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Abstract Western red cedar (Thuja plicata Donn.),
western hemlock (Tsuga heterophylla Raf. Sarge) and
salal (Gaultheria shallon Pursh) are the main species
growing in cedar–hemlock forests on Vancouver Island,
Canada. Based on the dominance of organic N in these
systems, we tested the hypotheses that: (1) organic N can
be utilized by the three plant species; and (2) salal, which
is ericoid mycorrhizal and has high tannin concentration in
its tissues, would absorb more N from the complex organic
N compounds than the other two species. The abilities of
cedar, hemlock and salal to take up 15N,13C-labelled
glutamic acid were measured and the capacities of the
three species to use nitrate (NO3

−), ammonium (NH4
+),

glutamic acid, protein and protein–tannin N were
compared over a 20-day period. Based on 13C enrichment,
all three species absorbed at least a portion of glutamic
acid intact. Cedar, hemlock and salal also showed similar
patterns of N uptake from the NO3

−, NH4
+, glutamic acid,

protein and protein–tannin treatments. The largest propor-
tions of applied N were taken up from the NO3

− and NH4
+

treatments while smaller amounts of N were absorbed
from the organic N compounds. Thus organic N was
accessed to a modest degree by all three species, and salal
did not have a greater capacity to utilize protein and
protein–tannin–N.
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Introduction

Mycorrhizal and non-mycorrhizal plants from a variety of
ecosystems have shown the capacity to take up organic
forms of N, without the necessity of mineralization prior to
uptake. Nasholm et al. (1998) examined the uptake of
15N,13C-labelled glycine by two trees, a shrub and a grass
in a boreal forest, and all four were found to contain
enriched levels of the two isotopes, strongly suggesting
that at least a portion of the amino acid was absorbed
intact (Nasholm et al. 1998). Similar investigations have
been conducted with plants in arctic tundra (Schimel and
Chapin 1996), boreal (Nordin et al. 2001; Persson et al.
2003), alpine (Lipson and Monson 1998; Lipson et al.
1999; Miller and Bowman 2003), and sub-tropical Euca-
lyptus forest (Turnbull et al. 1995) and agricultural
(Nasholm et al. 2000) systems, and all the examined
species demonstrated the ability to take up amino acids.
Based on uptake kinetics and soil amino acid concentra-
tions, simple organic N compounds are thought to meet
50–100% of the N required by plants in alpine ecosystems
(Lipson et al. 2001) and account for 10–82% of N
potentially absorbed by plants in arctic ecosystems
(Chapin et al. 1993; Kielland 1994). In some studies,
applied amino acids were taken up in similar quantities as
NH4

+ or NO3
−, further highlighting the potential impor-

tance of simple organic N in some systems (Schimel and
Chapin 1996; Nasholm et al. 2000; Nordin et al. 2001;
Miller and Bowman 2003).

More complex organic compounds may also be
important sources of N. In controlled laboratory studies
using plants infected with single strains of fungi, ecto- and
ericoid mycorrhizal plants were able to grow on a variety
of organic N compounds including amino sugars (Kerley
and Read 1995), chitin (Kerley and Read 1995), peptides
(Bajwa and Read 1985) and larger proteins (Abuzinadah
and Read 1986; Finlay et al. 1992). Griffiths and Caldwell
(1991) showed that ectomycorrhizal fungi found in
coniferous forests were able to utilize N from insoluble
protein–tannin complexes. However, four ectomycorrhizal
fungi studied by Bending and Read (1996) did not show
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this capacity. Only the two ericoid mycorrhizal fungi,
Oidiodendron griseum and Hymenoscyphus ericaceae,
were able to mobilize N from tannin–BSA compound.

The ability to access more complex organic N
compounds may be an adaptation to nutrient poor sites
with low amounts of mineral N but large accumulations of
N in organic forms. In an edaphic gradient of coastal
terraces in southern California, Northup et al. (1995a,b)
found significant positive relationships between tannin
concentrations and soil dissolved organic N. They
hypothesized that the production of foliar tannins and
formation of insoluble tannin–protein complexes in the
soil enabled N retention on site and limited access of these
compounds to soil biota with the enzymatic capacity to
break down the complexed proteins. Ericoid and to a
lesser extent ectomycorrhizal fungi have the ability to
produce such enzymes. Thus plants, by virtue of their
associations with these fungi, would have the capacity to
mobilize N from these compounds and be able to dominate
nutrient-poor sites. It has also been suggested that the
ability of plants to utilize a variety of organic N sources
allows them to co-exist in N-poor environments by
partitioning the forms of N absorbed (Stewart et al.
1993; Schulze et al. 1994; Nadelhoffer et al. 1996;
Schmidt and Stewart 1997; Nordin et al. 2001). Plants
with the capacity to mobilize N from organic sources
could utilize the organic N compounds on site, while other
plants would rely more on mineral forms of N. Although
these hypotheses are exciting and could account for N
uptake in systems with large organic matter accumulations
and low amounts of mineral N, the abilities of plants
growing in such systems to take up organic N compounds
larger than amino acids have not been widely tested.

In this study we examined the ability of western red
cedar, western hemlock and salal to access organic N from
a variety of sources ranging in complexity. Cedar, hemlock
and salal which are vesicular arbuscular (VA), ecto- and
ericoid mycorrhizal, respectively, are the three main
species found growing in old-growth cedar–hemlock
forests on northern Vancouver Island, British Columbia.
Cedar and hemlock occupy the dominant and co-dominant
canopy layers in the overstorey, and the ericaceous shrub
salal forms a dense understorey layer. The vegetation in
these forests are underlain by thick forest floors (0.19–
0.73 m) with low extractable mineral N concentrations
(0.63 kg N ha−1 of NO3

− and NH4
+) but high concentra-

tions of soluble organic N (4,310 kg N ha−1) (Bennett et al.
2002). Based on the dominance of organic N in this
ecosystem, we hypothesized that: (1) simple organic N
compounds can be absorbed intact by cedar, hemlock and
salal growing in cedar–hemlock forest floor; (2) organic N
compounds are sources of N to all three species growing in
these forest floors; and (3) organic N accounts for a larger
proportion of N absorbed by salal than for the other two
species. Salal has high tannin concentrations in its tissues
(Preston 1999) and shares ericoid mycorrhizal associa-
tions. Two potted seedling experiments were conducted to
test these hypotheses and involved the injection of 15N or
double-labelled 15N,13C organic and inorganic N com-

pounds into intact cores of cedar–hemlock forest floor
planted with cedar, hemlock and salal. The plants were
harvested over the course of 20 days to determine uptake
of N and C from the applied compounds.

Materials and methods

Site description

Forest floor cores were extracted from five old-growth
cedar–hemlock forests near Port McNeill on Vancouver
Island, British Columbia (50°38′N, 127°06′W). Cedar–
hemlock forests are located within the very wet maritime
Coastal Western Hemlock (CWH) biogeoclimatic zone
(Green and Klinka 1994) and receive an average annual
precipitation of 1,700 mm, 65% of which falls between
October and February. The mean annual temperature is
7.9°C with a daily average range from 2.4°C (January) to
13°C (August) (Prescott and Weetman 1994).

Western red cedar dominates the main canopy of cedar–
hemlock forests and western hemlock is typically found in
the co-dominant, intermediate and suppressed layers. The
understory is primarily salal with minor amounts of
Vaccinium spp., deer fern (Blechnum spicant (L.) Roth),
bunch berry (Cornus canadensis L.), salmonberry (Rubus
spectabilis Pursh), and moss [Hylocomium splendens
(Hedw.) B.S.G., Kindbergia oregana (Sull.) Ochyra and
Rhytidiadelphus loreus (Hedw.) Warnst.] (DeMontigny
1992). Thick forest floors classified as humimors (i.e. with
well developed H horizons) or lignomors (i.e. with large
amounts of decomposing wood in the H horizon) (Green
et al. 1993) overlay duric or orthic Humo-Ferric podzols
(Prescott and Weetman 1994). The soil parent materials
are mainly sandy loam glacial tills with smaller areas of
glacial fluvial, fluvial terrace or finer-textured saprolites
(Lewis 1985).

Test seedling preparation

Intact cores of forest floor were collected from five old-
growth cedar–hemlock forests in May 1999. Using root
saws, circular cores 15 cm wide and 13 cm deep were cut
out of the forest floor and consisted of the F and upper H
horizons (Green et al. 1993). Microsite depressions and
locations with decomposing wood were avoided, and
surface litter and moss layers were brushed off before
extracting the cores. The cores were carefully removed and
placed in plastic pots (0.0023 m3), transferred to the
horticulture greenhouse at the University of British
Columbia and within 1 week, planted with one or two
1-year-old cedar, hemlock or salal plants that had been
germinated and grown in cedar–hemlock forest floor. The
potted plants were watered as necessary, exposed to daily
(24-h) temperature ranges of 10–34°C through the
growing season (May–August) and grown for 11–
17 months prior to experiment initiation. The plants
were overwintered outside from September to April.
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Amino acid uptake experiment

To assess the abilities of cedar, hemlock and salal to take
up amino acids, acid intact, one of the three solutions, 15N-
labelled ammonium chloride (NH4Cl) (98.6 atom%),
15N,13C-labelled glutamic acid (98.2–98.3 atom%) or
control (deionized water), was injected into the forest
floor surrounding a single cedar, hemlock or salal plant.
The experiment was a completely randomized block
design with eight blocks, blocked by establishment time
for a total of 72 experimental units. Glutamic acid was
chosen as the test amino acid because it provides a
conservative estimate of amino acid uptake as it is
typically absorbed in smaller quantities relative to other
amino acids (Chapin et al. 1993; Kielland 1994) and is in
high demand by microbes (Lipson et al. 1999).

During establishment of each block, a total of 60 ml of
treatment solution was injected with a stainless steel blunt-
ended syringe needle (14G) (Popper, New York) at six
equally spaced points around each seedling (10 ml at each
point). The 6-inch needle was inserted approximately 3/4
of pot depth (9 cm) into the forest floor, and the solution
was released as the needle was withdrawn, to provide
homogeneous distributions of the treatments in the forest
floor core (Schimel and Chapin 1996). Any solution that
leaked from the bottom of the pot after injection was
collected and poured over the surface of the forest floor to
ensure that the treatment was contained within the core. A
total of 0.1178 mmol N (10 μg N g−1 forest floor) was
applied with the glutamic acid treatment.

The cedar, hemlock and salal seedlings were harvested
in the order of injection, 6–7 h after treatment application.
Plants were removed from the pots and all loosely
adhering forest floor was shaken and rinsed from the
root systems and roots. The whole plants were rinsed with
deionized water and the roots were soaked twice in
0.5 mM CaCl2 for 5 min to remove any treatment
compound adsorbed to root surfaces and present in the
apoplastic free-space (Nasholm et al. 1998). Care was
taken to remove as much live root as possible. However,
because salal has very fine roots (Xiao 1994), typical of
the Ericaceae (Read 1991; Ehrenfeld et al. 1992), not all of
the salal root system could be recovered. The whole
seedlings were then enclosed in aluminum foil, frozen in
liquid N2, and stored at −80°C until they were freeze-
dried. Following freeze-drying, the seedlings were
weighed and ground to a fine powder in a Wiley mill
followed by a Fritsch ball mill and the ground samples
were analyzed for total N, C, 15N and 13C by a PDZ
Europa Scientific Integra combustion-continuous flow
mass spectrometry carbon–nitrogen analyzer (Cheshire,
UK) at the Stable Isotope Facility at the University of
California, Davis.

To isolate the fraction of nutrients recently absorbed by
the plants, a second set of analyses were conducted on the
whole-plant samples (Nasholm et al. 1998; Nordin et al.
2001). Thirty-five milligrams of each ground sample were
extracted with 3 ml of 10 mM phosphate buffer (pH 8.0)
(Nasholm et al. 1998) and centrifuged at 4,200 rpm for

10 min. The supernatants were decanted and stored in the
fridge and the extraction process was repeated on the
centrifuged sample pellets. The two supernatants from
each sample were combined and the 6 ml extract was then
frozen and stored at −80°C until being reduced to between
50 and 150 μl in a reduced pressure evaporator (Savant
Speed Vac). The extracts were then pipetted into 8×5 mm
tin capsules, dried at 70°C, sealed and analyzed for total
N, C, 15N and 13C at the Stable Isotope Facility.

Organic N uptake experiment

To assess the abilities of cedar, hemlock and salal to utilize
N from a variety of organic and inorganic N sources, one
of six 15N-labelled solutions, calcium nitrate [Ca(NO3)2]
(98.3 atom%), ammonium sulphate [(NH4)2SO4]
(98.5 atom%), glutamic acid (98.5 atom%), plant protein
(30.21 atom%), plant protein–tannin complex (40.43 atom
%) and control (deionized water) were injected into the
forest floor around cedar, hemlock or salal plants using the
same methods and treatment application rates as for the
amino acid uptake experiment. However, the pots with two
seedlings were used in this experiment, the protein and
protein–tannin treatments were only partially soluble and
were mixed into a suspension before being applied, and
because of an error in the certificate of analysis,
0.1604 mmol N (14 μg N g−1 forest floor) was applied
in the Ca(NO3)2 treatments. The experiment was estab-
lished as a completely randomized block design with
seven blocks, blocked by establishment time, for a total of
126 experimental units.

The Ca(NO3)2, (NH4)2SO4 and glutamic acid com-
pounds were purchased from Cambridge Isotope Labora-
tories and the protein and protein–tannin complex were
made in our laboratory at the University of British
Columbia. To produce protein powder, barley was grown
and watered with 15N-enriched nutrient solution for
2 weeks and the soluble protein fraction was extracted
from the shoots of the plants according to methods
outlined by Gegenheimer (1990). The protein solution was
dialyzed to produce a 15N-enriched treatment of soluble
proteins greater than 3,500 molecular weight, and the
chemical purity of the protein powder was assessed using
the Bradford protein assay (Bradford 1976) and gel
electrophoresis (Sambrook et al. 1989). Both tests
indicated high protein purity (data not shown).

The protein–tannin complex was produced with a
portion of the prepared 15N-enriched protein and con-
densed tannins from salal (provided by Dr. Caroline
Preston at the Pacific Forestry Centre in Victoria, British
Columbia) using a modification of methods outlined by
Lewis and Starkey (1968). Briefly, 4 g of protein and 1.3 g
of tannin were dissolved in 400 and 130 ml of 0.05 M
acetate buffer (pH 5.0), respectively. The two solutions
were combined and refrigerated at 4°C for 30 min before
being centrifuged at 6,000 rpm for 10 min. The
precipitated protein–tannin pellets were freeze-dried.
Both the protein and protein–tannin treatments were
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stored below 0°C, and samples of each were analyzed for
N and 15N content at the Stable Isotope Facility.

The plants were harvested from the cores 1, 3, 7 and
20 days after treatment injection and in the order in which
they were injected. The plants were removed from the
pots, all loosely adhering forest floor was shaken off the
root systems, the whole plants were rinsed thoroughly with
deionized water and roots soaked in 0.5 mM CaCl2, as
described for the amino acid uptake experiment. The two
seedlings from each pot were combined and dried to
constant weight at 70°C and ground to a fine powder in a
Wiley mill followed by a Fritsch ball mill. Ground
samples were analyzed for total N and 15N contents at the
Stable Isotope Facility.

Calculations

For both experiments, using the 15N results from the
ground tissue analyses, total amounts of treatment N
assimilated by the seedlings were calculated using:

F ¼ TðAS � ABÞ=AF

where F is the total weight of the N derived from the
treatment; T is the total weight of N in the plant sample; AS

is the atom% excess 15N in the plant sample; AB is the
atom% excess 15N in the control plant samples; and AF is
the atom% excess 15N in the treatment applied. Atom%
excess is defined as atom% 15N in the sample minus the
atom% 15N in the control (deionized water) plants
(Powlson and Barraclough 1993).

Mycorrhizal assessment

Cedar, hemlock and salal respectively share VA, ecto- and
ericoid mycorrhizal associations. To confirm that the
plants used in the experiments were mycorrhizal, the roots
of eight potted seedlings of each species were assessed for
the presence of mycorrhizal fungi. The plants were
removed from the pots, rinsed with tap water and the
roots were stored in FAA (90% formalin, 5% acetic acid
and 5% ethanol) solution until they were examined. Cedar
and hemlock roots were cleared and stained according to
modified methods outlined by Kormanik and McGraw
(1984). Briefly, the roots were autoclaved (30 min at
15 PSI) in 10% potassium hydroxide (KOH) (w/v),
bleached in an hydrogen peroxide solution (30 ml 10%
hydrogen peroxide (H2O2), 3 ml ammonium hydroxide
(NH4OH) and 567 ml water) for 30–90 min and stained
with a trypan blue solution (lactic acid: glycerol: distilled
water at a 1:1:1 ratio with 0.1% trypan blue). The salal
roots did not require clearing or staining. All roots were
examined under dissecting or compound microscopes to
determine the presence of fungal structures in or on the
roots.

Statistical analyses

To confirm that a proportion of the glutamic acid was
absorbed intact, differences between 13C in the phosphate
buffer extracts from control, glutamic acid and NH4

+

treated plants were determined using analysis of variance
(ANOVA), general linear model (GLM) procedure. These
analyses were followed by pairwise t-test comparisons of
the least square means, and the alpha level was adjusted
for the number of comparisons using Bonferroni’s adjust-
ment (Neter et al. 1996).

Analysis of variance (GLM procedure) and an alpha
level of 0.05 were also used to determine differences in the
amounts of treatment N absorbed by cedar, hemlock and
salal in NH4

+ and glutamic acid treatments.
Differences in the amounts of Ca(NO3)2, (NH4)2SO4,

glutamic acid, protein, protein–tannin treatment N taken
up by cedar, hemlock and salal at each harvest time were
determined using ANOVA (GLM procedure) followed by
pairwise t-test comparisons as outlined above. Because the
total amount of N added differed between NO3

− and the
other treatments, N uptake was calculated as proportion
assimilated (% of applied). The data were square root
(arcsin) transformed prior to analysis to meet the
assumptions of normality and equality of variances, except
the cedar—day 3, cedar—day 20, hemlock—day 3, salal
—day 7 and salal—day 20 values. Hemlock—day 3 and
salal—day 20 were arcsin transformed. Original values are
reported in the tables and figures. SAS was used for all
analyses (SAS 1993).

Results

Amino acid uptake experiment

The extractable fractions from cedar, hemlock and salal
receiving the glutamic acid treatments had significantly
higher amounts of 13C than in the other treatments (Fig. 1).
13C levels in the control and NH4

+-treated plants were not
different. The 13C enrichment in the glutamic acid-treated
plants strongly suggests that all three species took up a
portion of the amino acid intact (Miller and Bowman
2003). As previously discussed by Nasholm et al. (2001),
it is not likely that the enrichment was due to
photosynthetic fixation of respired 13CO2 because control,
NH4

+ and glutamic acid-treated plants were randomly
arranged in the greenhouse and 13C levels were not
elevated in the control and NH4

+-treated plants.
From the data collected 6 h following treatment

application, it was not possible to accurately estimate the
amounts of glutamic acid absorbed intact by cedar,
hemlock and salal. To increase the sensitivity to enriched
levels of 13C, the extractable fractions of the whole plants
were analyzed, however the measured 13C enrichments
were still too low and were probably heavily diluted by
endogenous C (Nasholm and Persson 2001; Nordin et al.
2001; Miller and Bowman 2003; Persson et al. 2003).
Analyzing the extractable fraction from the roots alone
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may have provided clearer results (Nasholm et al.
1998,2000; Nasholm and Persson 2001). In addition, the
recently assimilated 13C-labelled glutamic acid may have
been metabolized within the plant and converted into α-
ketoglutarate, an intermediate in the tri-carboxylic acid
cycle performed in the mitochondria of plant cells (Taiz
and Zeiger 1991). During this cycle, a main pathway for
the metabolism of glutamic acid, α-ketoglutarate is
decarboxylated and two CO2 are lost, barring re-fixation.
During a preliminary experiment, a decline in the ratio of
excess 13C: 15N assimilated by hemlock over the course of
24 h was found, supporting the metabolism and loss of
13CO2 from the plant tissues (data not shown). Estimates
of uptake are therefore derived from the 15N results. Based
on the excess 15N concentrations in cedar, hemlock and
salal, all three species absorbed significantly larger
amounts of NH4

+ than glutamic acid (Fig. 2).

Organic N uptake experiment

Although cedar, hemlock and salal took up different
amounts of N from the five treatments, the three species
showed similar patterns of N uptake. During the first 24 h,
significantly larger amounts of N from the inorganic N
treatments (NO3

− and NH4
+) were absorbed than N from

the organic treatments (Fig. 3). The only exception was
hemlock, which absorbed similar amounts of N from
NO3

− and glutamic acid sources. There were no significant
differences between the amounts of glutamic acid, protein
and protein–tannin N absorbed by cedar. Hemlock and
salal took up larger amounts of N from the glutamic acid
than from the protein–tannin treatments.

Similar trends were seen for the remainder of the
experiment. The amounts of NO3

− and NH4
+ N absorbed

by cedar, hemlock and salal were always significantly
greater than the amounts of N taken up from the organic N
treatments. After day 1, more NO3

− was absorbed by
cedar, followed by NH4

+ and N from the organic
compounds (Fig. 4a,b). There were no significant differ-
ences between the amounts of treatment N taken up by
cedar in the organic N treatments, but during the 20-day
period larger amounts of glutamic acid and protein N were
absorbed than protein–tannin N. For the full duration of
the experiment, salal also took up larger amounts of NO3

−

but differences in the amounts of N absorbed in the NO3
−

and NH4
+ treatments were only significant on day 3

(Fig. 5a,b). The proportions of treatment N absorbed by
salal from the organic N compounds did not differ, except
on day 3 when N uptake from the glutamic acid treatments
was greater than that from protein and protein–tannin
treatments. In general, the N from the glutamic acid and
protein treatments also increased in availability to salal
relative to protein–tannin N during the 20 days. There
were no differences in the amounts of treatment N
absorbed by hemlock in the NO3

− and NH4
+ treatments,

but larger amounts of NH4
+ were taken up by hemlock up

Fig. 1 δ13C in the extractable fractions of cedar, hemlock and salal
6 h following the injection of 15NH4

+, 15 N,13C-labelled glutamic
acid or deionized water (control) in the amino acid uptake
experiment. Means ± standard error of the means (SEM) are
reported. Asterisks represent significantly different δ13C means
within a species based on ANOVA (GLM procedure) (P<0.05, n=7–
8)

Fig. 2 Excess 15N in whole-plant tissues of cedar, hemlock and 6 h
following the injection of 15NH4

+, 15 N,13C-labelled glutamic acid in
the amino acid uptake experiment. Means ± SEM are reported.
Asterisks represent significantly different 15N means within a species
based on ANOVA (GLM procedure) (P<0.05, n=8)

Fig. 3 Nitrogen uptake by cedar, hemlock and salal during the first
24 h of the organic N uptake experiment. Values are means ± SEM.
Different letters indicate significantly different treatment means
within a species based on ANOVA (GLM procedure) (P<0.05, n=5–
7)
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to day 7, after which more NO3
− was absorbed (Fig. 6a,b).

On days 3 and 7, significantly larger amounts of glutamic
acid than protein–tannin N were taken up by hemlock. In
general, very small amounts of N from the protein–tannin
treatment were absorbed by cedar, hemlock and salal. Less
than 2% of the N applied in this form was taken up by the
plants during the 20-day experiment. All cedar, hemlock
and salal root samples were mycorrhizal.

Discussion

Based on the enriched 13C levels in the plants from the
glutamic acid treatments in the amino acid uptake
experiment, cedar, hemlock and salal growing in forest
floor from cedar–hemlock forests are able to absorb amino
acids intact. Similar abilities have been shown by plants
growing in boreal (Nasholm et al. 1998; Nordin et al.
2001; Persson et al. 2003), alpine (Lipson and Monson
1998; Miller and Bowman 2003), and agricultural
(Nasholm et al. 2000, 2001) systems, but all these studies

used glycine as the test amino acid. Lipson et al. (1999),
however, compared the uptake of glycine and glutamic
acid by the alpine sedge Kobresia myosuroides and found
there to be greater competition between the plants and soil
microbes for glutamic acid. Therefore, demonstrating the
capacities of cedar, hemlock and salal to absorb this amino
acid in the face of competition with microbes suggests that
the three species are able to effectively compete for amino
acid N in cedar–hemlock forest floor, and that amino acids
should be considered an available source of N in these
forests. Water-extractable amino acid concentrations in the
F and H layers of cedar–hemlock forest floors accounted
for 0.03 kg N ha−1 (5% of KCl-extracted mineral N)
(Hannam and Prescott 2003).

According to the results from the organic N uptake
experiment cedar, hemlock and salal growing in cedar–
hemlock forest floor appear to show similar patterns of N
uptake from NO3

−, NH4
+, glutamic acid, protein and

tannin–protein sources. All three species absorbed large
amounts of the applied NO3

− and NH4
+ and small

proportions of N from the organic N treatments. Up to

Fig. 4a, b Nitrogen absorbed by cedar during the organic N uptake
experiment in all treatments (a) and in the organic N treatments only
(b). Values are means ± SEM. Different letters indicate significantly
different treatment means within a harvest day based on ANOVA
(GLM procedure) (P<0.05, n=5–7)

Fig. 5a, b Nitrogen absorbed by hemlock during the organic N
uptake experiment in all treatments (a) and in the organic N
treatments only (b). Values are means ± SEM. Different letters
indicate significantly different treatment means within a harvest day
based on ANOVA (GLM procedure) (P<0.05, n=5–7)
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15% of the N from the organic treatments was absorbed
during the first 24 h, and after 20 days, only 5–8, 5, and 1–
2% of the N had been taken up from the applied glutamic
acid, protein and tannin–protein, respectively. Because the
cedar, hemlock and salal plants were all growing in cedar–
hemlock forest floor, we assumed treatment dilution by
background levels of the respective N compound to be
similar for the three species, allowing for an accurate
comparison of N uptake patterns.

It must be recognized, however, that it was not possible
to determine the amounts of applied glutamic acid, protein
and protein–tannin absorbed intact or in an organic form
during the 20-day experiment. The compounds were only
labeled with 15N, and therefore may have been trans-
formed prior to uptake. Unlike the NO3

−, NH4
+, glutamic

acid treatments, large organic compounds such as the
applied protein and protein–tannin compounds require
cleavage by exoenzymes produced by mycorrhizal fungi
prior to absorption (Bajwa et al. 1985; Leake and Read
1990; Bending and Read 1996; Chalot and Brun 1998).
Therefore, all these compounds were at least broken down

into peptides or amino acids prior to absorption. It is also
likely that at least a portion of the organic N compounds
were mineralized by saprophytic soil organisms prior to
plant uptake, with the degree of mineralization increasing
over the 20 days. However, it is beyond the scope of this
study to determine if and the degree to which such
transformations occurred. We also could not ascertain if
the amount of treatment compound mineralization in the
forest floors differed between species. Notwithstanding,
the patterns of N utilization over the 20-day period were
similar for cedar, hemlock and salal indicating that
irrespective of the exact mechanism, the different inor-
ganic and organic treatment compounds were of similar
importance in the nutrition of the three species growing in
cedar–hemlock forest floors.

Our study is the first (to our knowledge) that allows a
test of the hypothesis of Northup et al. (1995a,b) that plant
tissues with high tannin concentrations are an adaptation
to nutrient-poor sites and provide the plants on these sites
greater access to N. This hypothesis is based on the
principle that protein–tannin complexes are formed and
precipitate in the soil. Plants through their ericoid
mycorrhizae are able to mobilize the complexed proteins
(Bending and Read 1996) and access N that would
otherwise be lost through leaching or competition with
other organisms. The results from our study, however,
indicate that tannin-bound proteins were not a large source
of N to cedar, hemlock or salal in cedar–hemlock forest
floors as a maximum of 2% of N from the added protein–
tannin complex was absorbed. Salal is ericoid mycorrhizal,
and so was expected to utilize the largest proportion of the
complex organic N treatments. During the first 24 h,
however, the protein–tannin complex was a more signif-
icant source of N for cedar than for salal. Similar amounts
of glutamic acid, protein and protein–tannin N were taken
up by cedar. Condensed tannins account for 21 and 18%
by weight of salal foliage and roots, respectively (Preston
1999), so according to the hypothesis of Northup et al.
(1995a,b), salal would be expected to absorb more N from
tannin–protein sources. This was not the case in our study.

The similarities in the patterns of N uptake by cedar,
hemlock and salal in the organic N uptake experiment also
do not support the hypothesis that plant species co-existing
in N-poor systems partition the forms of N absorbed from
the soil. Although plant growth in cedar–hemlock forests
is N limited, as indicated by fertilization studies (Weetman
et al. 1989; Bennett et al. 2003), cedar, hemlock and salal
showed similar patterns of N uptake; all three species
absorbed large proportions of the inorganic N and
relatively small quantities of N from the glutamic acid,
protein and protein–tannin treatments. The findings from
other studies also do not support the partitioning of N
uptake by N-form hypothesis. Persson et al. (2003)
examined the abilities of VA, ecto- and ericoid mycor-
rhizal plants growing together in a boreal ecosystem to
utilize NH4

+, NO3
−, glycine, arginine and peptides over

the course of 64 days. The three species, regardless of
mycorrhizal association mobilized similar amounts of N
from the different N sources. Similarly Nordin et al.

Fig. 6a, b Nitrogen absorbed by salal during the organic N uptake
experiment in all the treatments (a) and in the organic N treatments
(b). Values are means ± SEM. Different letters indicate significantly
different treatment means within a harvest day based on ANOVA
(GLM procedure) (P<0.05, n=5–7)
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(2001) found the uptake of NH4
+, NO3

− and glycine by
plant species within communities along a productivity
gradient in a boreal forest to be similar. Uptake patterns
between communities, however did differ between
systems and were correlated with soil N concentrations.

In conclusion, cedar, hemlock and salal growing in
cedar–hemlock forest floor appear to be able to absorb
amino acids intact. All three species also utilized similar
amounts of N from NO3

−, NH4
+, glutamic acid, protein

and protein–tannin sources. Thus in these cedar–hemlock
systems where the majority of N is in an organic form,
cedar, hemlock and salal all have a limited ability to access
and utilize N from a variety of organic N forms. However,
none of the species had distinct patterns of N uptake. This
may be an example of the N uptake abilities of plants
being modified by the availabilities of N forms on site
(Nordin et al. 2001); in this case, all species present on
these N-poor sites are able to utilize several N forms.
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