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Abstract - Seedlings of western red cedar (Thuja plicata Donn ex. D. Don), western hemlock (Tsuga heterophylla (Raf.) Sarg.), and
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) were transplanted into each of 48 pots with soils of low or high levels of avail-
able NO3- (and total N) and assigned to one of four treatments: unamended control; amendment with 60 mg kg-1 (NH4)2SO4; amend-
ment with 15 mg kg-1 of the nitrification inhibitor dicyandiamide (DCD) or amendment with both (NH4)2SO4 and DCD. Dry weight
and N content increments of seedling tissues were determined after 8 weeks. Seedlings grown on the low-N soil accumulated 65 % of
the dry matter and 40 % of the N accumulated by seedlings grown on the high-N soil. Retranslocation of N from year-old foliage and
the stem/branch components of western red cedar and Douglas fir, but not western hemlock, was an important source of N for cur-
rent-year foliage and roots of low-N-grown seedlings. Western hemlock achieved the greatest relative dry-matter increment
(Loge(DMfinal) - Loge(DMinitial); RDMI) and relative N increment (Loge(Nfinal) - Loge(Ninitial); RNI) in each soil and accumulated
35 % more N from the low-N and 10 % more N from the high-N soils than the other species. The RDMI of western red cedar was
intermediate between that of western hemlock and Douglas fir, whereas its RNI on each of the soils was lowest. The results suggest
that western hemlock is more efficient than western red cedar or Douglas fir in acquiring inorganic N, especially from low-N soils.
&copy; 1999 Editions scientifiques et médicales Elsevier SAS.
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Résumé - Matière sèche et allocation de l’azote dans des semis de Thuja plicata, Tsuga heterophylla et Douglas poussant en
condition de sols pauvres et riches en azote. Des semis de Thuja plicata Don ex. D. Don, de Tsuga heterophylla (Raf.) Sarg et de
Douglas (Pseudotsuga menziesii (Mirb.) Franco) ont été replantés dans 48 pots contenant du sol avec des quantités faibles ou élevées
de nitrate NO3- (et d’azote total) selon 4 traitements : témoin sans apport, fertilisé avec 60 mg kg-1 de (NH4)2SO4, un apport de 15 mg
kg-1 de dicyandiamide (DCD) un inhibiteur de la nitrification, un traitement combiné avec 60 mg kg-1 de (NH4)2SO4 et le DCD.
Le poids sec et le contenu en azote des tissus des semis ont été déterminés après 8 semaines. Les semis du traitement à faibles
réserves en azote assimilable ont accumulé 65 % de matière sèche et 40 % de l’azote relativement au traitement à haut niveau d’azote.
Le transfert interne d’azote depuis les aiguilles d’un an et les compartiments du tronc et des branches chez le Thuja et le Douglas,
mais pas pour le Tsuga, est une importante source d’azote pour la croissance des aiguilles et racines de l’année dans le traitement le
plus pauvre en azote. Le Tsuga présente l’accroissement relatif le plus élevé en matière sèche (Loge(DMfinal) - Loge(DMinitial) =
RDMI) et en azote (Loge(Nfinal) - Loge(Nintial) = RNI) pour chacun des traitements et a accumulé 35 % d’azote en plus pour le traite-
ment faible et 10 % en plus pour le traitement élevé que les autres espèces. Le RDMI du Thuja est intermédiaire entre celui du Tsuga
et du Douglas, alors que son RNI est le plus faible quel que soit le sol. Les résultats suggèrent que le Tsuga est plus efficient que le
Thuja ou le Douglas pour l’absorption d’azote inorganique, spécialement dans les sols pauvres en azote. &copy; 1999 Éditions scientifiques
et médicales Elsevier SAS.
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1. Introduction

Western red cedar (Thuja plicata Donn ex D. Don),
western hemlock (Tsuga heterophylla (Raf.) Sarg.), and
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) are
dominant tree species in plant associations throughout
the Pacific Northwest. The species are associated with
each other across a range of soils that vary greatly with
respect to physical and chemical properties [28, 29, 33].
The organic horizons and upper 15 cm of mineral soil
beneath western red cedar are characterized by higher
pH, higher base saturation (attributable especially to Ca),
and larger bacterial populations than the soil horizons
beneath western hemlock [1, 32]. The pH and Ca con-
centrations of litter and soil tend to be highest for west-
ern red cedar, lowest for western hemlock, and interme-
diate for Douglas fir [1, 12]. High rates of nitrification
have been observed beneath western red cedar, whereas
it has been suggested that western hemlock actively
inhibits nitrification [32, 33]. An exception to these gen-
eralizations may explain the poor response of western
red cedar to increases in nutrient availability at northern
latitudes in coastal British Columbia [22]. There, west-
ern red cedar and western hemlock occur on soils over-
laid by deep organic horizons on sites characterized as
N-limiting (e.g. soils with high C/N ratio and lack of
detectable NO3--N) [23]. Messier [22] reported that
removal of competing vegetation increased N and P
availability by up to 40 % and that western hemlock and
Sitka spruce (Picea sitchensis (Bong.) Carr.), but not
western red cedar, responded with increased growth rela-
tive to control seedlings. Messier [22] used mixed ion
exchange resins to monitor N availability and noted that
extractable NH4 increased by 22-40 % after removal of
competing vegetation, but that extractable NO3 was neg-
ligible for both treatments. 

On the basis of studies of seedlings grown in sandy
soils, Krajina et al. [21] and Gijsman [13] have suggest-
ed that western red cedar and Douglas fir prefer NO3--N
rather than NH4+-N. In contrast, greater dry matter pro-
duction with NH4+-N [21, 34] has been reported for
western hemlock [21, 34] and Douglas fir [3]. These
observations seem consistent with two different mecha-
nisms of N nutrition, i.e. preference for NO3--N by west-
ern red cedar and preference for NH4+-N by western
hemlock. Soil chemistry beneath Douglas fir can gener-
ally be characterized as intermediate to the conditions
beneath western red cedar and western hemlock [1, 33].
The relatively poor performance of NH4+-grown western
red cedar and Douglas fir reported in Krajina et al. [21] 
may have been due to the presence of excess chloride;
the final Cl/N ratio was approximately 4:1 when N was

added as NH4Cl, but was < 1:28 when N was added as

KNO3.
This study was designed to repeat the experiment of

Krajina et al. [21] without imposing the potentially nega-
tive effects of chloride. In addition, the three species
were placed together in each pot, rather than in separate
pots. The objective was to compare the dry-matter incre-
ment and N accumulation (uptake and retranslocation) of
western red cedar, western hemlock, and Douglas fir on
two soils characterized by low and high N availability
and, respectively, negligible or rapid nitrification.

2. Methods

2.1. Site and soil descriptions

Two soils representative of low- and high-N status
were collected in early May from the upper 15 cm of the
A horizon at two locations. The nitrogen-deficient Wind
River soil (designated here as "low-N soil") was
obtained from site IV land adjacent to a Douglas fir
spacing trial established in 1925 near Carson,
Washington. Curtis and Reukema [11] describe the soil
as "a loose sandy loam with sporadic admixture of
basaltic gravel and cobble developing on pumiceous
alluvium underlain by lightly fractured basaltic rock". A
fire in 1924 consumed much of the duff and debris,
exposing mineral soil. The intensity of the burn led to
formation of extremely stable soil aggregates that com-
prise approximately 20 % of the soil mass. The area is
currently occupied by a 60-year-old stand of Douglas fir;
associated vegetation is typical of the PSME/GASH
community type (Pseudotsuga menziesii/Gaultheria
shallon Pursh) [10].

The nitrogen-rich Cascade Head soil (designated
"high-N soil") was obtained near the Oregon coast in a
45-year-old ALRU/RUSP/POMU community type
(Alnus rubra Bong./Rubus spectabilis Pursh/Polystichum
munitum (Kaulf.) Presl.) [10] dominated by Pseudotsuga
menziesii, A. rubra, and Picea sitchensis. The soil is an
organically rich silt to silty clay loam Typic Dystrandept,
most likely of the Hembre or Astoria series [5].

At the two sites, the soils were pushed through a
large-framed 4-mm sieve as they were collected in order
to remove coarse material and plant roots. Nylon feed
bags were used to transport the soils to the Oregon State
University (OSU) campus, where they were stored in a
cold room at 4 °C for a week until seedlings were deliv-
ered. Samples of the soils were taken immediately for
determination of soil C and N content, mineralizable N,
potential N mineralization and nitrification, and pH.



2.2. Soil chemical analyses and incubations

Chemical properties of the soils were determined by
the following methods: soil pH at a soil/distilled-deion-
ized water (H2Odd) ratio of 1:2 (g g-1); total N by
Kjeldahl digestion; mineralized NH4+ and NO3- by
extraction from soil with 2M KCl [19]; and organic C by
combustion of soil samples in a LECO 12 carbon analyz-
er. Laboratory incubations were used to determine poten-
tial N mineralization and nitrification of the two soils.

Sixty 20-g (oven-dried basis) samples of field-moist soil
were incubated in 100-mL-capacity specimen cups with
lids. Samples of each soil were assigned randomly to one
of two treatments: i) control, or ii) amendment with
77 mg N kg-1 as (NH4)2SO4. A stock solution of
(NH4)2SO4 was prepared (3.51 g N L-1). Four milliliters
of H2Odd or 2 mL each of H2Odd and the stock solution
were applied to the surface of the soil in the cups.
Additional H2Odd was added to bring the soils to field
capacity (gravimetric water content: 0.31 g g-1 low-N
soil; 0.55 g g-1 high-N soil). Samples were incubated in
the dark at 25 °C, aerated daily, and weighed at 3- or 4-
day intervals. Water was added as needed to maintain the
original mass. Twelve samples - three randomly selected
replicates from each of the four soil by N amendment
treatments - were extracted with 50 mL of 2 M KCl at 3,
7, 21, 35, and 49 days. Solution concentrations of NH4+-
N and NO3--N were determined on an autoanalyzer
(Scientific Instruments CFA 200) by the Soil Testing
Lab at OSU (NH4+ by salicylate/nitroprusside; NO3- by
diazotization following Cd reduction). 

2.3. Growth chamber study

Three 1-year-old plug seedlings of each species (west-
ern red cedar, western hemlock, and Douglas fir) were
planted in 48 paper pots (30.5 cm lip diameter by 46 cm
deep), with 24 of the pots containing low-N soil and 24
high-N soil. To minimize variation attributable to soil
heterogeneity and seedling interspecific competition, the
trees were positioned with a circular template such that
one member of each species was planted for each of the
three triangular pie-shaped subdivisions within each pot
(three seedlings of each species per pot). Distilled water
or ammonium sulfate (60 mg N kg-1) was applied in
solution to the surface of the soil of half of the pots in
both the low-N and high-N soils. The nitrification
inhibitor dicyandiamide (DCD) was applied in solution
to the surface of the soil of half of the pots of each soil
by N amendment treatment to establish concentrations of
0 or 15 mg DCD-N kg-1. The stock solutions or distilled
water were allowed to percolate in before more water
was added to bring the soils to field capacity. Six repli-

cations were assembled for each treatment. Forest soils
and (NH4)2SO4 were used to prevent possible effects of
chloride on seedling growth or on the inorganic cation-
minus-anion balance; these problems were inherent in an
earlier study [21] where N was applied as NH4Cl to a
sandy soil. The pots were randomly positioned in a
growth chamber with 16-h photo-period, 140 pmol m-2
s-1, 20 °C day (relative humidity 45 %):15 °C night.
Approximately 1.5 L of water were applied to the soil in
each pot every third day to maintain the soil moisture
levels near field capacity.

After 8 weeks, seedlings from three of the six repli-
cate pots for each treatment were sampled for dry matter
and N. The three seedlings of the same species within
each pot were pooled, and after their roots were carefully
rinsed free of soil, seedlings were cut at the cotyledon
scar. Roots were then blotted dry, weighed, and immedi-
ately placed in a 70 °C oven for 72 h. Shoots were stored
at 4 °C for up to 1 week while each sample was separat-
ed into current-year foliage, old foliage, and
stems/branches. These component tissues were oven-
dried at 70 °C and weighed for determination of dry mat-
ter. Current-year foliage of western red cedar was more
succulent and paler than year-old foliage. Juvenile
leaves, which occur in whorls on the stem and branches
of western red cedar, were included in the stem/branch
component. The current-year and year-old foliage com-
ponents of western hemlock and Douglas fir were easily
distinguished by the presence of bud scars on the stems
and branches. Four three-tree sets of each species were
destructively sampled at the outset of the study for deter-
mination of fresh and dry weight of foliage, stem/branch,
and root components (table I). Subsequently all tissues
were redried, ground in a Wiley mill (20 mesh), and sub-
jected to modified Kjeldahl digestion [6] to allow deter-
mination of their N concentrations.

At 10 weeks, the current-year foliage of seedlings
from the second set of three replicate pots per treatment
was sampled for organic acid content and inorganic
cations and anions. The results of that portion of the
study are reported in a second paper [15].

2.4. Statistical analyses

Treatment effects for this split-plot experiment were
analyzed by using PROC MIXED in SAS 6.10 with soil
as the main plot, N and DCD amendments as sub-plots,
and species as sub-sub-plots [30]. If the whole-plot mean
square error term (soil) was smaller than the sub-plot
mean square error term (species and N amendment), the
whole-plot error term was removed from the model and
the whole-plot effects were tested with the larger sub-



plot error term [24]. The initial analyses revealed that the
DCD had no statistically significant effect on any vari-
able. In addition, concurrently established incubations of
the high-N soil with 15-90 mg DCD kg-1 failed to alter

the rate of NO3--N production in the high-N soil (data
not presented). Therefore, the DCD fixed effect was
removed from the analyses and the data were reanalyzed
with 12 replications per soil by N treatment with only the
N fixed effect as a sub-plot. Comparisons of means were
based on the F statistics generated in PROC MIXED:
comparisons attributable to single-factor effects were
compared only if the interaction effects were not statisti-
cally significant [30].

Dry matter (growth) and N increments (change from
initial to final values) for whole seedlings and their indi-
vidual tissue components (1-year-old foliage, total
foliage, stem and branches, roots) were analyzed. In
addition, relative dry-matter increment (RDMI) and rela-
tive N increment (RNI) were evaluated after Loge trans-
formations of the ratio of final dry weight (at 8 weeks) to
initial dry weight (e.g. RDMI = Loge (DMfinal) - Loge
(DMinitial); RNI = Loge (Nfinal, x) - Loge (Ninitial), where x
refers to the whole plant or a component part). The trans-
formations were performed in order to account for initial
differences in weight and N content among species
raised under different nursery regimes. Comparison of
means was made with the transformed data. Values

reported for RDMI and RNI are the result of back-trans-
formation of the logarithms of each ratio minus 1.

3. Results

3.1. Soil chemical properties

Chemical properties of the soils, including concentra-
tions of C and N and of extractable and potentially min-
eralizable NH4+-N and NO3--N, are included in table II.
The C/N ratios are relatively low for both soils (table II),
suggesting active N mineralization. The exceptionally
low C and N values in the low-N soil reflect a low

organic-matter content that is consistent with the fire his-
tory at the Douglas fir spacing trial site. The low-N soil
maintained a mineralization rate that was only 18.5 % of
that in the high-N soil during the first 21 days of incuba-
tion (table II). Little or no nitrification occurred in the
low-N soil, and the concentration of NH4+ was stable in
the unamended low-N soil from day 21 to day 49 [15].
Mineralization of N from the high-N soil was sustained
continuously at a rate of approximately 1.5 mg N kg-1
day-1 through 49 days [15]; more than 85 % of the N
mineralized was present as nitrate. Two-thirds of the N
added to the soils was immobilized by the soil biomass,
and NO3- production was not stimulated by the addition
of NH4SO4 in the low-N soil, whereas amendment N
was rapidly nitrified in high-N soil (table II).

3.2. Dry matter and N increments

Only the dry matter increments of current-year foliage
and the final nitrogen concentrations of the whole plants,
current-year foliage, year-old foliage, and root compo-
nents were significantly affected by the interaction of the



soil and species (table III). Dry matter and N increments
for whole plants and the root component were affected
only by single fixed effects (soil or species). Amendment
of the two soils with 60 mg kg-1 (NH4)2SO4-N had small
effects on N concentration of whole seedlings and their
component tissues (increased by < 10 %; difference not
significant statistically), but no differences were found in
dry matter production either via interaction effects or
single factor effects associated with N amendment.

Regardless of species, seedlings grown on the high-N
soil produced more current-year foliage than seedlings
grown on low-N soil (table III). Significant differences
in current-year foliage increments between species were
apparent only for the low-N soil: western red cedar pro-
duced 54 % more current-year foliage on a dry-matter
basis than Douglas fir (table III). With regard to N con-
centration, for each component where significant differ-
ences were observed, western red cedar grown on the
high-N soil had the highest N concentrations and
Douglas fir grown on low-N soil had the lowest
(table III).

Seedlings grown on the low-N soil accumulated only
53-85 % of the dry matter and 71-91 % of the N of
seedlings grown on the high-N soil during the 8-week
trial (table III). In low-N soil, foliar N concentrations for
western red cedar, western hemlock, and Douglas fir
(table III) were characteristic, respectively, of the "slight
moderate", "nearly adequate", and "severe" deficiency
classifications of Ballard and Carter [2]. In high-N soil,
in contrast, concentrations of N in current-year foliage
(table III) were higher than critical values described as

adequate [2]. Differences in growth of seedlings planted
in low- and high-N soils (table III) were attributable
entirely to soil N status. Clearly, N availability was not
limiting to seedling growth in the high-N soil. Increases
in foliage biomass contributed 35 % of the overall
change in seedling dry matter weight for the low-N and
43 % for the high-N seedlings (table III). Plants in low-
N soil had nearly equivalent weights of new and old
foliage (1:1 ratio, table III), whereas seedlings potted in
high-N soil nearly tripled their foliage weights during the
8-week study (2:1 new-to-old foliage ratio). More than
50 % of the total N increase was accumulated in current-

year foliage (table III).

Western hemlock had the greatest leaf weight ratio

(gfoliage gtotal-1) of the three species at the conclusion of
the study (table III). Dry matter increments of the three
species were significantly different on the basis of whole
plants (western hemlock > western redcedar > Douglas
fir), year-old foliage (redcedar, hemlock > Douglas fir),
and roots (hemlock > redcedar, Douglas fir) (table III).
The mass of current-year foliage produced during the
study did not differ among species in the high-N soil, but
was greater for western red cedar than Douglas fir in the
low-N soil (table III). The RDMI of western red cedar
was only about 60 % of that of western hemlock
(table IV), despite the latter’s initially smaller dry weight
(table I). The RDMI of Douglas fir was equally small
(table IV).

Overall, western hemlock accumulated 35 % more N
from the low-N soil and 10 % more from the high-N soil
than either western red cedar or Douglas fir (table III).
The N increments from the high-N soil were nearly
equivalent for the three species (table III). However,
assessment of N increment with respect to initial N con-
tent showed that the RNI of western hemlock was signif-
icantly greater than that of western red cedar and
Douglas fir (table IV) and that hemlock made up 50 % of
its initial N content difference with red cedar (table I).
The N increment of the year-old foliage component was
positive in western red cedar and western hemlock on
high-N soil, but negative in all three species on low-N
soil and in Douglas fir on high-N soil (table III). The N
increment of the stem/branch component of western red
cedar was negative on both soils during the study (table
III). There were no differences among the species in the
proportional allocation of dry matter or N to shoots and
roots. More than 67 % of the dry matter increment and
60 % of the N increment was accumulated in the shoots

(table III). The leaf N ratios (leaf N content/whole plant
N content) of western red cedar and western hemlock
were greater than those of Douglas fir (table III).



4. Discussion

In each of the soils, western hemlock achieved the
greatest RDMI of the three species and accumulated
stem/branch and root masses at more than double the
rates of the other two species (table IV). Despite N defi-
ciency in the low-N soil, the N concentrations of the
component tissues of western hemlock did not differ

among soils (table III). In contrast, N concentrations of
each component of western red cedar and Douglas fir
were lower on the low-N than on the high-N soil (table

III). These differences may be attributable directly to the
high RDMI of the roots of western hemlock compared
with those of western red cedar and Douglas fir (table
IV). If increased root RDMI was associated with an
increase in the number or surface area of fine roots, the

capacity of hemlock to acquire the less mobile N form
NH4+ may have been enhanced. Thus western hemlock’s 

apparent preference for NH4+ over NO3- [21, 32] may be
due in part to differences in fine root production among
the species (e.g. root surface area). The greater acquisi-
tion of nitrogen from low-N soil by western hemlock



(table III) is consistent with the more frequent occur-
rence of this species on nutrient-poor sites [22, 28].

Our results seem to contradict those of others who

reported that western hemlock had a slower growth rate
and was less responsive to increased N availability than
western red cedar [4, 7, 27]. However, they are consis-
tent with the results of Messier [22] and Chang et al. [9],
who reported that western hemlock was more responsive
than western red cedar to increased N availability; those
studies were conducted on acid humus soils with high
C/N ratios and an apparent absence of NO3-. The present
study was conducted in a growth chamber under low
light conditions. Taken together, the results from all of
the aforementioned studies suggest that western hemlock
may be less responsive than western red cedar or
Douglas fir on richer soils, but better able to acquire N
and accumulate dry matter under adverse conditions (e.g.
low N availability [7]; high C/N ratios [8, 9, 22]; low
light (present study)).

Western red cedar performed well in the present
study. However, the high N concentrations in the foliage
and stem/branch components at the beginning of the
study (table I) indicate that the N provided in the nursery
exceeded western red cedar’s requirements. The slight
declines in the N content of year-old foliage and
stem/branch components of western red cedar in the low-
N soil (table III) suggest that N was retranslocated out of
these components to meet the N requirements of the cur-
rent-year foliage and/or roots. Western red cedar may
have overcome adverse effects associated with the low N

availability and NH4+-dominant nutrition of the low-N
soil by mobilizing this stored N (the N content of the
year-old foliage and stem/branch components decreased
even though the dry matter of the components increased)
(table III). More than 25 % of the increase in N content
of the current-year foliage of red cedar in low-N soil
may have been mobilized from stored reserves. This
"extra" N may have been the primary reason that the
RDMI for western red cedar in low-N soil was about
85 % of the RDMI in high-N soil (table IV). Western
hemlock and Douglas fir in low-N soil had only 60 % of
the RDMI of their high-N-soil counterparts (table IV).
Regression analyses revealed that the relationship
between total seedling N content and RDMI was much
weaker for western red cedar (r2 = 0.40) than for western
hemlock (r2 = 0.94) or Douglas fir (r2 = 0.82).

Hawkins and Henry [16] have reported that western
red cedar seedlings grew more quickly than Douglas fir
seedlings. Initial differences between the species used
[16], including morphology (shoot/root ratios for west-
ern red cedar were two times greater than for Douglas
fir) and nutritional status (initial N contents of 25 mg
(western red cedar) and 10 mg (Douglas fir) per tree)
may have had significant influence on first-year growth
differences, as in the current study. Luxury accumula-
tions of N in forest nurseries by western red cedar may
be beneficial to maintaining favorable N status, but addi-
tional research is necessary to demonstrate that excess N
is not detrimental to root production and survival in the
field. High N concentrations in seedlings may lead to



greater succulence and more severe responses to winter

injury or summer drought.

The final N concentration of current-year foliage of
Douglas fir in low-N soil (table III) was near the upper
limit of "severe deficiency", as described by Ballard and
Carter [2]. This result occurred despite a 20 % advantage
in initial N content (table I) and an RDMI that was 50 %
lower (table IV) than that of western hemlock. The low
light level in the growth chamber was probably most
responsible for the relatively poor performance of
Douglas fir. However, Gijsman [13] found that 3-year-
old Douglas fir seedlings planted in pots in a sandy soil
amended in fall with 10, 50, or 100 mg kg-1 (NH4)2SO4
did not take up more N than controls. Nitrification was
inhibited by applying N-Serve (2-chloro-6-trichloro-
methylpyridine; Dow Chemical) to the soil, and Gijsman
[13] concluded that NH4+ alone was clearly inferior to
NO3- alone or to NH4NO3 as a source of N. Furthermore,
soil water content in the present study was maintained
near field capacity, which has been found to favor NH4+
uptake relative to NO3- uptake [14].

South [31] has questioned the validity of using rela-
tive increments to assess differences in growth. He sug-
gested that dry matter increment be determined at multi-
ple intervals of time during the growth period and that
increments be plotted against the mean initial dry weight
for all intervals. We did not determine dry weight or N
content at multiple points in time; however, despite ini-
tial differences in dry weight and N content, the dry
weights among species were not distinguishable at the
conclusion of the 8-week growth period. The final whole
plant dry weight means were 10.59 (western red cedar),
10.17 (western hemlock), and 10.26 (Douglas fir).
Additional trials deploying seedlings of equal dry weight
and N content or monitoring increments at multiple
points in time [31] are necessary to confirm our conclu-
sions about differences among the species.

Amendment of the two soils with 60 mg (NH4)2SO4-
N kg-1 did not affect seedling growth. In fact, less than
5 % of the N applied was accounted for in the seedling
biomass (only 0.6 mg (low-N soil) and 1.4 mg (high-N
soil) of additional N uptake per pot). The current study
may not have been of sufficient duration to realize any
growth effects of N addition. Kelsey et al. [20] reported
that differences in height and stem diameter growth were
not apparent among unamended and N-amended
seedlings during the first 8-10 weeks after bud-break. In
addition, the amount of N applied may not have been
great enough to effect a response. Added N was im-
mobilized by the soil biomass in our soil incubation trial;
only 30 % of the added (NH4)2SO4-N was mineralized
(table II).

In the current study, soil N availability exerted a sig-
nificant influence on growth as seedlings planted in low-
N soil accumulated only 53-85 % of the dry matter that
their high-N-soil counterparts accumulated (table III).
The amount of N retranslocated was not controlled by
seedling growth rate (counter to [26]), as low-N-grown
seedlings grew more slowly than high-N-grown
seedlings but retranslocated greater quantities of N from
the year-old foliage (western red cedar and Douglas fir)
and stem/branch (western red cedar) components.
Similarly, Hawkins and Henry [16] observed no net
retranslocation in western red cedar and Douglas fir
when N supply was high, but increased net retransloca-
tion associated with high initial tissue N concentrate
when current N supply was inadequate.

In the current study, western hemlock achieved the
highest growth rates (RDMI), but was found to have
retranslocated virtually no N from older tissues (table
III). Differences between species with regard to
retranslocation were not wholly associated with initial N
content. A significant quantity of N was mobilized from
the stem/branch component of the initially N-enriched
western red cedar, particularly in the low-N soil.
However, the year-old foliage of Douglas fir retranslo-
cated greater amounts of N (table III) despite having the
lowest initial N concentration of the three species (table
I). Our results indicate that on N-limited soils, remobi-
lization may be an important component of internal N
cycling for western red cedar and Douglas fir, but not for
western hemlock. Overall, the dynamics of retransloca-
tion in this study seem to have been controlled primarily
by species-specific differences, with soil N availability
exerting a strong secondary influence. At least a portion
of the "species-specific differences" may have been
attributable to initial differences in leaf/weight ratio
(table I). Our data are only partially consistent with the
hypothesis that retranslocation varies with species, the
relative availability of soil nutrients, and growth rate [17,
18, 25, 26].

5. Conclusions

This study provides a first direct comparison of
seedling growth of three important Pacific Northwest
conifers on forest soils. Clearly, western hemlock accu-
mulated more N and had greater RDMI than western
red cedar or Douglas fir; this result may reflect either
hemlock’s greater efficiency in acquiring inorganic N or
an inherently greater growth rate under low light condi-
tions. Western red cedar performed surprisingly well in
low-N soil despite apparent NH4-dominant nutrition. The
results seem to contradict those of Krajina et al. [21];



however, the initially high N content of the red cedar
used in the current study may have obscured potentially
negative effects of NH4+ nutrition; RNI was lower than
for the other two species. The performance of western
hemlock in low-N soil, compared with the performance
of the other two species and with its own performance in
high-N soil, supports the conclusions of Krajina et al.
[21] and van den Driessche [34] that hemlock has greater
tolerance for NH4+. The results may be attributable to
more prolific root development by western hemlock in
soils where N is available exclusively as NH4+. Further
study should be directed toward assessing root dynamics
in response to N form.

On the basis of this study, we suggest that western
hemlock may be the best option among the three species
when planting seedlings to N-limited forest sites in the
Western Hemlock Zone. In this study, Douglas fir
seemed to be the species least tolerant of low-N soil
(note total plant RDMI of 0.89). These results were
probably exacerbated by low light levels in the growth
chamber and by the low initial N content of the Douglas
fir seedlings. Comparisons under full-sun conditions are
necessary to clearly assess differences among the species
in N-form preferences. Inherent differences in growth
rate and nutrient acquisition should be evaluated at mul-
tiple intervals [31] and/or for seedlings of equivalent ini-
tial dry weight, leaf weight, and leaf N ratios.
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