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Effects of nitrogen fertilization in leafy spurge root architecture
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Abstract

Thereisadearth of information concerning the degree to
which the amounts, periodicity, and spatial patterns of N appli-
cations can be manipulated to alter the rooting strategy of leafy
spurge, and thus make it more susceptible to chemical and bio-
logical controls. This study was designed with the following
objectives: (1) determine the effect of patchy N fertilization on
shoot and root biomass, root distribution by depth, root plastici-
ty, and the ratio of coarse vs. fine roots of leafy spurge; and (2)
determine how leafy spurge scalesroot biomassto root lateral
spread and root surface area, as well as how these scaling pat-
terns are affected by N fertilization. The root architecture, plas-
ticity, and response to patchy N fertilization was evaluated in 3
separ ate experiments conducted in large containers. Patchy fer-
tilization did not alter the morphological characteristics of leafy
spurge roots, but did cause a reduction in root biomass and a
drastic change in the distribution of the root surface area within
the plant’s rooting volume. Fertilization both doubled the per-
centage of roots located in the top 10 cm of soil and shifted it
toward thefertilized patches.
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al spread

Leafy spurge (Euphorbia esula L.) has evolved into an exten-
sive weed control issue since first introduced to North America
over 130 years ago (Selleck et al. 1962). The majority of current
eradication strategies fall into 3 major categories (Lym and
Zollinger 1995): physical (mowing, cultivation, competition),
biological (grazing, insects), and chemical (herbicides). Leafy
spurge eradication, however, has proven difficult primarily dueto
spurge’s ability to persist under adverse conditions, a result of an
efficient reproductive system and an extensive root system (Raju
et al. 1963, Bowes and Thomas 1978, Galitz and Davis 1983,
Messersmith 1983, Lajeunesse et al. 1995, Lym and Zollinger
1995). The heterorhizic complex root system of leafy spurge
includes long roots having indeterminate longitudinal growth and
the ability to undergo secondary (cambial) growth and short
roots having limited cambial activity (Raju et al. 1963). Vertical
("long") roots can grow to depths up to 8.5 m, while horizontal
roots can have lateral spreads of up to 5 m (Lajeunesse et al.
1995, Galitz and Davis 1983). The 2 primary modes of reproduc-
tion are through regenerative adventitious root buds and dehis-
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Resumen

Tenemos al presente un conocimiento limitado de como la can-
tidad, periodicidad, y distribucion espacial dela fertilizacion con
N puede ser manipulada para alterar la distribucion delasraices
de leafy spurgey como consecuencia hacerla masvulnerable a
los controles biologicos y quimicos. Este estudio fue disefiado con
los siguientes objetivos: (1) determinar como la aplicacion espa-
cialmenteirregular de N afecta la produccion de hojas, tallos, y
raices, la distribucién de raices a diferentes profundidades en €
suelo, la plasticidad de lasraices, y la proporcion de raices grue-
sas en comparacion con raices finas de leafy spurge; y (2) deter-
minar larelacion entre la biomasa, la expancion lateral y la
superficie de lasraices en cuestion, y como esa relacién es afecta-
da por lafertilizacion con N. La estructura, plasticidad, y la
respuesta de raices a la distribucién irregular de N fue evaluada
en 3 experimentos conducidos en macetas grandes. La aplicacion
espacialmenteirregular de N no afect6 las caracteristicas morfo-
logicas de las raices de leafy spurge, pero resulté en una reduc-
cion en la proporcién de la biomasa de la planta destinada a las
raicesy un drastico cambio en la distribucion espacial de las
raices dentro del volumen de suelo explorado por la planta. La
fertilizacion simultaneamente duplicé el porcentaje de raices
localizadas en los primeros 10 cm del suelo, y las concentr6 en las
por ciones del suelo fertilizadas.

cence of seed capsules (up to 5 m. from the parent plant) (Galitz
and Davis 1983).

Nitrogen (N) plays a key role in the development and competi-
tive abilities of plant species (Haynes et al. 1986), and the root
morphological development of spurge has proven highly respon-
sive to variant N, including responses in root:shoot ratios, per-
centage "long" and lateral roots, and number of root and shoot
buds produced (Mclntyre and Raju 1967). Recent studies have
also shown that soil N plays a critical role in the overwintering
strategy in leafy spurge root systems, and that seasonal fluctua-
tions of root N are accurate indicators of plant health and deter-
minants of potential regenerative vigour (Lym and Messersmith
1993, Mclintyre and Raju 1967, Cyr and Bewley 1989, 1990).
Furthermore, fall N fertilization has been shown to increase the
effectiveness of spring applied herbicides (Regimbal and Martin
1985).

A renewed interest has arisen among plant ecologists in deter-
mining how root morphology and root plasticity (ability to redi-
rect root growth to areas of high nutrient concentration) can
affect plant performance and composition in patchy environ-
ments, and how the spatial distribution of nutrients themselves
can alter biomass allocation to roots and root architecture
(Campbell et al., 1991; Caldwell 1994; Jackson and Caldwell
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1996). Results from these studies have
suggested that the ability of plantsto com-
pete for soil resources is highly dependent
on: (a) the spatial distribution, concentra-
tion, and supply rate of soil nutrients; (b)
the volume of soil explored by their root
system; (c) the density and spatia patterns
of root surfaces within the rooting volume;
and (d) the rate of nutrient uptake. The
available information for most native
species and leafy spurge, however, is still
quite limited.

Significant amounts of research have
been done on leafy spurge physiology,
eradication methods, and root organogene-
sis, but few studies have concerned them-
selves with elucidating how the competi-
tive ability of leafy spurge can be influ-
enced through interactions among the spa-
tial distribution of soil nutrients (i.e. soil
N), root architecture, and root plasticity. In
particular there is a dearth of information
concerning the degree to which the
amounts, periodicity, and spatial patterns
of N applications can be manipulated to
alter the rooting strategy of leafy spurge,
and thus make it more susceptible to
chemical and biological controls. This
study, thus, was designed with the follow-
ing objectives:

1. Determine the effect of patchy N fertil-
ization on shoot and root biomass, root
distribution by depth, root plasticity,
and the ratio of coarse vs. fine roots.

2. Determine how leafy spurge scales root
biomass to root lateral spread and root
surface area, as well as how these scal-
ing patterns are affected by N fertiliza-
tion.

Materialsand M ethods

The root architecture, plasticity, and
response to patchy N fertilization of leafy
spurge was evaluated in 3 separate experi-
ments conducted from 1995 to 1997.

1. Experiments 1 and 2

Leafy spurge root rhizomes were ran-
domly collected from a sandy soil type in
the Sheyenne National Grasslands and
planted in 60x60x60 cm wooden boxes
(one 2.5 cm rhizome, with a bud, per box)
equipped with detachable sides and filled
with washed river sand from the Buffalo
River, N.D. The boxes had two, 2 cm?
hardware mesh panels inserted horizontal -
ly at depths of 10 and 30 cm. The mesh
was intended to keep the roots in place
after the sand had been removed so accu-
rate measurements of vertical and horizon-
tal distributions could be made. Half of the
boxes in each experiment were fertilized

with Sierra® slow release fertilizer prills
(N-P-K:16-8-12 plus minor nutrients) at a
rate of 37.5 gN/m?. All prills were located
in one side of the box (North), at 7.5 cm
below the surface in a straight line half
way between the plant and the outer edge
of the container. The purpose of the design
was to effectively test the degree to which
root architecture was affected by nutrient
patchiness. Before adopting this method, a
series of preliminary tests were run to
determine the design capability for main-
taining nutrient patches. Nitrate (NO3)
was measured (due to its high mobility)
for a4 week trial period using different N
concentrations. Although there was some
movement of NO 3, we were able to main-
tain gradients ranging from 15 to 400
ppm.

The experiments were arranged as a
completely randomized design with two
treatments, fertilized and not-fertilized,
and 5 replications per treatment. The
experiments were conducted, outdoors,
from May to September of 1995
(Experiment 1), and repeated in 1996
(Experiment 2). At the end of each experi-
ment we proceeded as follows: (1) above
ground biomass was clipped at the surface
level; (2) the sides of the boxes were
removed and the sand washed out; and (3)
roots were harvested by depth (0-10 and
10-60 cm) and separated in two halves in
accordance with the fertilization design.
Aboveground biomass and roots were
oven-dried for 12 hours at 60° C and
weighed. In the first experiment, root sub-
samples by depth and halves were digi-
tized using a Hewlett Packard high resolu-
tion scanner and analyzed for total root
length, root diameter, and root surface
area with the use of a Delta-T Scan imag-
ing system.

2. Experiment 3

The third experiment was designed to
determine how leafy spurge scales root
biomass to root lateral spread. Cylindrical
containers (50 cm in diameter, 90 cm in
depth) were fitted with 2 cylindrical
dividers (15 and 30 cm in diameter) made
of wire netting (1 cm mesh). The mesh
system was used to accurately measure
root biomass by depth at fixed horizontal
distances of 0-7.5, 7.5-15, and 15-25 cm
from the rhizome (one 2.5 cm rhizome,
with a bud, per box). The containers were
filled with pure silica sand and planted
with leafy spurge rhizomes. Half of the
containers were fertilized using the same
design outlined in Experiments 1 and 2.

The experiment was organized as a com-
pletely randomized design with 2 treat-
ments, fertilized and not-fertilized, and 6
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replications per treatment. The experiment
was conducted in the greenhouse from
May to September (1997). Above ground
biomass was clipped at the surface level.
Roots were rinsed out while still in the
containers and clipped on the basis of 18
locations determined by 3 categories: (1)
North side (fertilized) vs. South side (not-
fertilized); (2) horizontal distance from rhi-
zome (0-7.5 cm, 7.5-15 cm, and 15-25
cm); and (3) depth (0-10 cm, 10-20 cm,
and 20-80 cm). Above and below ground
biomass were dried and weighed. Roots
were scanned, digitized, and analyzed for
total root length, root diameter, and root
surface area using the same method dis-
cussed in the previous section.

3. Satistical Analysis

Statistical differences between fertilized
and not-fertilized treatments in terms of
above ground biomass, root biomass, and
root biomass by depth were analyzed
using at-test. Differences in the propor-
tion of root biomass between the North
side (fertilized side in the fertilized treat-
ment) and the South side within each treat-
ment were analyzed using a paired t-test
with a null hypothesis of Hy = 0.5. The
datain this case was transformed using the
angular transformation (Bonham 1989).
Combined P-values for the 3 experiments,
where pertinent, were calculated using the
Fisher test (Folks 1984). Differencesin the
distribution functions of root diameter vs.
root surface area among treatments were
tested using the Kolmogorov-Smirnov test
(Sokal and Rohlf 1969). All results were
considered significant at the P<0.05 level.

The scaling relationship of root biomass
with root surface area and root lateral
spread were analyzed using an allometric
model of the form y = a*RB® where y is
either root lateral spread (rlsin cm) or root
surface area (RSA in m?), and RB isroot
biomass (g). The equation parameters
were estimated with the use of linear
regressions on the log-log transformations:
In(y) =In(a) + b*In(RB).

Results

Total leafy spurge biomass was unaffect-
ed by fertilization in 2 of the 3 experiments
(Fig. 1A). In Experiment 2, however, total
biomass in the fertilized treatment was
more than 3 times higher than in the not-
fertilized treatment, which resulted in a
combined P-value for the 3 experiments of
P<0.001. Total root surface area in
Experiments 1 and 3 averaged 0.63 n¥, but
there were no differences between the fer-
tilized and not-fertilized treatment (Fig.
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Fig. 1. Effects of fertilization on: A. Total plant biomass (g). B. Total root surface area (m?). Percent distribution of total root surfaceareaasa
function of root diameter classes (in mm) in experiment 1 (C) and experiment 3 (D). Treatments with different letters within an experiment
are statistically different at the P < 0.05 level. Vertical linesrepresent 1 SE.

1B). Fifty percent of the total root surface
area in Experiment 1 and 70% in
Experiment 2 (Figs. 1 C-D) were com-
posed of very fine roots (diameters <0.5
mm), but there were no differences in
either experiment between the distribution
of the root diameter classes of the fertil-
ized vs. the not-fertilized treatments (Figs.
1C-D).

Root:shoot ratios and the vertical distri-
bution of root biomass were significantly
affected by fertilization (Figs. 2 A-C). In
2 of the 3 experiments fertilization
reduced root:shoot ratio by an average of
50%: 1.29 vs. 2.49 (Fig. 2A), and doubled
the percentage of root biomass allocated
to the first 10 cm of the soil profile: 31%
vs. 15% (Figs. 2 B—C). The combined P-
values for the 3 experiments were P <
0.001 and P < 0.006 respectively. An
analysis of data from Experiment 3, where
3 depths were available, showed that: (1)
70% or more of total root biomass was
allocated below 20 cm; and (2) leafy
spurge allocated only 11% of root biomass
at depths of 10-20 cm, which was unaf -
fected by fertilization (increases in root
biomass in the 0-10 cm came from
decreases in the 20-80 cm depth).

Leafy spurge showed a significant
degree of root plasticity (Fig. 2D). Inall 3
experiments leafy spurge allocated an
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average of 75% of its root biomass to the
fertilized side of the containersin the fertil-
ized treatments (Fig. 2D). No differences
were found between the North and South
sidesin the not-fertilized treatments.

There was a significant allometric rela-
tionship between root biomass and root
surface area, and root biomass and root
lateral spread (Table 1). The eguations for
both the fertilized and not-fertilized treat-
ments were remarkably similar showing
very robust and stable scaling patterns.
Fertilization, thus, did not affect the total
area explored by the root system (Table 1)
but smply changed the distribution of the
roots within the given area (Figs. 2 B-D).

Discussion and Conlusions

Total biomass was unaffected by fertil-
ization in 2 out of the 3 experiments, a
result that was rather unexpected (Fig.
1A). Also interesting, was the fact that
total biomass in Experiments 1 and 3 was
very similar even though the experiments
differed in the depth of the growth medi-
um (60 cm vs. 90 cm), and location: out-
side vs. greenhouse. The total root surface
area of these 2 experiments, furthermore,
was also unaffected by fertilization (Fig.
1B). The statistical resultsin this case
were caused by large standard errors, but
there seems to be, nevertheless, a definite
trend suggesting a decrease in root surface

Table 1. Allometric relationships of root lateral spread (rsl in cm) and root surface area (RSA in

m?) with root biomass (RB in g).

Experiment Treatment Equation R? P-value
Experiment 1 (1995) Fertilized RSA = 0.0325* RB%9# 0.79 0.0028
Not-Fertilized RSA = 0.03808* RB-%® 0.85 0.025
Experiment 3 (1997)
Fertilized RA = 0.0155* RB>%® 0.83 0.031
Not-Fertilized RSA = 0.0144* RB®* 0.94 0.032
Fertilized rls= 0.0616* RB®* 0.80 0.0000001
Not-Fertilized rsl = 0.0641* RB*% 0.85 0.0000001
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Fig. 2. Effects of fertilization on: A. Root:Shoot (R:S) ratio. B. Percent root biomass distribution in 0-10 cm and below 10 cm of depth for all 3
experiments. C. Percent root biomass distribution in the 0-10, 10-20, and 20-80 cm of depth for experiment 3. D. Percent biomass allocated
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area with fertilization (Fig. 1B). This
trend, however, was not caused by alter-
ations in root morphology but rather by a
decline in root biomass. This interpreta-
tion is supported by 3 pieces of evidence:
(a) fertilization decreased the amount of
plant biomass allocated to roots (Fig. 2A),
but did not change the way fertilized and
not-fertilized plants scaled root biomass to
root surface area (Table 1); (b) there were
no changes in average root diameter and
diameter distribution classes as a result of
fertilization (Figs. 1 C-D); and finaly (c)
there is a substantial body of both empiri-
cal and theoretical data that suggests a
trade-off in the way plants allocate bio-
mass to roots: under high nutrient condi-
tions plants increase their biomass aloca-
tion to leaves and shoots at the expense of
roots, thus reducing their total root surface
area (Tilman 1990, Ryser and Lambers
1995, Fransen et al. 1998, but also see
Shipley and Peters 1990 for a different
perspective). The lack of change in the
distribution of root diameter classes as a
result of fertilization was rather unexpect-
ed (Figs. 1 C-D). For most plants, fertil-
ization tends to increase the average diam-
eter of roots since, when nutrient concen-
tration is not a limiting factor, thicker
roots have the small axial conductance and

high transport capacity needed to fully
exploit a high nutrient environment (Ryser
and Lambers 1995).

Patchy fertilization, in summary, did not
change the morphological characteristics
of leafy spurge roots. Its main effect was a
reduction in root biomass and a drastic
change in the distribution of the root sur-
face area within the plant’s rooting vol-
ume (Figs. 2 C-D). Fertilization both dou-
bled the percentage of roots located in the
top 10 cm of soil and shifted it toward the
fertilized patches. This level of root plas-
ticity is considerably higher than that
observed in many other plants: a 3:1 ratio
of root biomass in the fertilized vs. not-
fertilized patches for leafy spurge (Fig.
2D) vs. an average of 1.5:1 reported in the
literature for a variety of grasses and forbs
(see Larigauderie and Richards 1994,
Caldwell 1994, Fransen et al. 1998 and
their respective citations).

The high vertical and horizontal plastic
response shown by leafy spurge roots,
while advantageous for nutrient acquisi-
tion, can potentially constitute a weakness.
A considerable advantage of leafy spurge,
is that the depth distribution pattern of its
root system makes it less susceptible to
direct competition from the roots of native
species: more than 60% of the root bio-
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mass of most grasses and forbs native to

the Great Plains is located within the top

30 cm of the soil profile (Jackson et al.

1996, Sun et a. 1997), whereas the major-

ity of leafy spurge roots are located below

30 cm (Figs. 2 B—C). We hypothesize that

patchy fertilization, by causing a decrease

in leafy spurge root biomass, a shift of
roots toward the top of the soil profile, and

a concentration of these roots in small fer-

tilized patches close to the surface, could

increase the effectiveness of chemical and
biological control methods because:

(a) Leafy spurge will have to compete for
nutrients in a section of the soil profile
dominated by the roots of native plants.
Intense root competition in patchy
environments has been shown to be a
major mechanism for plant displace-
ment (Caldwell et al. 1996).

(b) A reduced root system with a higher
proportion of roots concentrated in
small fertilized patches close to the soil
surface, should increase the suscepti-
bility of leafy spurge to drought, and
more importantly improve the ability
of both herbicides and insects to reach
asubstantial part of itsroot system.
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