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Abstract In managed settings, seedlings are often fertil-
ized with the objective of enhancing establishment, growth,
and survival. However, responses of seedlings to fertilization
can increase their susceptibility to abiotic stresses such as
drought. Seedlings acclimate to variation in soil resources by
reallocating carbon among different physiological processes
and compartments, such as above versus belowground
growth, secondary metabolism, and support of ectomycor-
rhizal fungi (EMF). We examined the effects of nutrient and
water availability on carbon allocation to above and
belowground growth of river birch (Betula nigra), as well as
partitioning among root sugars, starch, phenolics, lignin, and
EMF abundance. As nutrient availability increased, total
plant biomass and total leaf area increased, while percent
root biomass decreased. Root sugars, total root phenolics and
EMEF abundance responded quadratically to nutrient avail-
ability, being lowest at intermediate fertility levels.
Decreased water availability reduced total leaf area and root
phenolics relative to well-watered controls. No interactions
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between nutrient and water availability treatments were
detected, which may have been due to the moderate degree of
drought stress imposed in the low water treatment. Our
results indicate that nutrient and water availability signifi-
cantly alter patterns of carbon allocation and partitioning in
roots of Betula nigra seedlings. The potential effects of these
responses on stress tolerance are discussed.
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Introduction

Fertilization is routinely used to enhance establishment and
growth of seedlings in managed settings. Although seed-
lings can benefit from fertilization in extremely nutrient-
deficient soils where growth and photosynthesis may be
severely constrained, over-fertilization in managed settings
is common (Rytter et al. 2003) and can increase suscepti-
bility to herbivores (Raupp et al. 2010), pathogens
(Blodgett et al. 2005; Hagan et al. 2008; Piri 1998), and
drought-related injury (Linder et al. 1987; Lloyd et al.
2006). Drought stress reduces seedling growth and estab-
lishment and can predispose seedlings to disease (Wargo
1996) and insect attack (Huberty and Denno 2004).
Excessive fertilization may influence seedling physiology
in ways that exacerbate drought-related injury (Kleczewski
et al. 2010). Specifically, fertilization can alter patterns of
seedling (1) biomass allocation; (2) concentrations/contents
of carbon reserves and defense-related compounds; and (3)
associations with mycorrhizal fungi (Kleczewski et al.
2010).
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Tree seedlings can acclimate to soil nutrient avail-
ability by altering patterns of carbon allocation and par-
titioning among organs, allowing for optimal growth in a
particular soil (Aerts and Chapin 2000; Kozlowski 2002;
Glynn et al. 2007). Optimal allocation theory (OA) pre-
dicts that plants allocate a greater proportion of biomass
to roots in nutrient-poor soils to enhance resource capture
(Ibrahim et al. 1997; Ingestad and Agren 1988; Shipley
and Meziane 2002). Conversely, in soils with relatively
high levels of nutrients, OA predicts that plants allocate a
greater proportion of biomass towards foliage and stems
as light, not soil resources, limit growth processes
(Poorter and Nagel 2000). Increased carbon allocation to
aboveground tissues may cause seedlings to become more
susceptible to drought-related injury by increasing water
demand and transpirational water loss while simulta-
neously reducing the capacity to acquire water (Lloyd
et al. 2000).

Total non-structural carbohydrates (e.g. soluble sugars,
starch) play important roles in protecting seedlings during
periods of drought, as they support respiration and can
facilitate fine root and mycorrhizal growth. Patterns of
carbohydrate partitioning in roots can be affected by
nutrient availability with fertilization generally decreasing
total non-structural carbohydrate concentrations (Kobe
et al. 2010; McDonald et al. 1986; Mooney et al. 1995),
which can contribute to predisposing seedlings to injury
from drought (Kleczewski et al. 2010). Fertilization can
also reduce the content and concentration of secondary
metabolites, which have roles in protection of tissues from
drought-induced free radical production (Close and Mac-
Arthur 2002; Rozema et al. 1997) as well as protection of
seedlings from pathogens and pests (Bennett and Walls-
grove 1994; Pearce 1996).

The growth-differentiation balance hypothesis (GDBH)
attributes fertilizer effects on plant secondary metabolism
to a physiological trade-off between primary and secondary
metabolism that constrains constitutive secondary metab-
olism in rapidly growing organs and plants (Herms and
Mattson 1992). The GDBH predicts that the effects of
fertilization on secondary metabolism will vary in a non-
linear manner depending on an initial soil nutrient avail-
ability and fertilization rate. For example, fertilization of
soils of moderate nutrient availability is predicted to
increase growth and, as a consequence of the physiological
trade-off, decrease constitutive secondary metabolism.
Conversely, fertilization of extremely infertile soils is
predicted to relax nutrient constraints on physiological
processes, thereby increasing photosynthesis, growth, and
constitutive secondary metabolism, resulting in positive
correlations among them (Herms and Mattson 1992). These
predictions of GDBH have been supported in recent studies
that quantified foliar secondary metabolism (Glynn et al.
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2003, 2007; Hale et al. 2005), but only a few studies have
examined belowground trade-offs between growth and
defense. For example, Kleczewski et al. (2010) found that
fertilizer effects on root secondary metabolism can be
context dependent. In their study, fertilization of Betula
papyrifera L. in nutrient-deficient subsoil reduced root
secondary metabolism while fertilization of moderately
fertile topsoil increased contents of root phenolics and
lignin relative to controls. This response was attributed to a
reduction in carbon allocation to root growth and a sub-
sequent increase in carbon partitioned to root secondary
metabolism. Kleczewski et al. (2010) also documented a
negative correlation between the concentration of root
secondary metabolites and the abundance of ectomycor-
rhizal fungi (EMF).

EMF play crucial roles in acclimation of seedlings to
nutrient deficiency and drought (Davies et al. 1996; Mudge
et al. 1987). The extramatrical hyphae access and translo-
cate otherwise unavailable nutrients and water to tree
seedlings in exchange for host-derived carbohydrates
(Nehls 2008; Tarkka et al. 2005). Fertilization (particularly
N) is known to decrease EMF abundance, diversity, and
growth (Newton and Pigott 1991), perhaps by reducing
carbon availability to the fungus by the host (Nehls et al.
2010) or by increasing concentrations of phenolics or lig-
nin in roots (Feughy et al. 1999; Kleczewski et al. 2010;
Weiss et al. 1999).

The objective of this study was to examine within the
framework of allocation theory the effects of nutrient and
water availability on above and above and belowground
biomass allocation and growth of river birch (Betula nigra
L.), as well as carbon partitioning in roots among sugars,
starch, phenolics, lignin, and EMF. River birch is an
ectomycorrhizal species adapted to flood plains that grows
well in high clay soils, and is sensitive to water deficit
(Ranney et al. 1991; Gilman and Watson 1993; Gu et al.
2007). Specifically, we tested the following predictions of
allocation theory: (1) percent root biomass and total non-
structural carbohydrate content will decrease as nutrient
availability increases; (2) root secondary metabolite levels
and concentrations will be highest at intermediate levels of
nutrient availability; (3) EMF abundance will decrease
with as nutrient availability increases; and (4) as nutrient
availability increases, drought stress tolerance will
decrease.

Materials and methods

Plant material, soil, and growing conditions

The study took place at the Department of Horticulture and
Crop Science, Howlett Greenhouses located on the Ohio
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State University in Columbus, OH. Seventy-two, 1-year-
old dormant clonally propagated B. nigra (Schumacher Co,
Sturgeon Bay, WI, USA) were planted into 13.25 L pots,
placed outdoors, and watered to capacity daily until bud
break (approximately 10—14 days). Large pots were used to
prevent root binding and to allow adequate volume for
exploration of substrate by roots and EMF hyphae.

Pots contained air-dried soils originating from an agri-
cultural site at the Ohio Agricultural Research and Devel-
opment Center (Wooster, OH; approx. Google Earth
coordinates 40°47'N, 81°56'W). Soil samples were ana-
lyzed at the STAR lab at OARDC (http://oardc.osu.edu/
starlab/default.asp) to estimate initial soil pH (Thomas
1996), inorganic nitrate—N [using 2 M KCI extractions
(Gelderman and Beegle 1998)], available inorganic P
[using a P1 extraction (Frank et al. 1998)], exchangeable K,
Mg, and Ca [using ammonium acetate extraction (Helmke
and Sparks 1996; Warncke and Brown 1998)], and organic
matter (OM) [calculated as loss on ignition (Combs and
Nathan 1998)]. Soil analysis at the start of the experiment
indicated that the nutrient levels, particularly N, were rel-
atively low (nitrate-N 19.1 ugg~'; P 350 pgg™'; K
163 ug g~ ', Ca 3091 pgg'; Mg 216 pg g™ "), with
moderate levels of organic matter (3.5%) and a pH of 7.8.

Following budbreak, plants were moved into a flat roof
Cravo greenhouse equipped with retractable roof and walls
(Cravo Equipment Ltd., Brantford, ON, Canada). The
Cravo unit provides an environment more similar to
ambient conditions than conventional greenhouses, while
maintaining some control of environmental variables,
particularly access to water. When closed, the retractable
material allows for 80% light transmission. The retractable
roof remained closed for the duration of the experiment,
and walls were programed to open when the temperatures
exceeded 21°C.

Experimental design and implementation

The experiment was 2 x 3 factorial, arranged in a random-
ized complete block design, with two levels of water avail-
ability (low and adequate) crossed with three levels of nutrient
availability (no, medium, and high fertilization), with 12
replications of each treatment combination. The 72 experi-
mental units were divided into two blocks based on location in
the Cravo unit. An additional 12 river birch ramets were oven
dried at 60°C for 7 days, and weighed to estimate total plant
biomass when the experiment was initiated.

The adequate (W+) and low (W—) water treatments
were implemented using drip irrigation. Plants in the (W+)
treatment received 800 ml H,O day~', which provided
adequate soil moisture throughout the study (i.e. soils
would stick together easily when squeezed in the hand).

Plants in the (W—) treatment received 400 ml H,O day_l,

which was designed to drought stress seedlings while
minimizing seedling mortality. Relative to the (W+4)
treatment, soil moisture was noticeably reduced in the
(W—) treatment (i.e. soil would crumble in the hand under
moderate pressure).

The three levels of the fertilization treatment included
non-fertilized control (ambient soil), medium (112 kg N/
ha), and high (224 kg N/ha). These fertilization application
rates fall within the range of standard recommendations for
woody plants (ANSI 2004). In this way, we were able to
achieve a gradient of nutrient availability that also mim-
icked fertilization rates tree seedlings might experience in a
managed setting. In order to maximize initial establishment
and growth, all plants received 75 mg NH,~NO; which
was topdressed onto fertilized pots on day 1. Plants in the
low fertility treatment received no additional fertilizer. For
the next 14 weeks, plants in the intermediate and high-
fertility treatments received fertilizer containing fast- and
slow-release nitrogen (30-10-7 NPK; Arbor Green PRO®-
Davey Tree Co.). Plants in the intermediate- and high-
fertility treatments received 216 mg N in 400 mL H,O
once or twice per week, respectively. The combination of
weekly additions and slow-release fertilizer was aimed to
minimize nutrient leaching from pots. None of the plants
exhibited symptoms of nutrient deficiency or toxicity over
the course of the experiment.

Pre-dawn water potentials were measured on day 104
with a model 670 pressure bomb (PMS instruments Co.) on
a leaf excised from the upper 10 cm of the stem apex.
Water potential was not measured regularly to avoid
excessive defoliation of the small plants. Effects of water
availability were further characterized by analyzing treat-
ment effects on total plant biomass, total leaf area, and
other allocation and partitioning parameters.

Biomass allocation measurements

Immediately prior to destructive harvests, a subsample of
eight fully expanded leaves was collected from each plant
and photographed with a digital camera, with images used
to calculate leaf areas using image analysis software
(ASSESS, University of Manitoba, Manitoba, Canada).
The leaves were then oven dried at 60°C for 14 days. On
days 105 (block 1) and 106 (block 2), plants were
destructively harvested and separated into above and
belowground components. Foliage and stems were sepa-
rated from one another and oven dried at 60°C for 14 days.
Root systems were washed carefully with water in the field.
From each plant, a subsample of approximately 50% of the
root system was collected and homogenized. Approxi-
mately 25% of the subsample was placed in 50-ml centri-
fuge tubes containing ddH,O and stored at 4°C for
assessment of EMF abundance and diversity (Kleczewski
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et al. 2010). The remaining 75% of the root subsample was
flash frozen, lyophilized, weighed, and milled for chemical
analyses. The remaining 50% of the roots were oven dried
at 60°C for 14 days. For each plant, the various dry weight
fractions were combined to calculate total leaf, stem, root,
and whole plant biomass. The following indices of plant
growth and biomass allocation were calculated according
to the following formulae and units (Hunt 1978):

Total seedling biomass (g): root biomass + stem bio-
mass + foliar biomass

Leaf mass area (g m~2): foliar biomass/foliar area
Total leaf area (m®): foliar biomass/leaf mass area
Leaf area ratio (cm2 g_l): total leaf area/total seedling
biomass.

Chemical analyses

Root soluble sugars, starch, phenolics, and lignin were
quantified as described in Kleczewski et al. (2010). Phy-
tochemical concentrations may have important conse-
quences for EMF colonization and development; however,
overall partitioning of carbon to individual and total phy-
tochemical pools in roots may be influenced by plant size
(Koricheva 1999). To account for this, concentrations of
root phytochemicals were also normalized to root biomass,
and presented as proportion of total plant biomass [(con-
centration X root biomass)/total seedling biomass].

Quantification of EMF abundance and identification
of EMF

To quantify EMF abundance, 200 root tips per plant were
examined, and percent of total root tips colonized was
recorded. Morphological characterization (morphotyping)
of colonized roots conducted at 40x magnification using a
dissecting microscope (Kleczewski et al. 2010) revealed
only a single morphotype. Hence, no measures of EMF
diversity were calculated.

To identify the morphotype, DNA of replicate mycorrhizal
tips was extracted and the ITS region amplified as described in
Kleczewski et al. (2010). Amplicons were sequenced at the
Plant—Microbe Genomics Facility (pmgf.osu.edu). Sequences
were manually edited using Chromas Lite v2.01 (Technely-
sium Pty Ltd.) and submitted to NCBI GenBANK for com-
parison against deposited fungal ITS sequences using
BLAST. Matches were considered positive when sequence
identity was >97% and E values were 0.0.

Data analyses

Data were analyzed statistically using SPSS v.18 (SPSS
Inc., Chicago, IL, USA). The explore function of SPSS was
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Table 1 MANOVA showed significant main effects, with no inter-
action, of nutrient and water availability on response variables of
Betula nigra

Treatment Wilks lambda F P
Nutrient availability 0.27 35 wE
Water availability 0.65 2.1 *
Nutrient x water availability 0.68 0.8 0.36

Decreasing values of the Wilks Lambda statistic indicate effects that
contribute more to the model

Level of significance: * P < 0.05, ** P < 0.01

used examine data for normality, and percent root biomass
and percent EMF colonization were arcsine transformed
prior to analyses. MANOVA was used to test for overall
significance of main effect factors (water and nutrient
availability) and their interactions. Following significant
effects of MANOVA, the effects of treatments and/or their
interactions on individual variables were assessed by uni-
variate ANOVA (Proc GLM; Type III sum of squares),
with data reported as least square mean + 1 standard error
(SE). We examined relationships among means within
fertility treatment (a quantitative factor) using orthogonal
contrasts to test for linear or quadratic treatment effects
(Chew 1976). MANOVA indicated that the fertility and
water availability treatments, but not their interaction,
influenced plant growth, allocation, and partitioning vari-
ables (Table 1). Therefore, results are presented as main
effects averaged across all levels of the other factor.

Results
Effects of nutrient availability
Plant growth and biomass allocation

Increasing nutrient availability had a positive linear effect
on total plant biomass (4+44% from control to high fertil-
ization) and total leaf area (4+56% from control to high
fertilization), a marginally significant (P = 0.06) positive
linear effect on leaf area ratio (+9% from control to high
fertilization), and a negative linear effect on percent root
biomass (—6.5% from control to high fertilization)
(Table 2).

Root phytochemistry

Nutrient availability had no effect on content and con-
centration of root starch, phenolics, and lignin (Table 3).
However, root soluble sugars showed a quadratic response
to nutrient availability, with both content and concentration
lowest at the medium fertility level (Table 3).
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Table 2 Least squares mean (standard errors) and results of univar-
iate ANOVAs indicating that the nutrient availability had positive
linear effects on total biomass, total leaf area, and leaf area ratio

(marginally significant) of Betula nigra, a negative linear effect on
percent root mass, and a quadratic effect on EMF abundance

Fertilization level

Univariate ANOVA

Control Medium High F P linear contrast P quadratic contrast
Total biomass (g) 69.1 (4.4) 90.3 (4.2) 99.3 (4.3) 13.7 wE 0.18
Leaf area ratio (cm? g~ ') 36.8 (1.2) 39.1 (1.1) 40.1 (1.2) 22 0.06 0.89
Total leaf area (m?) 0.25 (0.02) 0.35 (0.02) 0.39 (0.02) 20.7 o 0.20
Percent root biomass 52.4 (0.7) 50.4 (0.7) 49.2 (0.7) 2.4 * 0.51
EMF abundance (%) 28.9 (4.0) 43.8 (4.0) 36.4 (4.1) 34 0.19 *
Initial seedling biomass was 3.41 £+ 0.03 g; N = 12
Level of significance:* P < 0.05, ** P < 0.01
ifﬂgai | I;‘;f;tsjq;la;e:egiasno " Fertilization level Univariate ANOVA
univariate ANOVAs indicating Control Medium High F P linear P quadratic
that the nutrient availability had contrast contrast
a quadratic effect on total
content and concentration of Percent of total biomass
soluble root sugars, but no effect Sugars 11.6 (0.5) 9.4 (0.4) 10.2 (0.5) 5.8 * ok
on other root phytochemicals Starch 14 (02) 13 (02) 13(0.2) 0.6 027 0.70
Lignin 2.4 (0.1) 2.1 (0.1) 2.4 (0.1) 1.9 0.67 0.06
Phenolics 6.5 (0.2) 6.0 (0.2) 6.2 (0.2) 1.7 0.20 0.20
Concentration (mg g~ ")
Sugars 224.2 (9.6) 188.4 (9.2) 204.4 (9.4) 3.6 0.15 #*
Starch 26.2 (0.7) 27.1 (0.7) 26.0 (0.8) 0.1 0.71 0.76
Level of Lignin 46.4 (2.2) 41.8 (2.1) 47.1 (2.3) 1.6 0.88 0.08
iif‘;ﬁia(f)‘%ef* P <0.05, Phenolics 1263 3.3) 1202 3.2) 1238(32) 09 059 0.22

EMF abundance and identity

Nutrient availability also had a quadratic effect on EMF
abundance, which was 52 and 17% higher in the medium
fertility treatment relative to the control and high-fertility
treatment, respectively (Table 2). BLAST results indicated
that the single morphotype observed on plant roots was
highly similar to a Peziza ostracoderma isolate obtained
from Castanea dentata (Marsh.) Borkh. (Accession
EU819461.1; 1,085 bit score; E = 0.0; 97% identity).
Members of this genus are known EMF associates (Smith
and Read 1997).

Effects of water availability

Total leaf area was 11% lower in the (W—) relative to
(W+) water treatment (Table 4). Water deficit also had a
marginally significant (P = 0.06) effect on total plant
biomass, which was 12% lower in the (W—) treatment, but
water availability had no effect on other measures of bio-
mass allocation, including EMF abundance (Table 4).
Water availability also had no effect on root sugars, starch,
or lignin (Table 5). However, total content and

concentration of root phenolics were approximately 8 and
11% lower, respectively, in the (W—) relative to the (W+)
water treatment (Table 5).

Discussion

This study demonstrated that above and belowground
carbon allocation and partitioning of river birch are sensi-
tive to nutrient and water availability. Responses of
growth, leaf area, and root:shoot ratio were largely con-
sistent with predictions of optimal allocation (OA) theory.
However, we observed complex quadratic responses of
root soluble sugars and EMF abundance to nutrient avail-
ability, and found that even moderate water deficit
decreased phenolic-based root defenses.

Effects of nutrient availability on carbon allocation
and partitioning

Consistent with predictions of OA theory, percent root

mass of river birch increased and leaf area ratio decreased
as nutrient availability decreased (Ingestad and Agren
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Table 4 Least squares mean (standard errors) and results of univar-
iate ANOVAs indicating that the reduced water availability decreased
pre-dawn water potential and total leaf area of Betula nigra, and had a
marginally significant effect on total plant biomass

Water availability Univariate
ANOVA
W+ W— F P
Total biomass (g) 90.1 (3.4) 80.7 (3.6) 3.6 0.06
Leaf area ratio 39.0 (0.9) 39.0 (1.0) 0.0 0.99
(em® g™
Total leaf area (m?) 0.35 (0.13) 0.31 (0.14) 39 =
Percent root biomass 50.7 (0.6) 50.7 (0.6) 0.0 0.93
EMF abundance 33.2 (3.3) 39.6 (34) 1.8 0.12
Pre-dawn water —0.46 (0.03) —0.64 (0.04) 19.1 **

potential (MPa)

Level of significance:* P < 0.05, ** P < 0.01

Table 5 Least squares mean (standard errors) and results of univar-
iate ANOVAs indicating that the reduced water availability decreased
total content and concentration of root phenolics of Betula nigra, but
had no effect on other root phytochemicals

Water availability Univariate ANOVA

W+ W— F P

Percent total biomass

Sugars 10.6 (0.4) 102 (0.4) 0.5 0.49
Starch 1.3 (0.1) 1.4 (0.1 1.4 0.24
Lignin 2.2(0.2) 23(0.2) 09 0.36
Phenolics 6.5 (0.2) 6.0 (0.2) 5.2 *
Concentration (mg g~ ')

Sugars 210.5 (7.6) 2009 (8.0) 0.7 0.40
Starch 26.3 (1.3) 273 (1.1) 1.3 0.26
Lignin 442 (1.7) 46.2 (1.8) 0.7 0.41
Phenolics 129.1 (1.8) 1179 2.0) 9.0 o

Level of significance:* P < 0.05, ** P < 0.01

1988). It is often assumed that this proportional increase in
root biomass results from greater production of fine roots in
an attempt to maximize capture of limiting nutrients
(Ostonen et al. 2007). However, another possibility is that
increased belowground biomass results from increased
partitioning to root phytochemicals. For example, in seven
northern hardwood species, Kobe et al. (2010) found that
the increased root biomass in response to lower soil
nutrient availability was due largely to increased total non-
structural carbohydrates and other chemical compounds.
The quadratic effect of nutrient availability on soluble
sugars that we observed is only partially consistent with the
pattern observed by Kobe et al. (2010). For example, we
found that soluble sugar content and concentration of roots
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decreased as nutrient availability increased from low to
medium, which is consistent with the results of Kobe et al.
(2010). However, as nutrient availability increased from
medium to high, we observed root sugar levels to increase,
which diverges from the pattern of Kobe et al. (2010). The
quadratic pattern we observed also highlights the impor-
tance of testing more than two treatment levels when there
is potential for nonlinear effects across resource gradients
(e.g. Glynn et al. 2007).

Neither root starch concentration nor content was
influenced by nutrient availability, which may not be sur-
prising given the variable effects of fertilization on root
starch observed in other studies (Ludovici et al. 2002;
Kosola et al. 2006; Vizoso et al. 2008; Goodsman et al.
2010). Nutrient availability also had no effect on root
secondary metabolism, which is more surprising given the
large effect of fertility on total plant biomass, and the trade-
off between growth and secondary metabolism as predicted
by GDBH (Herms and Mattson 1992). Previous studies
have documented increased root phenolic concentrations in
response to nutrient limitation (Keski-Saari and Julkunen-
Tiitto 2003; Kraus et al. 2004; Muller et al. 1989). How-
ever, in other studies, fertilization did not always affect
root secondary metabolism. For example, in a 3-year study,
Kosola et al. (2006) found that fertilization of hybrid
poplar (Populus x canadensis cv ‘Bugeneii’) resulted in
transient reductions in condensed tannin concentrations of
roots.

In the present study, nutrient availability was shown to
have quadratic effects on EMF abundance. This response is
consistent with predictions of allocation theories (Treseder
and Allen 2002; Vannette and Hunter 2011), and could
explain the divergent patterns observed in other studies.
Many studies have documented negative effect of fertil-
ization on EMF abundance (Treseder 2004). Conversely, in
other studies with birch, fertilization increased EMF
abundance (Walker et al. 2004; Clemmensen et al. 2006;
Kleczewski et al. 2010). According to Treseder and Allen
(2002), a quadratic pattern of mycorrhizal growth or col-
onization is predicted over soil N or P gradients due to the
effects of nutrient availability on plant carbon allocation
and partitioning to EMF. In highly nutrient-deficient soils,
plant carbon assimilation and allocation to roots is greatly
constrained, which restricts mycorrhizal associations. As
nutrient levels increase, nutrient limitations on carbon
assimilation/allocation are relaxed, allowing for enhanced
allocation to roots and mycorrhizal fungi (Treseder and
Allen 2002). In fertile soils, where nutrient levels are not
limiting plant growth, carbon is preferentially allocated to
the production of foliage and stems, which decreases
availability of carbon to support mycorrhizal growth. Our
results are consistent with this hypothesis, although we did
not test it directly. EMF responses to fertilization are
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known to be species specific, which could decrease the
generality of this pattern (Avis et al. 2003; Walker et al.
2004).

Effects of water availability on carbon allocation
and partitioning

Growth responses and patterns of biomass allocation and
carbon partitioning were affected by water availability. In
particular, total plant biomass and total leaf area increased
by 12 and 13%, respectively, in the (W+) relative to the
(W—) water treatment. Plants in the (W+) treatment
exhibited reduced pre-dawn water potentials when mea-
sured at the end of the study. However, in comparison to
previous studies with birch (e.g. Ranney et al. 1990;
Kleczewski et al. 2010), the magnitude of water potential
values that we observed suggest that plants in the (W—)
treatment experienced mild to moderate water stress.
Several physiological traits may have contributed to mod-
erating the physiological impact of water deficit in the low
water treatment. Birch species can acquire water from soils
of low soil moisture content (Fort et al. 1998). Further-
more, river birch has been shown to acclimate to water
deficit, thereby limiting the effects of water deficit on
photosynthesis (Gu et al. 2007). The reduction in total leaf
area in the (W—) treatment may have been due, in part, to
premature leaf abscission, which was observed during warm
summer weather. Abscission of foliage is considered a
drought avoidance adaptation of river birch (http://www.dnr.
state.oh.us/Home/trees/) that reduces transpirational losses
(Fort et al. 1998; Gu et al. 2007).

Even in response to moderate drought stress, we observed
areduction of root phenolics in the low water treatment. Our
understanding of the responses of root phytochemicals in
water-stressed trees is limited, particularly the responses of
secondary metabolites. The reduction in root phenolics of
moderately water-stressed plants may indicate that these
compounds do not play a major role in the protection B. nigra
roots to drought stress injury. This is in contrast to other
systems, in which increases in root phenolics or related
enzymes with reduced water availability have been docu-
mented (Gray et al. 2003; Sofo et al. 2005; Weidner et al.
2009). Regardless, our results show that the root secondary
metabolism of river birch can be significantly reduced under
conditions of moderate water stress, which may have con-
sequences for the susceptibility of seedling roots to pests and
pathogens in natural or urban settings.

Potential impacts of fertilization on stress tolerance
Conventional wisdom holds that fertilized trees are inher-

ently healthier than unfertilized trees (Herms and Mattson
1997). This may be true in extremely nutrient-deficient

sites such as the disrupted, inverted profiles that charac-
terize many urban soils (Craul 1994). However, a number
of studies have found that fertilization can have negative
effects on tree health (Herms and Mattson 1997) by
decreasing their pest resistance (Herms 2002) and drought
stress tolerance (Linder et al. 1987; Walters and Reich
1989; Kleiner et al. 1992; Nilsen 1995; Lloyd et al. 2006).
In our study, water and nutrient availability did not interact
to impact river birch growth or biomass allocation, perhaps
because of the moderate nature of our drought stress
treatment. However, the high fertilization did decrease
percent root mass and EMF abundance, which has been
associated with decreased stress tolerance.
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