions were for moist soils.

Kijik River: downstream transect

Oi: 8—4cm

Oe:4—-0cm

Bw: 0 — 6 cm; olive brown (2.5Y 4/4); clay loam

BC: 6 — 7+ cm; olive brown (2.5Y 4/3); gravelly sandy clay loam

Kijik River: upstream transect

Oi: 7-3 cm

Oe:3-0cm

A: 0—5 cm; black (I0YR 2/1)

E: 5 -9 cm; dark grayish brown (10YR 4/2)

Bh: 9 — 11 cm; very dark grayish brown (10YR 3/2)

Bw: 11 — 16 cm; dark yellowish brown (10YR 3/4); clay loam
C: 16 — 17+ cm; cobble

FElva Creek: downstream transect

O1:4.5—-3 cm
Oe:3—-1cm
Oa:1-0cm

A: 0— 1.5 cm; very dark brown (7.5YR 2.5/2); silty clay

Bw: 1.5 — 5 cm; dark brown (10YR 3/3); clay loam

Oa:5-75cm

B'w: 7.5 — 19.5 cm; dark brown (10YR 3/3) with brown (7.5YR 4/3) patches; clay loam
C: 19.5 - 20+ cm; cobble
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Elva Creek: upstream transect

Oi: 5-0cm

A: 0—5 cm; very dark brown (10YR 2/2)

Oa:5-7cm

Bh: 7 —14.5 cm; dark brown (7.5YR 3/2); silty clay loam

Bg: 14.5 — 20+ cm; dark brown (10YR 3/3) mottled with dark brown (7.5YR 3/4); silty
clay loam

Kakhonak River: downstream transect

Oi: 8—4cm

Oe: 4—-0cm

A:0-5cm

C: 5—8.5 cm; volcanic ash; light gray (2.5Y 7/2); sandy clay

A': 8.5 — 12 cm; very dark brown (10YR 2/2); silty clay

C': 12 — 14.5 cm; volcanic ash; yellowish brown (10YR 5/4) with light gray (10YR 7/2)
patches; sandy clay

2A:14.5— 18.5 cm; black (7.5YR 2.5/1); silty clay

2Bh: 18.5 — 20+ cm; very dark brown (7.5YR 2.5/3); silty clay

Kakhonak River: upstream transect

Oi: 11 -6 cm

Oe: 6 -3 cm

Oa:3-0cm

C: 0 —4 cm; volcanic ash; light brownish gray (2.5Y 6/2); sandy clay loam

2A: 4 —8 cm; black (5YR 2.5/1); silty clay

2E: 8 — 9 cm; very dark grayish brown (10YR 3/2); silty clay

2Bh: 9 — 11 cm; black (7.5YR 2.5/1); silty clay

2Bhs: 11 — 14 cm; black (5YR 2.5/1); silty clay

2Bm: 14 — 15+ cm; very dark brown (7.5YR 2.5/3) with strong brown (7.5YR 4/6)
patches; silty clay

Fenno Creek: downstream transect

0i:9—-7cm

Oe: 7—0cm

Bw: 0 — 7 cm; very dark grayish brown (10YR 3/2); sandy clay loam
BC: 7 — 20+ cm; very dark brown (10YR 2/2); sandy loam




Fenno Creek: upstream transect

Oi: 7-5.5cm

Oe:5.5-3cm

Oa:3-0cm

E: 0 — 5 cm; very dark grayish brown (2.5Y 3/2); silty clay loam

Bs: 5 — 11 cm; dark brown (7.5YR 3/3); gravelly

Bg: 11 — 20+ cm; very dark grayish brown (10YR 3/2) mottled with dark brown
(7.5YR 3/3); clay loam

Grant River: downstream transect

Oi: 10-8 cm

Oe: 8 -3 cm

Oa:3-0cm

Bg: 0 — 9 cm; very dark grayish brown (10YR 3/2) mottled with dark brown
(7.5YR 3/3); silty clay

Bw: 9 — 20+ cm; very dark gray (5Y 3/1); sandy clay loam

Grant River: upstream transect

Oi: 14 -10cm

Oa: 10— 0cm

Bg: 0 —10.5 cm; very dark grayish brown (10YR 3/2); silty clay loam
C: 10.5 — 14+ cm; cobble

Margot Creek: downstream transect

0i:2-0cm

Bwl: 0 — 1.5 cm; olive brown (2.5Y 4/4); clay loam

Bw2: 1.5 — 20 cm; very dark grayish brown (10YR 3/2); fine sandy clay

C: 20 — 24+ cm; volcanic ash; light olive brown (2.5Y 5/3) with pale olive (5Y 6/3)
patches; clay loam

Margot Creek: upstream transect

Oe:3-0cm

A: 0—-3 cm; black (I0YR 2/1)

Bw: 3 — 13 cm; light olive brown (2.5Y 5/3) with dark yellowish brown (10YR 4/4)
patches; silty clay

C: 13 — 20+ cm; volcanic ash; light yellowish brown (2.5Y 6/3) with yellowish brown
(10YR 5/6) patches; clay loam
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Tazimina River: downstream transect

Oe:4-0cm

Bwl: 0 — 1.5 cm; reddish brown (2.5YR 5/4); silty clay

Bw2: 1.5 — 6 cm; very dark brown (10YR 2/2); silty clay
B'wl: 6 — 9 cm; reddish brown (2.5YR 5/4); silty clay

B'w2: 9 —10.5 cm; very dark brown (10YR 2/2); silty clay
B'wl: 10.5 — 13.5 cm; reddish brown (2.5YR 5/4); silty clay
B'w2: 13.5 — 14.5 cm; very dark brown (10YR 2/2); silty clay
Bw3: 14.5 — 19 cm; dark grayish brown (10YR 4/2); silty clay
C: 19 — 20+ cm; cobble

Tazimina River: upstream transect

Oi: 15-10cm

Oe: 10—4 cm

Oa:4-0cm

A: 0 -5 cm; black (7.5YR 2.5/1); silty clay

E: 5 — 8.5 cm; dark grayish brown (2.5Y 4/2); fine sandy clay

Bh: 8.5 —12.5 cm; black (5YR 2.5/1); fine sandy clay

Bs: 12.5 — 16.5 cm; dark reddish brown (2.5YR 2.5/3) with reddish black (2.5YR 2.5/1)
patches; fine sandy clay

Bw: 16.5 — 20+ cm; strong brown (7.5YR 4/6) with dark reddish brown (5YR 3/4)
patches; clay loam

Chinkelyes Creek: downstream transect

Oi:2-0cm

Bwl: 0 — 2 cm; grayish brown (2.5Y 5/2); sandy clay loam
Bw2: 2 — 20 cm; olive brown (2.5Y 4/4); loam

BC: 20 — 22+ cm; olive brown (2.5Y 4/3); coarse sandy loam

Chinkelyes Creek: upstream transect

Oi:4-25cm

Oe:2.5-0cm

A: 0 — 6 cm; very dark grayish brown (10YR 3/2); silty clay
Bw: 6 — 11.5 cm; dark brown (10YR 3/3); fine sandy clay

A': 11.5—13.5 cm; very dark brown (10YR 2/2); silty clay
B'w: 13.5 — 18+ cm; dark brown (7.5YR 3/3); fine sandy clay




50

Southeast Creek: downstream transect

Oi: 13-4 cm

Oe:4-2cm

Oa:2-0cm

Bw: 0 — 2 cm; dark yellowish brown (10YR 3/4); silty clay

C: 2 — 5 cm; volcanic ash; light yellowish brown (2.5Y 6/3); sandy clay loam
2Bw1: 5 — 10 cm; dark yellowish brown (10YR 4/4); silty clay

2Bw2: 10 — 20+ cm; brown (10YR 4/3); silty clay

Southeast Creek: upstream transect

Oi: 6 -3 cm

Oe:3-1cm

Oa: 1 -0cm

A: 0 —2 cm; dark brown (7.5YR 3/3); silty clay loam

C: 2 — 5 cm; volcanic ash; light reddish brown (2.5Y 6/3); sandy clay

2Bw: 5 — 20+ cm; brown (10YR 4/3) with dark brown (7.5YR 3/4) patches; silty clay
loam

Copper River: downstream transect

Oi:4-2cm

Oe:2—-0cm

A: 0 — 10 cm; dark brown (10YR 3/3); silty clay

C: 10 — 12 cm; volcanic ash; light gray (2.5Y 7/2); silty clay
2Bw: 12 — 19+ cm; dark yellowish brown (10YR 3/4); clay loam

Copper River: upstream transect

Oi: 11 -5cm

Oe:5-3cm

Oa:3-0cm

C: 0 — 2 cm; volcanic ash; light brownish gray (2.5Y 6/2); silty clay loam
2A: 2 — 6 cm; black (10YR 2/1); silty clay

2E: 6 — 9 cm; dark yellowish brown (10YR 4/4); silty clay

2Bhs: 9 — 10+ cm; dark brown (7.5YR 3/3); sandy clay loam




Plant species inventory

Scientific name
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APPENDIX B

Common name

Achillea millefolium
Aconitum delphinifolium
Actaea rubra

Adoxa moschatellina
Alnus crispa

Alnus sinuata
Andromeda polifolia
Anemone richardsonii
Angelica lucida

Arabis lyrata
Arctagrostis latifolia
Arctostaphylos alpina
Artemisia arctica
Artemisia tilesii

Aster sp.

Astragalus alpinus
Athyrium filix-femina
Barbarea orthoceras
Betula nana

Betula papyrifera
Calamagrostis canadensis
Caltha palustris
Chrysoplenium tetrandum
Circaea alpina

Cladina spp.

Cladonia spp.

Cornus canadensis
Dryopteris dilatata
Empetrum nigrum
Epilobilum glandulosum
Epilobium angustifolium
Epilobium latifolium

Yarrow

Mountain monkshood
Red baneberry
Moschatel

American green alder
Sitka alder

Dwarf bog rosemary
Yellow anemone
Wild celery
Lyre-leaved rock cress
Polar grass

Alpine bearberry
Mountain sagewort
Wormwood

Aster

Alpine milk-vetch
Lady fern

American winter cress
Dwarf arctic birch
Paper birch

Bluejoint grass

Marsh marigold
Northern water carpet
Enchanter's nightshade
Reindeer moss
Fruticose lichen
Bunchberry

Shield fern
Crowberry
Purple-leaved willowherb
Fireweed

River beauty



Equisetum arvense
Equisetum scirpoides
Eriphorum spp.
Galium boreale
Galium trifidum
Galium triflorum
Geranium erianthum
Geum macrophyllum
Gymnocarpium dryopteris
Heracleum lanatum
Heuchera glabra

Iris setosa

Ledum decumbens
Liguistichum sp.
Linnaea borealis
Loiseleuria procumbens
Lupinus arcticus
Lycopodium annotinum
Matteuccia struthiopteris
Menziesia ferruginea
Mertensia paniculata
Mimulus gluttatus
Moehringia lateriflora
Moneses uniflora
Myrica gale
Oplopanax horridus
Parnassia palustris
Pedicularis sp.
Peltigera spp.
Petasites sagittatus
Picea glauca

Picea mariana
Polemonium spp.
Populus balsamifera
Potentilla fruticosa
Potentilla palustris
Pyrola assarifolia
Pyrola secunda

Meadow horsetail
Dwarf scouring rush
Cotton-grass

Northern bedstraw
Small bedstraw
Sweet-scented bedstraw
Northern geranium
Large-leaved avens
Oak fern

Cow parsnip

Smooth alumroot

Wild iris

Labrador tea

Lovage

Twinflower

Alpine azalea

Arctic lupine

Stiff club-moss

Ostrich fern

Rusty menziesia

Tall bluebell

Yellow monkey-flower
Blunt-leaved sandwort
One-flowered wintergreen
Sweet gale

Devil's club

Northern grass-of-Parnassus

Lousewort

Pelt lichen
Arrow-leaved coltsfoot
White spruce

Black spruce

Jacob's ladder

Balsam poplar
Shrubby cinquefoil
Marsh cinquefoil
Pink-flowered wintergreen
One-sided wintergreen
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Rhinanthus minor
Ribes glandulosum
Ribes hudsonianum
Romanczoffia sitchensis
Rosa acicularis
Rubus acaulis

Rubus chamaemorus
Rubus idaeus

Rubus pedatus
Rumex occidentalis
Salix alaxensis

Salix arbusculoides
Salix barclayi

Salix commutata
Salix planifolia
Sanguisorba stipulata
Saxifraga spicata
Sedum rosea

Senecio sp.

Solidago multiradiata
Sorbus scopulina
Spiraea beauverdiana
Stellaria sp.

Streptopus amplexifolius

Swertia perennis

Thalictrum sparsiflorum

Thelypteris phegopteris
Trientalis arctica
Urtica dioica
Vaccinium uliginosum
Vaccinium vitis-idaea
Valeriana capitata
Veratrum viride
Viburnum edule

Vicia sp.

Viola palustris

Yellow rattle

Skunk currant
Northern black currant
Sitka mistmaiden
Prickly rose

Dwarf raspberry
Cloudberry

American red raspberry
Five-leaved bramble
Dock

Feltleaf willow
Littletree willow
Barclay willow
Undergreen willow
Diamondleaf willow
Sitka burnet

Spiked saxifrage
Roseroot

Groundsel

Northern goldenrod
Western mountain-ash
Beauverd spiraea
Chickweed

Twisted stalk

Star gentian

Few-flowered meadowrue

Beech fern

Arctic starflower
Stinging nettle
Alpine blueberry
Lingenberry
Capitate valerian
False hellebore
Highbush cranberry
Vetch

Marsh violet
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