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ABSTRACT
Accumulation of certain plant foliar amino acids (arginine, gluta-

mine, and proline) can be used as indicators of anthropogenic and
natural stressors, such as atmospheric deposition and mineral nutri-
tional imbalances, which result in decreased plant growth. In this
study a number of factors were evaluated to assess the use of foliar
amino acid accumulation as indicators of sugar maple seedling stress
at two sugar maple dominated forests in Michigan. These factors were:
(i) first-year sugar maple (Acer saccharum Marshall) seedling growth,
(ii) N and P nutrition, (iii) soluble foliar and root total amino 
concentrations, and (iv) concentrations of foliar arginine, glutamine,
and prolineo The most southern site OWellston), which was exposed to
high atmospheric deposition and had high available soil P and seedling
foliar P, had greater seedling growth. Foliar glutamine, arginine, and
proline were greater at the most northern site (Alberta), which re-
ceived lesser amounts of atmospheric deposition, but also had lower
levels of available soil phosphorus, seedling foliar phosphorus, less
seedling growth, and greater canopy closure. These results suggest
that since atmospheric deposition is high in nitrogen, even the low
levels of deposition at Alberta may be interacting with ecological var-
iables such as, available soil phosphorus, light, or moisture to result
in N/P imbalances and consequently higher arginine and glutamine
concentrations in seedling foliage.

RESEARCH has shown that some sugar maple forests
in the northeastern USA and eastern Canada have

been in decline in recent decades (Chevone and Linzon,
1988; Pitelka and Raynal, 1989; Bauce and Allen, 1991).
However, the causal agents attributed to this decline have
not been conclusively identified. Air pollution and nat-
ural ecosystem stressors are the two most frequently im-
plicated agents of sugar maple forest decline (Bernier et
al., 1989), but physiological and biochemical responses
to stress remain unresolved (Renaud and Mauffette, 1991).

Most sugar maple forest declines have been attributed
to insect defoliation and drought (Millers et al., 1989)
but others have linked stress and decline to nutrition. In
studies conducted in Canada, Bernier and Brazeau
(1988a,b) identified K and Mg imbalances in stressed
sugar maple stands, whereas Pare and Bernier (1989)
reported that P stress was a major factor in sugar maple
forest decline. Pregitzer et al. (1992) reported sugar ma-
ple N/S differences in sugar maple forests of the upper
midwest region of the USA, implicating atmospheric
deposition as a causal agent of sugar maple nutrient im-
balances. The altered N/S ratios, however, have not re-
suited in decreased sugar maple growth (D.D. Reed,
1993, Personal Communication).
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Further studies conducted in sugar maple forests in the
upper Midwest region have shown significantly different
leaching rates for K, Mg, and Ca from overstory sugar
maple foliage and upper soil horizons (Liechty et al.,
1990, 1993; MacDonald et al., 1992). These differences
have been attributed to atmospheric deposition, partic-
ularly hydrogen ion (H÷) inputs. McLaughlin (1992),
however, reported no significant differences for under-
story sugar maple foliar K, Mg, or Ca concentrations,
possibly because of the extent that throughfall precipi-
tation had been modified by the canopy.

It has been widely reported that levels of soluble foliar
amino acids, especially arginine and glutamine, are higher
in leaves of stressed than nonstressed plants, such as
forest trees (Zedler et al., 1986; van Dijk and Roelofs,
1988, Edfast et al., 1990), agronomic crops (Millard,
1988), horticultural crops (Rabe and Lovatt, 1984, 1986),
and bryophytes (Baxter et al., 1992). These accumula-
tions have consistently been correlated with plant nutri-
tional imbalances, particularly low levels of P, K, or Mg
in relation to N. Accumulation of arginine and glutamine
occur in plant vacuoles when the supply of N is greater
than its demand for protein synthesis (Millard, 1988).
Proline accumulation has been used as an indicator of
moisture or light stress (Joyce et al., 1984). However,
the relationships among anthropogenic and natural eco-
system stressors and amino acid dynamics of forest trees
are poorly understood.

Although some literature indicates increased growth
rates for sugar maple seedlings in declining sugar maple
forests (Houle, 1990), there have been no reports on the
underlying mechanisms such as amino acid dynamics
under natural conditions. Since seedling development is
the key to future forest productivity, this study was de-
signed to evaluate growth, foliar and root N and P, total
amino acid, and arginine, glutamine, and proline con-
centrations in first-year sugar maple seedlings at two
sugar maple forests in Michigan during the 1989 growing
season. These sites have historically been exposed to
different levels of atmospheric deposition and have dif-
ferent levels of available soil P and a number of other
stand characteristics. Thus, it should be possible to as-
sess anthropogenic vs. natural stresses on sugar maple
amino acid accumulation in these forests.

MATERIALS AND METHODS
Study Area

This study was conducted at two of the National Atmos-
pheric Acidic Precipitation Assessment Program (NAPAP)
Michigan gradient sites as part of a larger study concerning

Abbreviations: NAPAP, National Atmospheric Acidic Precipi-
tation Assessment Program; CEC, cation exchange capacity; OPA,
orthophthalaldehyde; HPLC, high performance liquid chromatog-
raphy; PAR, photosynthetically active radiation.
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atmospheric deposition effects on northern hardwood forested
ecosystems in the northern Great Lakes region of the USA.
Analogous sites were selected by the research site selection
team to represent similar soil and stand characteristics (Reed
et ai., 1988; Burton et al., 1991b). The Alberta site was lo-
cated in the Upper Peninsula in the Copper Country State For-
est near Alberta, MI. The Wellston site was located in the
Lower Peninsula in the Huron-Manistee National Forest near
Wellston, MI (Fig. 1). Each site consisted of three 10 by 
m measurement plots.

Each month from May 1989 through October 1989, four 30
by 30 cm quadrats were selected and established using pre-
determined distances and orientations. Sampling at each plot
was at a specified distance. Quadrats were established in the
following orientation; (i) northwest to southwest corner, (ii)
southwest to southeast corner, (iii) southeast to northeast cor-
ner, and (iv) northeast to northwest corner. The quadrats 
each plot were sequentially numbered 1 through 24 (4 quadrats
per month x 6 months).

Stand and climatic characteristics for the two sites are shown
in Table 1. Although stand characteristics were similar, dif-
ferences in mean annual temperature and growing season length
occurred between sites. Annual wet SO4-S and NO3-N dep-
osition are approximately twofold greater at Wellston as op-
posed to Alberta (Table 1). Throughfall (wet plus dry) 
deposition rates at Wellston are also higher than those at Al-
berta (Table 1). In addition to the atmospheric deposition gra-

A. S042 ~S kg ha" ~ yr- ~

-----=~, 3~ ~ 5

~~911

B. NO~-N kg ha yr

2

Fig. 1. Location of study sites along the regional atmospheric
deposition gradient (A = Alberta and W = Wellston).

dient, differences in available soil P, Ca, and Mg concentrations,
cation exchange capacity (CEC), and percent organic matter
also exist between the sites (Table 2), which may significantly
influence sugar maple growth. The soils at both sites were
classified as Spodosols, but differed in horizon development
and texture (MacDonald et al., 1991). Soil physical and chem-
ical properties at the two sites are shown in Table 2.

Plant Sampling

Five first-year sugar maple seedlings were excavated from
each quadrat for a monthly total of 20 seedlings per plot and
60 seedlings per site, for a seasonal total of 360 seedlings per
site. Shoot height and rooting depth were recorded for all seed-
lings at the time of excavation. All seedlings were then doubled

Table 1. Locations, climate, and stand characteristics of the
study sites.

Site

Variable Alberta Wellston

Latitude~" 46°52’ 44°23’
Longitude 88°53’ 85050’

1989 PrecipitationS"
Ambient

Mean annual
precipitation (mm) 870 810
Total growing season
precipitation (mm) 422 439

Throughfall
Amounts (mm) 288 282
NO3 (kg ha-t yr-t) 8.79 17.70
NH4 (kg ha-~ yr-1) 1.97 3.36
SO~ (kg ha-t yr-1) 12.79 21.79
H+ (kg ha-~ yr-~) 0.06 0.12

Mean annual temperature (°C)~t 4.2 5.8
1989 mean growing season
ambient temperature (°C) 13.4 14.5
Growing degree days
> 5.6°C§ 1528 1944
Total stand basal
area (m2 ha-~)t 31.4 30.3
Sugar maple basal
area (%)~" 86.0 83.0
Stand age (yr)~" 79 74

From Liechty et al., 1990.
From MacDonald et al., 1991.
From Phillips and McCoulloch, 1972.

Table 2. Soil characteristics for the upper 15 cm of mineral
soil for the study sites.

Site

Variable Alberta Wellston

Temperature (°C) 12.6 12.7
Moisture (%)’~ 24.2 33.0
pHi" 5.1 4.7
Bulk density (gcm-3) 1.43 1.41
CEC (toolc kg-~)~t 5.0 2.2
Organic matter (%)~t 4.0 8.0
Total N (kg ha-~)~t 536.0 1125.0
NH4 (kg ha-~)~" 8.0 9.0
NO~ (kg ha-l)~ 9.0 10.0
Total P (kg ha-t)~ 98.0 191.0
POg (kg ha-~)~" 5.0 15.0
Ca (kg ha-t)~" 614.0 361.0
K (kg ha-~)~" 42.0 28.0
Mg (kg ha-~)’f 37.0 51.0

From McLaughlin, 1992.
From MacDonald et ai., 1991.
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Fig. 2. Seasonal trends in first-year sugar maple foliar nitrogen
and phosphorus concentrations. (A) nitrogen, (B) phosphorus,
and (C) N/P (presented as mean and standard deviation).
Values are the average of three plots per site, four quadrats
per plot and five seedlings per quadrat.

Table 3. Site mean values (and standard deviations) for sugar
maple seedling characteristics (values are the average of six
monthly measurements from three plots per site, four quadrats
per plot and five seedlings per quadrat for growth and six
monthly samples from three plots per site and five seedlings
per plot for nutrition).

Site

Parameter Alberta Weliston

Rooting depth, cm* 15.5
(5.2)

Root biomass, mg*** 43.1
(8.2)

Stem Biomass, mg 32.1
(5.3)

Shoot height, cm 3.0
(0.1)

Foliar biomass, mg*** 39.7
(2.6)

Nitrogen, mg g-1 dry wt.
Roots 14.3

(4.o)
Foliage 19.5

(3.0)
Phosphorus, mg g-I dry wt.

Roots*** 0.9
(0.1)

Foliage*** 0.8
(0.2)

N/P ratio
Roots*** 19.0

(2.5)
Foliage*** 31.0

(3.4)
Amino adds,/tM g-~ dry wt.

Total
Roots 31.3

(6.9)
Foliage 14.3

0-2)
Arginine

Roots 0.4
(o.2)

(0.3)
Glutamine

Roots 0.3
(0.2)

Foliage* 0.9
(O.2)

Proline
Roots*** 1.3

(0.3)

(0.3)
Ratio of arginine +
glutamine to total free
amino acids** 0.2

(0.01)

23.1
(6.2)
63.4
(8.6)
37.4
(7.4)
3.6

(O.2)
60.4
(3.3)

15.7
(2.5)
21.8
(4.2)

1.7
(0.2)
1.7

(0.1)

9.3
(3.4)
13.2
(3.5)

31.0
(9.2)
14.1
(4.6)

0.2
(0.1)
0.5

(0.4)

0.4
(0.2)
0.5

(0.2)

0.3
(0.2)
0.5

(0.1)

0.1
(0.01)

*,**,*** Means in rows are different at the 0.05, 0.01, and 0.001 level
of significance, respectively.

bagged in polyethylene bags, stored on dry ice and returned
to the laboratory. Five of the seedlings from each plot per
month were randomly selected for foliar and root N, P, total
amino acid, arginine, glutamine, and proline analyses.

Analytical Procedures

Seedling Biomass and Mineral Nutrition

Dry root, stem, and foliar biomass were recorded after seed-
ling roots and foliage were washed free of debris and dried at
80 °C for 2 d. Dried root and foliar samples were ground to
pass through a 0.43-mm screen in a stainless steel Wiley mill
and then taken up to volume with 2 M HCI. Total N was
determined by Kjelhdal digestion and subsequent NHZ quan-
tification by boric acid titration (Bremner and Mulvaney, 1982).
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Total P was quantified by spectrophotometry following color
development with vanadomolybdate reagent (Olsen and Som-
mers, 1982).

Amino Acids

Foliar and root extracts for determination of alcohol soluble
total amino acids, arginine, glutamine, and proline were pre-
pared following the methods of Schwab et al. (1983). Extracts
for amino acid extraction were prepared by grinding 0.1 g dry
root or foliar material in a tissue homogenizer in 15 mL of
70% aqueous ethanol. Samples were centrifuged at 8000 × g
for 5 min to remove insoluble root or foliar material. Precip-
itated root or foliar material was then washed in 70% ethanol
and recentrifuged twice. The supernatants of the three centri-
fugations for each sample were pooled, evaporated to dryness
under pressure at 45 °C, and resuspended in 10 mL of distilled
H20 and stored at -20 °C until analyzed.

Samples of extracts were then passed through a 10 mL bed
volume column of Bio Rad 50w-x8 cation exchange resin (Bio-
Rad Laboratories, Hercules, CA). The basic compounds were
eluted with 200 ml 2.0 M HCI and evaporated to dryness. Basic
fractions were then resuspended in 0.2 M Na-citrate buffer (pH
2.2).

Amino acid identification and quantification in root and fo-
liar extracts was carried out using 1-mL aliquots of the basic
fraction that was then mixed with orthophthaladehyde (OPA)
solution (Sigma Chemical Co., St. Louis, MO), left to react
for 1 min, and then 0.1 M potassium orthophosphate (KH2PO4)
added. This mixture was allowed to stand for 1 min and was
then passed through a SUPELCOSIL LC-18 (Supelco, Belle-
fonte, PA), 15 cm × 4.6 mm column with 5 ltug/packing.
The eluted amino acids were detected as fluorescing com-
pounds at wavelengths of 340 nm (excitation) and 440 
(emission) using high performance liquid chromatography
(HPLC). Amino acids were identified and quantified using the
external standard method. Total amino acid concentrations were
taken as the sum of all identified individual amino acids.

Experimental Design and Data Analysis
The experimental design for the study was a fixed-effect

nested factorial analytical survey. Treatments were site and
month, with plots nested within sites. The dependent variables
were seedling biomass, foliar arginine, glutamine, and proline
concentrations. Extraneous variables included; (i)NO3-, SO~.2-,

and H÷ inputs from throughfali precipitation, (ii) air and soil
temperature, (iii) soil moisture, and (iv) seedling foliar N 
P concentrations. Analysis of variance was used to test for
differences in plant variables (Zar, 1984). Correlation analysis
was used to test relationships of plant nutritional variables and
stand characteristics with seedling amino acid accumulation.
For all statistical analyses the 0.05 level of significance was
used unless otherwise stated.

RESULTS

Seedling Growth

Mean values for seedling growth at both sites are shown
in Table 3. There were differences by site for rooting
depth, root biomass, and foliar biomass, with all varia-
bles greater at Wellston than at Alberta and increasing
over time. No significant site differences occurred for
seedling shoot height or stem biomass.

Seedling Nutrition
Nitrogen and Phosphorus

Seedling root and foliar P and N/P ratios were differ-
ent by site, with P concentrations greater and N/P ratios

lower at Wellston than at Alberta (Table 3). No site
differences were found for either root or foliar N (Table
3). Foliar N and P increased throughout the growing
season until October, when concentrations decreased at
both sites (Fig. 2A, 13). The N/P ratios at both Alberta
and Wellston generally declined throughout the growing
season.

Amino Acids

No site differences occurred for either root total sol-
uble amino acid, arginine, or glutamine concentrations
(Table 3). Root proline levels, however, were greater 
Alberta than at Wellston (Table 3). Site differences did
occur in seedling foliage arginine, glutamine, and pro-
line concentrations, with concentrations being greater at
Alberta (Table 3). The ratio of foliar arginine + gluta-
mine to total amino acids also was greater at Alberta
than at Wellston (Table 3). Arginine and proline showed
similar seasonal trends in seedling foliage, with increases
generally occurring throughout the growing season at Al-
berta until October, but remaining unchanged at Well-
ston (Fig. 3A, B). Glutamine concentrations at Wellston
were similar to those for arginine and proline, and lower
than those at Alberta throughout most of the growing
season (Fig. 3A, B, C). Arginine concentrations in seed-
ling roots at Alberta showed a trend that was opposite
to foliar arginine concentrations, where decreases oc-
curred throughout the growing season (Fig. 4). How-
ever, the trend for root arginine concentrations throughout
the growing season at Wellston was similar to that of
foliar arginine.

Foliar arginine (r = 0.85, P = 0.001; r = 0.74, 
= 0.004), glutamine (r = 0.78, P = 0.003; r = 0.- 70,
P = 0.009), and proline (r = 0.72, P = 0.005; r 
-0.67, P = 0.012) concentrations were positively cor-
related with foliar N/P ratios and negatively correlated
with foliar P concentrations, respectively. Root arginine
concentrations were negatively correlated with foliar N/
P ratios (r = -0.81, P = 0.002) but not correlated
with foliar P concentrations (r = -0.27, P = 0.412).
No significant correlations of foliar arginine or glutamine
occurred with foliar N (r = 0.52, P = 0.265; r = 0.43,
P = 0.293, respectively), air temperature (r = 0.31, 
= 0.441; r = 0.49, P = 0.189, respectively), through-
fall precipitation amounts (r = 0.42, P = 0.295; r 
0.49, P = 0.283, respectively), N concentrations in
throughfall precipitation (r = 0.36, P = 0.412; r 
0.32, P = 0.439, respectively), S concentrations in
throughfall precipitation (r = 0.52, P = 0.185; r 
0.58, P = 0.166, respectively), ÷ concentration i n
throughfall precipitation (r = 0.44, P = 0.291; r 
0.45, P = 0.291, respectively), soil temperature (r 
0.43, P = 0.292; r = 0.33, P = 0.439, respectively),
or soil moisture (r = 0.22, P = 0.533; r = 0.30, r 
0.441, respectively).

DISCUSSION

The increased sugar maple seedling growth rates found
at the site with the greatest atmospheric deposition
(Wellston) corroborates the findings of Houle (1990) 
increased sugar maple seedling growth at more polluted
as compared with less polluted sites. Greater seedling
belowground as opposed to aboveground growth at both
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Fig. 3. Seasonal trends in foliar amino acid concentrations for first-year sugar maple seedlings. (A) arginine, (B) proline, 
glutamine, and (D) ratio of arginine + glutamine to total amino acids (presented as mean and standard deviation). Values 
the average of three plots per site and five seedlings per plot.

sites suggests that first-year sugar maple seedlings allo-
cate significant portions of their energy to support root
growth as opposed to shoot growth, regardless of at-
mospheric deposition inputs. A well-formed root system
is critical for shade-tolerant species, such as sugar ma-
ple. Once cotyledon abscission occurs, seedlings are de-
pendent upon their root systems to obtain water and
nutrients from the soil for rapid shoot elongation when
conditions become conducive for seedling growth (Lo-
gan, 1965).

Houle (1990) suggested that increased sugar maple
seedling growth resulted from increased soil microsite
heterogeneity, resulting in greater availability of photo-
synthetically active radiation (PAR), soil moisture, and
nutrients (i.e., N and P). Findings from other studies 
the Alberta and Wellston sites during the 1989 growing
season corroborate Houle’s (1990) hypothesis of in-
creased PAR penetration to the forest floor and possibly
soil P being the major factors involved in increased seed-
ling growth. Burton et al., (1991a) reported significantly
lower specific leaf area means and greater defoliation
rates at Wellston than at Alberta during the 1989 growing

season. In addition, Pregitzer and Burton (1991) showed
that litterfall fluxes at Wellston were greater than Al-
berta. These findings strongly imply that greater PAR
reached the forest floor at Wellston than at Alberta in
1989.

The greater seedling foliar proline accumulation at Al-
berta than at Wellston (Table 3) also indicates that greater
PAR may have reached the forest floor at Wellston. Al-
though proline has been used most widely as an indicator
of moisture stress (Joyce et al., 1984), no differences 
soil moisture were evident during 1989 (Table 2). Soil
moisture stress, however, cannot be conclusively elim-
inated as a causal agent of proline accumulation. Dif-
ferences in light may lead to different moisture stress in
understory trees because of low light effects on root growth
(Gregory, 1987). Proline accumulation in plants does,
however, occur in response to low light conditions, as
well as low soil moisture (Joyce et al., 1984). Therefore,
an interaction of light with moisture may be occurring.
The lower litterfall fluxes and greater specific leaf area
at Alberta than at Wellston during the 1989 growing
season may have limited PAR penetration to the forest
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floor, and in part been responsible for proline accumu-
lation in seedlings at Alberta.

During 1988, N-flux in foliar litter was similar be-
tween the two sites, whereas reproductive litter N-flux
was approximately 5-fold greater at Wellston than Al-
berta (Pregitzer and Burton, 1991). The five-fold differ-
ence was not represented in 1989 seedling tissue N
concentrations as indicated by the similar seedling root
and foliar N concentrations at the sites (Table 3; Fig.
2A). The 1989 season was a bumper year mast crop at
Wellston, whereas few seedlings were present at Al-
berta. Therefore, the reproductive litter N-fluxes prob-
ably represented greater seed production rather than
increased seed N levels.

The differences in sugar maple seedling foliar P levels
at the two sites were similar to that which has been found
for P concentrations of mature sugar maple foliar litter-
fall at these two sites (A.J. Burton, 1992, personal com-
munication). In addition, lower available soil P and lower
total soil P levels occur at Alberta than at Wellston (Ta-
ble 2). Therefore, given reduced seedling root biomass
(Table 3), lower soil P (Table 2), seedling tissue P (Table
3), and number of lateral roots at Alberta (McLaughlin,
1992), it can be argued that reduced pools of available
P occur at Alberta and seedlings there are less able to
exploit those pools.

Although foliar arginine and glutamine differences oc-
curred between sites, there were no site differences in
total free amino acids (Table 3). Thus, higher levels 
arginine and glutamine can not be related to a higher
overall level of soluble amino acids at the Alberta site.
Edfast et al. (1990) reported that either increases or 
changes in total amino acids may occur as foliar arginine
and glutamine concentrations increased in Norway spruce.
However, both Edfast et al. (1990) and this study pro-
vided evidence that when forest trees accumulate argi-
nine and glutamine, their proportion together to total amino
acids are greater than that for trees that do not accu-
mulate those compounds (generally _>0.15 for accumu-
lation and _<0.1 for nonaccumulation).

The lack of significant differences for seedling tissue
N concentrations between sites suggested that N was not
a major factor in the arginine and glutamine differences.
Strong evidence, however, was found for foliar arginine
and glutamine being high at Alberta because the demand
for N may have been lower due to reduced P levels.
Reduced levels of P can lower the internal N level re-
quired for seedling growth (Millard, 1988), which could
have resulted in a lower demand for N, and thus the high
concentrations of foliar arginine and glutamine in seed-
lings at the Alberta site. With the possible release of P
deficiency at Wellston, the greater N concentrations in
precipitation may be more efficiently incorporated into
proteins for growth, possibly partially relieving any N
deficiency.

Phosphorus relationships with N are better indicators
of arginine accumulation than P levels alone (van Dijks
and Roelofs, 1988). Although P concentrations increased
during the growing season at Alberta, so too did N, which
resulted in fairly stable N/P ratios which were higher
than those occurring at Wellston (Fig. 2C). This possibly
resulted in inhibition of protein synthesis and, therefore,
translocation from roots to foliage increased and that
may have been the reason for decreased root arginine
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Fig. 4. Seasonal trends for arginine concentrations in roots of
first-year sugar maple seedlings (presented as mean and
standard deviation). Values are the average of three plots
per site and five seedlings per plot.

and increased foliar arginine concentrations during the
growing season at Alberta. Millard (1988) suggested that
nutritional limitations in relation to N results in arginine
accumulation in vacuoles and the accumulated N is not
used for plant growth until conditions become conducive
for growth. Arginine can then be transported out of the
vacuoles and be directly or indirectly used in protein
synthesis.

The findings for first year sugar maple seedling sol-
uble foliar arginine are opposite of what would be ex-
pected in regards to anthropogenic N deposition at the
two sites. Studies conducted with mature coniferous spe-
cies in Europe have shown increased soluble foliar ar-
ginine concentrations at sites exposed to high N deposition
rates over those exposed to low N deposition (Zedler et
al., 1986; van Dijk and Roelofs, 1988; Edfast et al.,
1990). However, in this study, the lack of significant
differences in foliar N coupled with higher P concentra-
tions at Wellston resulted in decreased N/P ratios there,
as compared with higher ratios at Alberta. Edfast et al.
(1990) reported that ratios of N to other nutrients are
more affected at nutrient deficient sites than at nutrient
sufficient sites even when N deposition rates are rela-
tively low. Thus, the results for sugar maple foliar ar-
ginine and glutamine are in agreement with those reported
for other forest trees when considering N/P ratios and
not specifically N deposition rates.

One of the uncertainties related to this study is the
degree of genetic selection and adaptations of sugar ma-
ple between these two sites. This is a critical factor that
may be influencing sugar maple responses. Evidence in
the literature suggests that sugar maple population ge-
netic or phenotypic differences occur both between and
within populations. For instance, Ledig and Korbobo
(1983) showed that sugar maple differential physiologi-
cal and morphological adaptations occurred in progeny
of sugar maple separated by <0.8 km and consisting of
no physical barriers to gene flow at different elevations
in New Hampshire. They suggested that the adaptations
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were in response to growing season length. The growing
season lengths at the two sites in this study with sugar
maple seedlings also differed. Therefore, the possibility
exists that the length of the growing season may be a
selection factor for sugar maple at the Alberta and Well-
ston sites.

Matthes-Sears and Larson (1990) showed differential
sugar maple physiological adaptations also without re-
stricted gene flow in Ontario, Canada, and implicated
PAR as the main selection factor. The Alberta site has
had greater canopy closure than the Wellston site for
three years (Burton and et al., 1991a). Therefore, in
addition to growing season length, PAR may also be a
selection factor affecting sugar maple genetic diversity
at the Alberta and Wellston sites.

SUMMARY AND CONCLUSIONS
First-year sugar maple seedling growth was greater at

the site (Wellston) exposed to high atmospheric depo-
sition loads. These results corroborated those of the lit-
erature with greater sugar maple seedling growth occurring
at more polluted sites. However, at both sites, be-
lowground growth was greater than aboveground growth,
suggesting that allocation of C and related compounds
to root systems may be dominant in first-year seedlings.
Increased seedling growth at the most polluted site may
have resulted from interactions among greater PAR
availability and greater available soil P.

Available soil P was low at the Alberta site, which
was exposed to the lesser amounts of atmospheric dep-
osition. This was reflected in lower seedling tissue P
levels. Available soil N and seedling tissue N levels,
however, were not different between sites, suggesting
differences in N and P balances. Greater foliar arginine
and glutamine concentrations in first-year sugar maple
seedlings at Alberta appeared to be a result of the N and
P imbalances, whereas proline accumulation was hy-
pothesized to result from low light or soil moisture con-
ditions at Alberta. The arginine and glutamine results
suggested that seedling N and P imbalances were prev-
alent at Alberta, although this site received less atmos-
pheric pollutant loads than Wellston. Therefore, it can
be inferred that, on these two sites, differences in sugar
maple seedling amino acid concentrations are most likely
due to differences in ecological (P-deficiency — possibly
interacting with differences in light, growing season length,
and genetics) rather than anthropogenic (acid deposition)
stress. It can, thus, be argued that accumulation of these
amino acids in sugar maple seedlings can be used as
indicators of natural ecosystem stressors for first-year
sugar maple seedlings, but not necessarily for single causes
such as air pollution because of compensating ecological
factors.

This study did not corroborate studies from European
forests showing increased arginine in response to atmos-
pheric N deposition. This may have been because Eu-
ropean forests are exposed to greater pollutant loads of
N. However, N/P ratio results of this study with sugar
maple seedlings did corroborate European studies for
mature conifer forests. For arginine accumulations to be
a viable indicator of ecosystem stress, both anthropo-
genic and natural ecosystem dynamics of a given site
must be understood.

Future studies on sugar maple amino acid dynamics

should include older seedlings and mature trees to de-
termine if the patterns for arginine, glutamine, and pro-
line differ from those of first-year seedlings. It is possible
that, as seedlings aged, a better balance between host
plant nutrient allocation to roots and soil nutrient uptake
would occur. Both controlled and field experimentation
involving N and P fertilizations under varying light con-
ditions would improve our knowledge concerning the
roles of those variables in sugar maple amino acid dy-
namics. Also, sugar maple genetic variability should be
examined in order to delineate possible differences in
sugar maple seedling adaptations to light, growing sea-
son, and P differences at the two sites.
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