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Nodulation of Seaside Alder Topdressed with
Controlled-release Fertilizer

Taun Beddes! and Heidi A. Kratsch?
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SuMMARY. Seaside alder (Alnus maritima) is a rare species adapted for ornamental
use. It can be produced easily by commercial growers, and when soil-inoculated
in nursery containers, will form root nodules containing nitrogen (N)-fixing
bacteria in the genus Frankia. It has been demonstrated that nodulation within this
species can be controlled by the amount of N plants receive from a liquid source;
however, granular controlled-release fertilizers (CRF) also are commonly used by
commercial growers, and information is not available on CRF effects on nodula-
tion. We sought to determine the application rate of CRF that will maximize
nodulation of seaside alder while sustaining acceptable plant health and growth.
Inoculated containerized plants were topdressed with CRF at eight application rates
from 0 to 32.0 g per container. A control group of uninoculated plants received the
manufacturer’s prescribed rate of 6.0 g per 6-inch-diameter standard round pot.
Regression analysis revealed that treatment with 2.0 g of CRF maximized root
nodule formation (a mean of 26 nodules), while nodulation was inhibited at CRF
rates 24.0 g. Plant growth parameters and leaf N content of inoculated plants
treated with 2.0 g of CRF were similar to those of uninoculated plants receiving the
prescribed ratc of CRF (P < 0.05); nitrate-nitrogen leaching from pots containing
2.0-g CRF-treated plants was minimal. We conclude that vigorous nodulated
plants of scaside alder can be produced, with minimal nitrate leaching, by providing

CREF at lower than prescribed rates.

caside alder is a threatened spe-

cies native to the United States

in Georgia, Oklahoma, and
along the Delmarva Peninsula in Del-
aware and Maryland (Schrader and
Graves, 2000a). Efforts have been
made to encourage its use by the
nursery industry because it has been
found to be well suited for landscape
usc (Graves and Schrader, 2004;
Kratsch, 2008), and can be propagated
readily from cuttings or seed (Schrader
and Graves, 2000a, 2000b). Plants of
seaside alder have the capacity to fix
atmospheric nitrogen (N) by way of
a relationship with Frankia bacteria,
which colonize root nodules (Stibolt,
1978). Such N-fixing species can sur-
vive, and often thrive, in N-poor soils
in the wild (Paschke, 1997); in culti-
vated situations, they can add significant
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N to the soil environment (Hansen and
Dawson, 1982).

Nursery production of nodu-
lated plants could be potentially valu-
able Dbecause nodulated N-fixing
plants might perform better than
non-N-fixing taxa in landscape situa-
tions as a result of their capacity to
thrive in N-deficient soils. Further-
more, the presence of nodules on
nursery plants could allow for reduc-
tion in N-fertilizer use and more
efficient use of applied N. Sellstedt
and Huss-Danell (1986) found that
nodulated gray alder (Alnus incana)
used N more efficiently than did
non-nodulated gray alder receiving
ammonium nitrate (NH4NO3) in
aqueous solution as its N source.
Nursery growers view nitrate-N
(NO3-N) contamination of ground-
water as one of the major challenges
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for sustainable production (Urbano,
1989). The use of controlled-release
fertilizers (CRF) for crop fertilization
has been touted as a means to reduce
NO;-N leaching from containerized
nursery crops (Colangelo and Brand,
2001),and CRF is now widely used in
nursery production. However, no
studies have investigated effects of
CRF on nodule formation in N-fixing
plants.

It has been demonstrated with
various actinorhizal species that nod-
ulation can be limited when plant
roots are exposed to high concentra-
tions of N in aqueous solution (Berry
and Torrey, 1985; Gentili and Huss-
Danell, 2003; Kohls and Baker, 1989;
Martin et al.,, 2003; Thomas and
Berry, 1989). Laws and Graves
(2005) investigated the dynamics of
this response in seaside alder, and
demonstrated N-induced inhibition
of nodulation and nodule activity,
which was rapidly reversible after re-
moval of N from the fertilizer solu-
tion. This is useful information for
nurseries desiring to produce nodu-
lated plants because inadvertent,
short-term exposure to high N does
not destroy the N-fixing capacity of
seaside alder (Laws and Graves, 2005).

Our objectives were to examine
how NH4NOj3 delivered in a con-
trolled-release form would influence
nodulation in seaside alder, and to
determine the level of CRF that would
enhance nodule formation while sus-
taining acceptable plant health and
growth and minimizing NO3-N leach-
ing from containers. Our results will
provide growers who rely on CRF for
delivery of plant nutrients with guide-
lines for their use with nodulated
seaside alder.

Materials and methods

In Mar. 2007, seeds of seaside
alder from a population in Oklahoma
(Schrader and Graves, 2000b) were
rinsed with distilled water and were
cold-stratified between moist filter

Units
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papers in sealed petri dishes at 4 °C for
8 wecks. Stratified seeds were sown in
a seed flat (volume = 8586 cm?) filled
with Mix #3 Germinating (Sun-Gro,
Bellevue, WA) and were germinated
on a greenhouse misting bench where
16-h photoperiods were provided by
using 400-W, high-pressure sodium
lamps. Three wecks after germina-
tion, seedlings were transplanted into
individual plastic pots (volume = 235
cm?) containing an unpasteurized
growing substrate composed of 1
sphagnum peatmoss:1 perlite (by
volume). Plants were irrigated with
tap water daily and were fertilized
three times weekly with 15N-2.9P—
12.5K water-soluble fertilizer (Peter’s
Cal-Mag™; Scotts-Sierra, Marysville,
OH) adjusted to pH 5.5, and con-
taining 21 mm N to prevent nodula-
tion before treatments began. Mean
greenhouse air temperature was
25.5,/20 °C (day/night), with a daily
mean of 22 °C. Mean temperature of
container substrate was 27/22 °C
(day/night). Mean relative humidity
was 52%, and mean photosyntheti-
cally active radiation (PAR) during
the experiment was 646 umol-m=2-s".

On 1 Aug. 2007, fertilization
was discontinued. Forty-eight 3-
month-old seedlings of consistent
size were selected, and the growing
substrate was washed from the roots
to confirm that they had not formed
nodules. The seedlings were trans-
planted into square plastic pots (vol-
ume = 2200 ¢m®) containing the
growing substrate previously reported.
On 15 Aug. 2007, scedlings were
assigned randomly to one of 12
groups, and cach plant was treated as
an experimental unit (n = 4). Group 1
was destructively harvested at the start
of the experiment for baseline mea-
surements of plant growth parameters.
The remaining plants were arranged
on a greenhouse bench in a random-
ized complete block design. Each of
nine groups was topdressed with 0,
0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 16.0, or
320 g of 15N-39P-10K CRF
[Osmocote Plus™;  Scotts-Sierra
(hereafter referred to as CRF)] for-
mulated to have a 3- to 4-month
release rate at 21 °C, and containing
micronutrients. Group 11 received
no CRF but instead was fertigated
twice daily with 250 mL ofa complete
nutrient solution including micronu-
trients (Bugbee, 2004), modified to
contain 8 mm NH4NO3, and adjusted
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to a pH of 5.5. Group 12 remained
uninoculated and unfertilized, and
was used for further confirmation that
uninoculated plants remained un-
nodulated; no further data were col-
lected from plants in this group.
Plants in all treatments, except plants
receiving 6 g of CRF and plants in
groups 1 and 12, were inoculated at
the base of the stem with 30 g of field
soil collected from beneath plants of
thinleaf alder (Alnus incana ssp. ten-
uifolia) located in Logan Canyon,
UT, and confirmed in preliminary tri-
als to contain Frankia compatible with
seaside alder. Plants in the uninocu-
lated 6.0-g CRF treatment received
the manufacturer’s recommended ap-
plication rate of CREF for nursery stock
in 6-inch-diameter standard round
pots.

For the duration of the experi-
ment, all plants except those receiving
NH4NOj; in aqueous solution were
irrigated twice daily with 250 mL of
tap water (pH 7.3) to maintain the
growing substrate near container ca-
pacity. Nitrate-N concentration of
liquid leached from the bottom of
containers was measured on days 1,
14, 28, and 42 of the experiment for
all plants receiving 0, 2.0, 6.0, 8.0,
and 32.0 g of CRF, and 8 mm
NH4NO3;, by using a NO3-N color-
imeter test kit (#3649 SC; Lamotte
Co., Chestertown, MD). Leachate
was collected from substrate by sus-
pending plants in their containers
above empty collection dishes during
the second daily irrigation.

All plants were destructively har-
vested after 45 d, and weights of leaf
blades, stems, roots, and nodules
were recorded separately after tissues
had been dried for 3 d at 67 °C. Dried
leaf blades were ground in a tissue
homogenizer and analyzed for N
content by using the Kjehldahl
method (Bradstreet, 1954).

DATA ANALYSIS. Statistical analy-
sis was performed using the SAS/
STAT software (version 9.1; SAS In-
stitute, Cary, NC), and analysis of
vartance was performed using the
general linear models procedure.
Means separation analysis was per-
formed using Fisher’s least significant
difference test. Levene’s test was used
to determine homogeneity of vari-
ances. Based on these results, a
cubed-root transformation was used
to achieve homogeneity of variance
for nodule dry weight and nodule

count before regression analyses.
Analysis of NO3;-N in the leachate
from containers revealed that date of
testing, treatment level, and their in-
teraction were statistically significant;
therefore, effects of CRF level, time,
and their interaction were partitioned
(Fig. 1). Linear regression analysis
was used to predict the timing of
NO;-N depletion from the leachate
of CRF-treated plants; measurements
from the first test date were excluded
from this analysis to allow nutrient
release from CREF to stabilize.

Results

Over the course of the 45-d ex-
periment, plants of seaside alder that
received less than 2 g of CRF did not
grow significantly, and the leaves
appeared smaller and lighter green
than plants receiving greater amounts
of fertilizer (Table 1, Fig. 2). The
mean whole plant, shoot, and root
dry weights of inoculated plants that
received 2 g of CRF were 87%, 71%,
and 113%, respectively, greater than
those of plants harvested at the be-
ginning of the experiment. These
parameters in 2-g CRF-treated plants
did not differ statistically from those
of inoculated plants treated with >4 g
of CRF, or from uninoculated plants
treated with the prescribed 6 g of
CREF (P < 0.05) (Table 1). No differ-
ences existed in root-to-shoot ratios
among plants in any treatment and
initial measurements taken from
plants destructively harvested at the
beginning of the experiment (P <
0.05) (data not shown).

Quadratic regression functions
best described the influence of CRF
level on nodule dry weight (Fig. 3A)
and nodule count (Fig. 3B); these
parameters were maximal at 2 g of
CRF. A quadratic regression function
also best described the influence of
CREF level on leaf N content, with
maximal leaf N concentration above
16 g of CREF (Fig. 3C). Mean leaf N
content of 2-g CREF-treated plants
falls above the regression line and is
similar to that of plants treated with
CRF levels of 28 g. Regression anal-
yses of CRE level and shoot dry
weight (r? = 0.786; P = 0.100), root
dry weight (r? = 0.0324; P = 0.670),
and plant dry weight (r* = 0.04; P =
0.981) were not significant (data not
shown).

Nitrate-N concentrations of
leachate from tested containers were
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greatest after 14 d and decreased
thereafter (Fig. 1). No differences in
leachate NO;-N existed between 0-
and 2-g CRF-treated plants on any
test date (P < 0.10). After 14 d,
leachate NO3z-N concentrations from
32-g CRF-treated plants were three
times greater than that from 8-g
CRF-treated plants. Plants that

ResearcH RepPoRTS

received 8 mm NH4NO; from an
aqueous solution had greater leaf N
contents than plants in any other
treatment (Table 1); NO3-N in leach-
ate from these plants increased on
each successive test date, with the
greatest levels measured on day 42
of the experiment (data not shown).
Linear regression revealed that levels

——.....

of NO3-N would have been depleted
from the leachate from 2-, 6-, 8-, and
32-g CRF-treated plants on days 52
(r? = 0.446; P = 0.0065), 48 (r* =
0.470; P = 0.0065), 54 (r* = 0.478;
P=0.0127),and 61 (r? = 0.559; P=
0.0011), respectively, with a mean de-
pletion time of 54 d (data not shown).
These analyses revealed that after 14 d,
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Fig. 1. Nitrate-nitrogen (NO;3-N) concentration in the leachate from pots containing soil-inoculated seaside alder seedlings
treated with 0, 2.0, 8.0, and 32.0 g of controlled-release fertilizer (CRF) after days 1 (A), 14 (B), 28 (C), and 42 (D) of a 45-d
experiment. After 14 d, NO3-N leached from pots containing seedlings treated with 8.0 or 32.0 g of CRF was significantly
greater than NO3-N leached from pots containing seedlings treated with 2.0 g of CRF. Nitrate-N leached from the 2.0-g CRF-
treated pots was not different from those treated with 0 g of CRF (n = 4). Mcans represented by each column with the same letter
are similar at P< 0.10 according to Fisher’s least significant difference test; 1 g = 0.0353 oz.

Table 1. Whole plant dry weight, number and dry weight of root nodules, leaf area and nitrogen (N) accumulation, and
shoot and root dry weights of soil-inoculated and uninoculated seaside alder grown for 45 d with different levels of
controlled-release fertilizer (CRF), or fertigated with a nutrient solution that contained 8.0 mm ammonium nitrate
(NH4NO3) (n = 4). Scedlings were watered twice daily to field capacity, and N fertilizer was provided three

times per week for 8 weeks before treatments began 1 Aug. 2007.

Plant dry Nodule Leaf Shootdry  Root dry
Treatment wt (g)” Count (no./plant) Dry wt (mg)” N content (%) Area (cm?) wt (g) wt (g)
Initial harvest 152 ¢¥ 0.00c¢ 0.00 b 2.03 bed 1094.6 ¢ 9.37 d 5.78 cd
0.0 g of CRF 24.1 abc 0.33 abc 30.1 ab 1.61 ¢ 1033.7 ¢ 12.1 bed 12.0 ab
0.5 g of CRF 20.1 be 12.0 ab 40.2a 1.71 de 948.8 ¢ 12.1 bed 7.99 abed
1.0 g of CRF 22.0 be 14.0 ab 819a 1.72 cde 1301.6 abc 15.2 bed 7.79 abed
2.0 g of CRF 28.4 ab 26.3a 103.1a 2.13 be 1177.5 abc 16.0 abc 12.3 ab
4.0 g of CRF 14.5 ¢ 11.5 abc 6.70 ab 2.00 bede 1239.3 abc 9.55d 4.95d
6.0 g of CRF~ 349a 0.00 ¢ 0.00b 2.36b 1826.6 ab 21.6a 134a
8.0 g of CRF 29.0 ab 0.00 ¢ 0.00 b 2.20Db 1783.9 ab 18.2 ab 10.9 abc
16.0 g of CRF 22.2 be 0.00 ¢ 0.00 b 2.30b 1147.6 be 15.2 bed 7.03 bed
32.0 g of CRF 25.5 abc 0.00 ¢ 0.00 b 240b 1638.8 abc 16.9 ab 8.64 abcd
8.0 mm NH4NO;  25.1 abe 0.00 ¢ 0.00 b 3.00a 1868.4 a 18.3 ab 6.79 bed
‘1 g=0.0353 0z, 1 mg=35274 x 10 ¥ oz, | cm? = 0.1550 inch?.
“Means within cach column followed by the same letter are similar at < 0.05 according to Fisher's least significant difference test.

*Uninoculated treatment.
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Fig. 2. Effects on growth of soil-inoculated and uninoculated seaside alder grown
for 45 d with different levels of controlled-release fertilizer (CRF), or fertigated
with a nutrient solution that contained 8.0 mm ammonium nitrate (NH4NO3)

(n = 4). Inoculated seaside alder seedlings treated with <1.0 g of CRF were stunted
and chlorotic, whereas inoculated seedlings treated with >8.0 g of CRF were

lush and vigorous. Inoculated seedlings treated with only 2.0 g of CRF were similar
in size and leaf color to inoculated plants treated with higher levels of nitrogen,
and to uninoculated plants treated with the manufacturer-prescribed 6.0 g of

CRF (not shown); 1 g = 0.0353 oz.

NO3-N levels in the CRF-treated
plants decreased in a linear fashion
until the end of the experiment.

Discussion

Our results demonstrate that
levels of N and other nutrients pro-
vided by CRF at a rate of 2 g per
container enhance nodulation and
growth of seaside alder seedlings over
a 45-d period, while minimizing
leaching of NO3-N from containers.
Inoculated plants treated with 2 g of
CRF formed the greatest number
and weight of nodules, and exhibited
growth and N accumulation patterns
similar to or greater than inoculated
plants treated with higher levels of
CRF, and uninoculated plants treated
with the prescribed rate of 6 g of CRF
(Table 1). Nodulation was nearly or
completely prevented by CRF appli-
cations of 24 g, and by fertigation
with a solution containing 8mm
NH4NO;.

Nodulation patterns of plants in
this experiment were consistent with
those reported in previous work with
actinorhizal species. Nodulation was
prevented by the application of 6 mm
NH4NOj in mexican cliffrose (Pur-
shia mexicana) and antelope bitter-
brush (Purshia tridentata) grown in
a greenhouse (Righetti et al., 1986).
Arnone et al. (1994) showed that

Horlxcdnology + August 2010 20(4)

nodule formation was inhibited in
river sheoak (Casuarina cunning-
hamiana) plant roots when exposed
to 3 mm NOjz, but nodules were
observed on all root systems exposed
to 0.05 mm NOj;. Kohls and Baker
(1989) observed inhibition of nodu-
lation at 2 mm NH4NOj3; in european
alder (Alnus glutinosa).

Laws and Graves (2005) found
that nodule formation and plant vigor
was maintained in plants of seaside
alder that received between 0.5 and
2 mMm NH4NO; from Hoagland so-
lution modified to provide different
NHNOj; concentrations with a con-
stant level of phosphorus (P), potas-
sium (K), and micronutrients; plants
were inhibited at levels >4 mm
NH4NO3;. In our work, nodulation
in seaside alder declined at 4 g of
CRF and was completely inhibited
at 8 g of CRF. In equivalent terms,
nodulation in our experiment was
completely prevented at daily N
levels of 1.6 mmol; in experiments
by Laws and Graves (2005), nodula-
tion was completely prevented at daily
N levels of 2.4 mmol (Table 2).
Nitrogen was provided in the form
of NH4NOj; in both cases, thus the
form of N did not account for differ-
ences in tolerance to daily N.

One explanation for this discrep-
ancy in nodule-inhibition levels of N

in seaside alder is that there may have
been variation in the daily release rate
of CRF in our experiment that could
have resulted in periods of time in
which daily N levels were similar to
those of Laws and Graves (2005).
Others have noted variation over
time in patterns of nutrient release
from CRF (Cabrera, 1997; Huett
and Gogel, 2000). Nutrient release
rate is known to be influenced by
many factors, including temperature
(Engelsjord et al., 1997; Huett and
Gogel, 2000; Husby et al., 2003). In
our study, irrigation of plants twice
daily was a factor in the increased
release rate and shortened the useful
life of applied CRF. Twice-daily irri-
gation was needed to keep plants free
from drought stress in the dry climate
of Utah.

A second possible explanation for
the discrepancy in nodule-inhibition
levels of N in seaside alder is the
influence of substrate composition
on nutrient retention and cation ex-
change capacity (CEC). Substrates
containing peatmoss, vermiculite, or
other components with high CEC
potentially could delay or discourage
nodule formation on inoculated plant
roots at lower levels of N because
applied N might remain in the root
zone longer, and build up over time
to the point where it could become
inhibitory. Laws and Graves (2005)
used coarse perlite, a substrate with
a relatively low CEC. We used a sub-
strate consisting of 1 sphagnum peat-
moss:1 perlite (by volume), which has
a higher CEC than perlite alone.

Alternately, our use of a substrate
with a higher CEC could have re-
sulted in greater uptake and storage
of N in seaside alder seedlings before
soil inoculation. Thomas and Berry
(1989) demonstrated that the inhib-
itory effect on nodulation of N pro-
vided before inoculation of carmel
ceanothus ( Ceanothus grisensvar. hor-
1zontalis) persisted after N fertiliza-
tion was withdrawn, and that the level
of N provided preinoculation differen-
dally affected the number of nodules
formed on plants after inoculation.
This suggests that N taken up and
stored by the plant can have a later
inhibitory effect on nodule number.
The potentially greater amounts of N
taken up and stored in our plants as
a result of growth in a substrate with
higher CEC could have resulted in
inhibition of nodulation at lower
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Fig. 3. Regression analyses of controlled-release fertilizer (CRF) level on nodule dry
weight (A), nodule count (B), and leaf nitrogen (N) content (C) of soil-inoculated
seaside alder grown for 45 d with different levels of controlled-release
fertilizer (CRF) (n = 4). Quadratic functions best described these relationships at

CRE levels from 0 to 8.0 g. To meet the requirement for homogeneity of variance,
nodule dry weight and nodule count were analyzed and are displayed

as cubed-root transformed data; 1 g = 0.0353 oz.

Table 2. Comparison of theoretical daily amounts of nitrogen (N) received by
soil-inoculated and uninoculated seaside alder grown for 45 d with different
levels of controlled-release fertilizer (CRF), or fertigated with a nutrient solution
that contained 8.0 mm ammonium nitrate (NH4NO3) (n = 4) with that
reccived by scaside alder as reported in work by Laws and Graves (2005).
Asterisks represent N levels at which complete inhibition of nodulation

was observed in each study.

Mean N Laws and Graves (2005) Mean N

Treatment (mmol-d ') treatment (mM NH/NO,)Y (mmol-d")
0.5 g of CRF* 0.1 0.25 0.15
1.0 g of CRF 0.2 0.50 0.30
2.0 g of CRF 0.4 0.75 0.45
4.0 g of CRF 0.8 1.0 0.60
6.0 g of CRF" 1.1 1.25 0.75
8.0 g of CRF 1.6* 1.5 0.90
16.0 g of CRF 3.2 2.0 1.2
32.0 g of CRF 6.3 4.0 2.4*
8.0 mm NH4NO;z" 8.0 8.0 4.8

“Assuming a mean 54-d release rate as per linear regression analysis of nitrate- N leached from containers.
Plants received 300 mL (10.14 fl 0z) of nutrient solution once daily.

*lg=0.0353 oz,
“Uninoculated treatment.
“Plants received 250 ml. (8.45 fl 02) of nutrient solution twice daily.
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concentrations of applied N during
our experiment than that observed by
Laws and Graves (2005).

A third explanation for the dis-
crepancy in inhibition levels of N in
seaside alder is the possible influence of
other nutrients provided in the CRF,
which we could not control at high
CRE levels. Although we are unaware
of any study reporting inhibition of
root nodulation in actinorhizal plants
by nutrients other than N, it is feasible
that some micronutrients provided by
higher levels of CRF could have been
inhibitory, although we observed no
negative effects of high levels of CRF
on plant growth parameters (Table 1).
We did, however, observe growth and
nodulation inhibition at CRF levels
lower than 2 g and at 4 g, probably
due to lack of supporting nutrients.
In addition, at 4 g of CREF, it is likely
plants were exposed to enough N to
inhibit nodulation, but not enough to
meet the growth needs of plants.

Research performed by others
has shown that nutrients other than
N can also influence nodule forma-
tion in actinorhizal species. Valverde
et al. (2002) observed that nodule
dry weight was maximal when plants
of chacay (Discaria trinervis) were
treated with P at concentrations be-
tween 100 and 1000 pm compared
with plants receiving less P. Micronu-
trients such as iron (Fe) and molybde-
num (Mo) may also influence nodule
function (Huss-Danell, 1997). In our
study, regression analysis revealed
that nodule dry weight and nodule
count were maximal in plants treated
with 2 g of CRF (Fig. 3, Aand B). We
hypothesize that the 2 g of CRF
applied in our study provided just
enough of all the nutrients to support
nodule function without levels of N
that would inhibit nodule formation.

Although we did not perform N
fixation assays, strong evidence sup-
ports the conclusion that N fixation
was occurring in nodulated plants in
our study because at CRF levels less
than the prescribed rate, leaf N content
rose as nodule count and dry weight
increased (Table 1). Further evidence
can be seen in Fig. 3C; leaf N content
of plants in the 2-g CRF treatment is
above the regression line and is similar
to N content of plants that received >8
g of CRF.

The presence of nodules on nurs-
ery plants could reduce N fertilizer use
and result in more efficient use of
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applied N. The use of CRF for fertil-
ization may reduce NO;-N leaching
from containerized nursery crops. Qur
study demonstrates that vigorous
nodulated plants of seaside alder can
be produced by using CRF rates below
that prescribed by the manufacturer,
with minimal leaching of NO;-N.
Seaside alder has potential for use in
sustainable landscapes and can be pro-
duced readily in a nodulated form by
growers. While individual growers will
need to experiment to optimize low-
input production of seaside alder and
other N-fixing species, our results
demonstrate that sustainable, low-
input production of N-fixing species
is possible, and that these taxa deserve
a place high on the list of sustainable
nursery crops. Future work should
test the hypothesis that nodulated
plants will have increased survival upon
installation in the landscape. Nitrate
leaching from nodulated plants in the
landscape also should be tested be-
cause no data are available on optimal
levels of N fertilization of nodulated
landscape plants.
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