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Abstract 

The mediation of herbicide effects on weed-crop combinations by vesicular-arbuscular mycorrhizal (VAM) fungi is 
essentially unknown. We conducted a greenhouse study to determine if VAM fungi, whose hyphae interconnect the roots of 
adjacent plants, modify herbicide effects by enhancing nutrient fluxes between associated plants. Soybean (Glyc ine  max  (L.) 
Merr.) and common cocklebur ( X a n t h i u m  s t rumar ium L.) plants were grown together in pots (1.5 L) in a high-P (28 
mg kg -1) soil. They were sprayed with the herbicide, bentazon (BEN, 3-isopropyl-lH-2,1,3-benzothidiazine-(4)3H-one 
2,2-dioxide), at dose rates of 0, 1/3, 2/3,  3/3,  and 4 /3  of field recommendation (FR, 1.12 kg a.i. ha- 1) while in the 7- to 
8-leaf stage. Labelled N (1 mL of 100 mM tSNHaNO3, 98 atom percent 15N) was applied to the cocklebur leaves 4 days 
before spraying and then assayed in the soybean leaves at harvest. Growth and nutrient contents of + VAM soybean shoots 
were enhanced only at the intermediate FR levels, while shoot growth in adjacent cocklebur was inhibited beyond the extent 
measured in - VAM plants. Labelled N was at natural abundance in both + VAM and - VAM soybean leaves at 4 /3-FR,  
but at 1 /3-FR to 3 /3 -FR  15N abundance was significantly higher in + VAM than in - V A M  plants. These results suggest 
that shifts in source-sink relations occurred both within each plant and between plants as a result of the selective stress 
imposed on cocklebur. Moreover, this shift in competitiveness permitted a VAM-mediated flux of nutrients from weed to 
crop. 
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1. Introduct ion 

Weed control strategies must effectively balance 
the use of herbicides with environmental protection, 

" Corresponding author: Tel. 541 750 8785 or 8760; Fax. 541 
750 8764. 

l Mention of cultivar or brand name does not imply endorse- 
ment by USDA-ARS 

necessitating a search for a better understanding of 
interactions between fertilization, biocides, cultiva- 
tion, and crop rotation (Senft, 1993). In the past, this 

search has often led to innovative mechanical weed- 
control measures (Buhler et al., 1992; Klonsky and 
Livingston, 1994; Wyse, 1994). However, cultivation 
disrupts soil structure, along with the network of 
vesicular-arbuscular  mycorrhizal (VAM) hyphae that 
inter-connects roots of plants within the community 

0929-1393/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
PII S0929- 1393(96)00093-5 



206 G.J. Bethlenfitlvay et al. / Applied &~il Ecology 3 (1996) 205-214 

and with the soil system (Miller and Jastrow, 1992). 
Damage to the VAM soil mycelium by soil distur- 
bance (McGonigle and Miller, 1993) or fallowing 
(Thompson, 1994)can impair plant growth by inter- 
fering with mycorrhiza-mediated nutrient transport 
between plant and soil (Johansen et al., 1993) and 
between plants (Martins, 1993). 

In weed-crop relationships, the direction of nutri- 
ent movement is important. The flux of nutrients 
from soil to plant in a cocklebur-soybean associa- 
tion will predominate in the direction of the stronger 
sink, the cocklebur root (Wilkerson et al., 1990; 
Bethlenfalvay et al., 1995). Nutrient fluxes between 
these plants are likely to depend both on the physio- 
logical balance between the associated plants (Frey 
and Schi~epp, 1992) and the strengths of the respec- 
tive sinks (Bethlenfalvay et al., 1991). If VAM fungi 
alter the outcome of competitive interactions among 
plants (Allen, 1991; Goodwin, 1992), then VAM 
mycelia shared by such plants may influence stress- 
mediated changes in competitive ability. 

The purpose of this experiment was to test the 
hypotheses that (1) a strongly competitive but herbi- 
cide-susceptible plant (cocklebur) may become a 
source of nutrients to an associated herbicide-tolerant 
plant (soybean) upon treatment with an herbicide, (2) 
nutrient transfer depends on herbicide dose rate be- 
tween source (weed) and sink (crop) plants and is 
measurable as increased growth enhancement of the 
sink and growth inhibition of the source plant, and 
(3) the transfer can be detected by VAM-enhanced 
transfer of label (~SN) from the source to the sink. 

2. Materials and methods 

2.1. Experimental design and statistics 

The experiment had a 5 × 2 factorial arrange- 
ment of treatments with six replications. The experi- 
mental units (1 crop and 1 weed plant grown to- 
gether in a pot) were arranged in a completely 
random manner and rotated weekly. Factors were 
herbicide application (five dose rates) and the pres- 
ence ( +  VAM) or absence ( - V A M )  of VAM root 
colonization. The results were evaluated by analysis 
of variance. Individual treatment differences were 
tested for significance by Student's t-test. Competi- 

tive relationships between crop and weed plants 
within treatments were subjected to regression analy- 
sis. Instead of an arbitrary indication of significance 
(p  > or _< 0.05), actual probability values (p)  were 
shown, to permit individual interpretation by the 
reader (Nelson, 1989). We may interpret differences 
as significant up to p = 0.1. 

2.2. Biological materials, soil, and growth condi- 
tions 

Soybean (Glycine max (L.) Merr., cv. Hobbit) 
and cocklebur (Xanthium strumarium L.) seeds were 
established in 1.5 L plastic pots filled with a silty-clay 
loam soil high in plant-available P (28 mg kg -~) as 
described previously (Bethlenfalvay et al., 1995). 
The high P-content soil was chosen to maximize 
herbicide-VAM interactions and minimize host nu- 
tritional responses to the VAM fungi. A mixture (40 
mL of each) of soil inocula of the VAM fungi 
Glomus etunicatum, Glomus leptotichum, and GIo- 
mus mosseae (isolates UT316A-2, FL184-1, and 
CA110, respectively, of the Intemational Collection 
of Arbuscular and Vesicular-Arbuscular Mycor- 
rhizal Fungi, University of West Virginia, Morgan- 
town) was mixed evenly into the soils of the VAM 
treatments. Washings of the inocula free of VAM 
propagules (45 /xm sieves) were applied to the soils 
of all treatments. Plants were grown in a greenhouse, 
with temperatures between 18 and 28°C, and light 
supplementation (16 h, 400 /zmolm -2 s-  ~ PAR at 
soil surface) by 1000-W metal halide lamps. Plants 
were watered once a week for the first 3 weeks and 
twice a week thereafter. They were fertilized as 
needed with a solid (20-0-15,  N - P - K )  fertilizer. 

2.3. Herbicide application 

Plants were sprayed with bentazon 26 days after 
planting (7-8 leaf stage) as described previously 
(Bethlenfalvay et al., 1995). The field recommenda- 
tion (FR) for a foliar spray of bentazon to control 
cocklebur (2-10 leaf stage) was 1.12 kg AIha-  ~ (2 
pints acre- ~ of liquid formulation, 42% active ingre- 
dient (AI)). The rates applied were 0-FR, 1 /3-FR,  
2 / 3 - F R ,  3 / 3 - F R ,  or 4 / 3 - F R  (0, 0.37, 0.75, 1.12, 
or 1.50 kg AIha- l ) .  The spray also contained 2.3 
mLL-~ of a surfactant oil. Control plants (0-FR) 
were sprayed with the surfactant only. 
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2.4. Plant responses 

Plants were harvested 2 weeks after spraying (40 
days after planting). Shoots were excised and 
weighed immediately. Dry weights were determined 
after drying for 3 days at 70°C. Soybean leaf nutrient 
concentrations were determined by A and L Western 
Agricultural Laboratories, Modesto, CA, according 
to "Official Methods of Analysis" (AOAC, 1980). 
Colonization of intermingled soybean and cocklebur 
roots by VAM fungi was determined by the grid-line 
intersect met,hod (Ambler and Young, 1977). Percent 
changes [(VAM - nonVAM)/(nonVAM) × 100] 
reflect the effects of VAM colonization on dry mass, 
15N abundance, or soybean leaf nutrient status. Leaf 
dry-weight and nutrient-content comparisons were 
made between associated soybean plants (this experi- 
ment) and individual soybean plants grown under 
identical conditions reported previously (Bethlen- 
falvay et al., 1995) as a measure of competition 
between soybean and cocklebur plants. 
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Fig. I. Shoot dry masses of soybean (A) and cocklebur (B) plants 
treated with the herbicide bentazon. Plants were colonized by 
vesicular-arbuscular mycorrhizal fungi ( + V A M ,  0 )  or were 
nonmycorrhizal ( - V A M ,  O).  Leaves were sprayed with the 
herbicide at dose rates of  0, 1/3 ,  2 /3 ,  3 /3 ,  or 4 / 3  (0, 0.37, 0.75, 
1.12, or 1.50 kg ha -1)  of field recommendation. Soybean data 
points were fitted to third-degree polynomial equations (best fit), 
and those of cocklebur to the equation y = A -  B(I - e - * ~ ) .  
Circles represent actual data (means and SE of six replications), 
triangles indicate values derived from the equations. 

2.5. Nitrogen transfer 

Labelled N (1 mL of 100 mM 15NH4NO3, 98 
atom percent 15N, Sigma Chemical Co., St. Louis, 
MO) was applied to the upper surfaces of all leaves 
of each cocklebur plant 22 days after planting (6-7 
leaf stage). To facilitate foliar uptake of N, the 
leaves were moistened with distilled water applied 
with an atomizer twice a day for 4 days following 
application. Care was taken to avoid dripping of 
labelled N to the soil or its direct transfer from leaf 
to leaf. Plants were sprayed with the herbicide 4 days 

after 15N application. 

3. Results 

3.1. Plant growth and dry matter content 

The effects of bentazon on + VAM and - VAM 
plants diverged both in soybean and cocklebur (Ta- 
ble 1). In soybean, +VAM and - V A M  plants had 
similar shoot biomass at the 0-FR and 4 / 3 - R F  dose 

Table 1 
Analysis of variance of soybean and cocklebur plant parameters. The effects were due to root colonization by vesicular-arbuscular 
mycorrhizal (VAM) fungi and treatment with the herbicide bentazon (BEN) 

Parameter Soybean Cocklebur 

VAM BEN VxB VAM BEN VxB 

P 
Shoot 

Dry mass 0.030 0.075 0.625 0.275 < 0.001 0.077 
Fresh mass 0.193 0.056 0.617 0.163 < 0.001 0.811 
Dry/ f resh  mass ratio 0.178 0.057 0.550 0.281 0.002 0.167 
15N Abundance atom percent 0.022 0.008 0.385 

Interactions are denoted V X B. 
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Fig. 2. Modification of herbicide effects on soybean and cocklebur 
shoot dry masses by VAM fungi. The VAM effect is expressed as 
percent change in the response variable due to VAM colonization 
[100 X (VAM - nonVAM)/nonVAM].  Data points were fitted 
to third-degree polynomial equations (best fit). Squares represent 
actual data (means and SE of six replications), triangles indicate 
values derived from the equations. 

rates, but at intermediate rates + V A M  shoots had 
more dry mass than - V A M  shoots (Fig. 1A). Best 
fit of  the soybean shoot dry mass data was with 
cubic polynomials  ( + V A M ,  y = 0 .03x 3 - 0 .32x  2 
+ 0 .60x + 5.38, r = 0.449; - V A M ,  y = 0 .02x  3 - 
0.07x 2 -  0 .18x + 5.28, r =  0.421). The + V A M  
curve showed a maximum within the data range, 
while the - V A M  curve suggested a minimum near 
the high dose rate. These deviations from linearity 
indicate that soybean shoot-growth responses to ben- 
tazon were dose-dependent:  positive for + V A M  
(enhancement) and negative for - V A M  (inhibition) 
at intermediate doses. 
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Fig. 3. Shoot dry/fresh mass ratios of soybean (A) and cocklebur 
(B) plants: The effects of treatment with the herbicide bentazon 
and root colonization by vcsicular-arbuscular mycorrhizal (VAM) 
fungi. Data points were fitted to third-degree polynomial equa- 
tions. Circles represent actual data of - V A M  (C)) and + V A M  
( O )  plants (means and SE of six replications); triangles indicate 
the best-fit equations. 

The effects of VAM colonization in cocklebur 
(Fig. 1B) were the opposite of  those in soybean. The 
- V A M  cocklebur plants had greater shoot dry 
masses at intermediate herbicide doses than the 
+ V A M  plants ( 1 / 3 - F R ,  p = 0.048; 2 / 3 - F R ,  p = 

0.062), while at the highest dose rate ( 4 / 3 - F R ) ,  the 
+ V A M  vs. - V A M  difference was not significant 

( p  > 0.1). The response data of  cocklebur shoot dry 
mass fitted the equation: y = A - B(1 - e-kX), with 
A as shoot dry mass at 0 - F R  ( x  -- 0, e -xk = 1), k as 
a decay constant, and ' A - B '  as the y-value ap- 
proached asymptotical ly by shoot dry mass with 
increasing dose rates ( x  ~ ~,  Be -xk ~ 0) of  the 
herbicide (i.e. the level of maximum control). 
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A representation of soybean and cocklebur shoot 
dry-mass data as percent change due to VAM effects 
[ ( V A M - n o n V A M ) / n o n V A M  × 100] showed the 
strongest BEN effect (growth enhancement) to occur 
in soybean at 2 / 3 - F R  (Fig. 2). This maximum in 
the soybean response curve coincided with the great- 
est VAM-mediated inhibition in coeklebur, with a 
minimum also at 2 / 3 - F R .  Best-fit curves were 
third-degree polynomials (soybean, y = 0 . 3 x  3 -  
2.0x 2 + 12.4x + 2: cocklebur, y = - 1.2x 3 + 
13.1 x 2 - 36.0x + 9.8). 

Shoot dry matter content (dry/fresh-mass ratio) 
was also a function of herbicide dosage, showing 
minima corresponding to the rate of 2 / 3 - F R  in both 
soybean (Fig. 3A) and cocklebur (Fig. 3B). Best fit 
for these curves was the cubic polynomial. As ob- 
served previously with individual plants (Bethlen- 
falvay et al., 1995), shoot dry matter content was 
smaller in + V A M  than in - V A M  plants, but the 
difference was greater proportionately in cocklebur 
than in soybean and greatest at intermediate herbi- 
cide application rates. 

Since the roots could not be separated, percent 
VAM colonization was determined on the intermin- 
gled roots (means and + SE: 0-FR,  40 + 2; 1 / 3 - F R  
45_+2; 2 / 3 - F R ,  4 6 + 3 ;  3 / 3 - F R ,  4 3 + 2 ;  and 
4 / 3 - F R ,  46 + 3). While the differences between 
VAM colonization of the 0 -FR  roots and those of 
the other herbicide treatments were not significant 
(0.13 > p > 0.10), there was a trend towards higher 
colonization in the roots of all herbicide-treated 
plants. 

3 . 2 .  N u t r i e n t s  

Nutrient contents in soybean leaves showed herbi- 
cide-dose responses similar to those of shoot dry 
mass, with maxima by the + VAM plants and min- 
ima (except for N) by the - V A M  plants at interme- 
diate application rates (Fig. 4). While VAM effects 
on leaf nutrient contents were highly significant, 
BEN effects were significant only for Ca, K, and Mg 
(Table 2). The lack of significant VAM x BEN 
interactions (except for P) indicated that the re- 
sponses of nutrient contents to VAM were similar at 
each level of BEN (Table 2). For P, however, there 
was a significant difference in the magnitude of the 
VAM response at different dosages of BEN. 

Table 2 
Analysis of variance of soybean leaf nutrient contents and concen- 
trations. The effects were due to root colonization by vesicular 
arbuscular mycorrhizal (VAM) fungi and Ireatment with the herbi- 
cide bentazon (BEN) 

•vertical join~NutrientContent Concentration 

VAM BENV × BVAM BENV × B 

N 
P 
K 
Mg 
Ca 

< 0.0010.4190.840 0.6010.0010.540 
< 0.0010.2540.059 < 0.0010.0090.026 
< 0.0010.0930.348 < 0.0010.1040.021 
< 0.0010.0650.332 0.0580.0860.928 

0.0060.0600.619 0.6760.7110.662 

The evaluation of VAM-mediated changes in leaf 
dry mass and nutrient concentrations shows that 
there were no nutrient dilution or concentration ef- 
fects (sensu Jarrell and Beverly, 1981) as a result of 
the treatments. The actual condition observed here 
was described by these authors as "synergism" and 
was defined as simultaneous increases in dry mass, 
nutrient content, and nutrient concentration (or no 
change in the latter). Such synergistic responses 
occurred in all three response variables at the inter- 
mediate herbicide dose rates of 1 / 3 - F R ,  2 / 3 - F R ,  
and 3 / 3 - F R  (Fig. 4, Table 3). The increases 

Table 3 
Percent changes (%J)  in soybean leaf dry mass and nutrient 
concentrations. The %A was calculated as 100 X (VAM - 
nonVAM)/(nonVAM). Soybean plants were grown in pots asso- 
ciated with cocklebur plants and sprayed with the herbicide 
bentazon at rates expressed as fractions of field recommendation 
(Fit) 

Leaf parameter Herbicide (fraction of FR) 

0 1/3 2 /3  3 /3  4 /3  

Dry mass %A 1.8 22.1 14.2 15.3 6.2 
p 0.855 0.030 0.028 0.032 0.317 

N conc. %A 6.6 --2.5 3.6 --5.2 4.9 
p 0.126 0.361 0,262 0.173 0.196 

P conc. %A 29.1 38.7 53.7 29.8 22.0 
p < 0.00t < 0.001 < 0.001 < 0.001 0.006 

K conc. %A 3.9 13.8 20.8 7.7 3.7 
p 0.119 0.011 < 0.001 0.037 0.112 

Mg Conc. %A 3.4 2.0 8.0 6.1 1.1 
p 0.193 0.343 0.050 0.210 0.267 

Ca conc. %A 4.8 4.1 1.0 --6.5 2.6 
p 0.213 0 . 3 1 1  0.435 0. I 15 0.297 

Probability values (p )  denote differences between + VAM and 
- VAM comparisons (t-test). 
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Fig. 5. Abundance of 15N (atom %) in soybean leaves (A) and its 
percent change [100 × (VAM - non VAM)/non VAM] in -VAM- 
vs. + VAM-plant comparisons (B). Soybean plants were grown in 
association with cocklebur plants, treated with the herbicide benta- 
zon, and colonized ( + VAM)  or not colonized ( - V A M )  by 
vesicular-arbuscular mycorrhizal (VAM) fungi. Labelled N was 
applied to the cocklebur leaves. Curves were fitted to third-degree 
polynomial equations (best fit). Circles (A) represent actual data 
of - V A M  (O)  and +VAM ( 0 )  plants (means and SE of six 
replications); triangles indicate values derived from the best-fit 
equations. Squares (B) represent actual percent changes, diamonds 
the best fits. Dotted line (A) indicates natural abundance of 15N. 

( + VAM vs. - VAM) in nutrient concentrations were 
greatest (and significant) at 2 / 3 - F R  for P, K, and 
Mg, while for N and Ca the VAM response was not 
significant ( p  > 0.1) throughout the range of BEN 
dosages (Table 3). In contrast to nutrient contents, 
BEN effects on the concentrations of N and P were 
significant (Table 2). We do not know how to inter- 
pret this effect on N in view of the lack of change in 
N concentration with herbicide dosage, but with P 
the responses were distinct at all levels of BEN 
(Table 3). 

3.3. Nitrogen transfer 

Labelled N applied to cocklebur leaves 4 days 
before herbicide application did not appear in 
+ VAM and - VAM soybean leaves of the 4 / 3 - F R  
treatment 14 days after spraying (Fig. 5A). Leaf ~5N 
contents of - V A M  soybean of the other herbicide 
treatments were higher (0.14 > p > 0.11) than those 
of the 4 / 3 - F R  plants. The tSN contents of the 
+ VAM 4 / 3 - F R  and 0 -FR  leaves differed slightly 
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( p  = 0.104) but the difference between the 4 / 3 - F R  
and the other + V A M  treatments was significant 
( 1 / 3 - F R ,  p = 0.006; 2 / 3 - F R ,  p = 0.006; 3 / 3 - F R ,  
p = 0.002). Expressed as percent change, these data 
showed no VAM effect in leaf 15N content at 0 - F R  
and 4 / 3 - F R ,  but significant changes at 1 /3 ,  2 / 3 ,  
and 3 / 3 - F R .  The maximum was near 2 / 3 - F R  (Fig. 
5B), the same as the dry mass and nutrient data. The 
15N data fit third-degree polynomial  curves. 

3.4. Compet i t ion 

There was a significant inverse relationship be- 
tween the shoot dry masses of  the associated soy- 
bean and cocklebur plants in all but one ( - V A M ,  
1 / 3 - F R )  of  the ten treatments (Fig. 6). This compet-  
itive relationship was tighter in the + V A M  than in 
the - V A M  plants, as shown by the higher correla- 
tions of the former. A comparison of  noncompeting 
soybean plants grown under identical conditions (Be- 
thlenfalvay et al., 1995) with plants from this experi- 
ment showed declines in leaf parameters (except  for 
P content of  the + V A M  plants) due to the presence 
of the cocklebur for both herbicide-treated ( 3 / 3 - F R )  
and nontreated ( 0 - F R )  plants (Table 4). Enhance- 
ment of  P nutrition by V A M  fungi was significant, 
but the fungi did not protect soybean from competi-  
tion by cocklebur for other nutrients (N and K). 
However ,  the decline in P content of  - V A M  soy- 
bean grown in competi t ion with cocklebur suggested 

that the added P stress contributed to their sensitivity 
to the herbicide. 

4. Discussion 

Inhibition of cocklebur growth by bentazon at 
only I / 3 - F R  to almost the level attained at full 
( 3 / 3 - )  FR indicates that the recommended rate 
was excessive (Fig. 1B). However,  our plants were 
grown in a greenhouse and may therefore have been 
more vulnerable (e.g. thinner cuticles) than field- 
grown plants (Martin and Juniper, 1970). The ap- 
pearance of VAM effects at I / 3 - F R  and their ab- 
sence at only one-third above FR ( 4 / 3 - F R ,  1.5 
k g h a  -1)  in both soybean and cocklebur (Fig. 2) 
showed the importance of  dose rates in evaluating 
modifications of  herbicide effectiveness by VAM 
fungi. These modifications were: (1) growth promo- 
tion of + VAM soybean counteracting the herbicide 
effect, and (2) growth inhibition of + VAM cockle- 
bur in excess of  that shown by - VAM plants. 

The high C requirement of  the V A M  endophyte 
appears to make the + V A M  root a stronger sink for 
over-all  plant resources than the - VAM root (Harris 
et al., 1985; Amijee et al., 1993), a process that 
manifests itself in generally lower shoot dry matter 
content (Snellgrove et al., 1982) and higher soluble 
C concentration in the roots (Amijee et al., 1993) of 
+ V A M  plants. Inhibition of shoot activity by a 

Table 4 
Comparisons between soybean leaf parameters from potted soybean plants growing alone (lplt) a or in association with a cocklebur plant 
(2plt) 

Leaf parameter - BEN + BEN 

I pit 2pit %/1 p I pit 2pit %/1 p 

Dry mass (g) - VAM 4.8 3.4 - 29 0.00t 3.9 3.0 - 28 < 0.001 
+ VAM 4.9 3.4 - 31 0.001 4.5 3.5 - 25 0.003 

Nutrient content (mg) 
N -VAM 170.6 129.9 -24  0.001 147.0 132.8 - 10 0.093 

+VAM 186.9 143.2 -23  0.070 180.3 146.1 - 19 0.011 
P -VAM 12.3 9.2 -25  0.023 10.0 8.4 - 16 0.083 

+VAM 13.9 12.1 - 13 0.378 13.8 12.8 - 7 0.420 
K - VAM 99.9 60.4 - 40 < 0.001 83.0 51.3 - 38 < 0.001 

+ VAM 98.9 70.5 - 29 0.017 101.1 64.0 - 37 < 0.001 

Plants were either colonized by vesicular-arbuscular mycorrhizal (VAM) fungi (+ VAM) or not ( -  VAM), or sprayed with the herbicide 
bentazon at field recommendation (+ BEN) or were left untreated (-BEN). Percent change (%/I) reflects a competition effect (1 pit vs. 
2p10 horizontally. 
a Data from Bethlenfalvay et al., 1995. 



212 G.J. Bethlenfi~lvay et al. / Applied Soil Ecok~gy 3 (1996) 205 214 

nonsystemic herbicide makes the root the strongest 
(or only) sink within the plant (sink strength = sink 
size × sink activity, Zeevaart, 1979), and enhances 
transfer of mobile (organic and mineral) nutrients to 
the root. If the shoot is severely or permanently 
damaged (high herbicide dose rate), the root also 
becomes necrotic eventually; the stability of its 
membranes declines, and nutrients are released to the 
soil. The most likely beneficiary of this release of 
nutrients is the largest organism (strongest sink) in 
contact with the root, the VAM fungus (Newman 
and Eason, 1989), which colonizes most of the root's 
cortical cells and the rhizosphere. 

The VAM fungus, however, is not only an endo- 
phyte of the stressed root systems of the susceptible 
(weed) plants, but also of those of adjacent, herbi- 
cide-tolerant (crop) plants. Source-sink relationships 
between such roots undergo a dramatic shift as a 
result of herbicide effects: with their sink strength 
unimpaired, crop-plant roots are in a position to 
benefit from a decline in sink strength of competing 
weeds, and VAM fungi, which maintain their own 
source-sink relationships (Koch and Johnson, 1984) 
with both potential donor (weed) and receiver (crop) 
roots, may adjust to these changes in favor of the 
stronger sink. 

An enhancement of nutrient and C transfer be- 
tween roots by VAM fungi is well-known (Francis 
and Read, 1984; Newman and Ritz, 1986; McGee, 
1990), but the direction of net flux has been contro- 
versial (Bergelson and Crawley, 1988). One hypoth- 
esis favored source-driven fluxes from nonstressed 
donors to stressed recipient plants (Francis and Read, 
1984; Grime et al., 1987; Newman, 1988). Much of 
this work focussed on N transfer from (N-sufficient) 
legumes to (N-deficient) nonlegumes (see introduc- 
tion, Ikram et al., 1994), concluding that VAM links 
do not play a significant role in nutrient transport 
between plants (Ikram et al., 1994). The alternative 
(and more likely) hypothesis considers sink-driven 
fluxes between VAM plants, where the nonstressed 
plant draws on the resources of an adjacent stressed 
one. This phenomenon has been observed in VAM- 
mediated P (Bethlenfalvay et al., 1991) and C (New- 
man et al., 1992, Waters and Borowicz, 1994) trans- 
fer. Thus, in the herbicide-treated crop-weed sys- 
tem, VAM fungi could potentially either accelerate 
weed recovery (source-driven flux from strong to 
weak plant) or aggravate weed injury (sink-driven 

flux, crop plant as sink), depending on the direction 
of inter-plant fluxes that they enhance. Our data 
support the second hypothesis: sink-driven fluxes 
and enhanced weed injury. 

While the mediation of the processes of interac- 
tion between our soybean and cocklebur plants was 
measurable as enhancement of the herbicide-tolerant 
and inhibition of the susceptible plants (Figs. 2 and 
4, Table 3), the data did not show the extent to 
which the decline of cocklebur and promotion of 
soybean growth was due to direct hyphal transfer. 
Others (Martins, 1993), however, have demonstrated 
that direct hyphal transfer from root to root may 
account for almost 50% of nutrient fluxes between 
plants, while the rest was due to hyphal uptake of 
nutrients released by the donor root to the soil with 
subsequent transfer to the recipient root, or due to 
direct absorption by neighboring roots not mediated 
by the VAM mycelium. The drastic changes in 
inter-plant source-sink relationships as a result of 
herbicide application are likely to enhance the share 
of direct hyphal transfer from the weaker to the 
stronger plant. 

The passage of organic (C and N) compounds 
from the fungal component of the recipient mycor- 
rl'liza (fungus-root) to the rest of the plant (and thus 
detectability in leaves) remains problematic, on theo- 
retical and evolutionary grounds (Smith and Smith, 
1990): the natural flow of C is from plant to fungus 
(not from fungus to plant), in keeping with the status 
of the endophyte as an obligate biotroph. Fungus-to- 
host C transfer may therefore take place as a result 
of the digestion and absorption by the host of the 
short-lived VAM arbuscules (Smith, 1980). In an 
attempt to show movement of donor-plant organic 
compounds to the recipient, we applied N as labelled 
ammonia (ISNH4NO3) to the cocklebur leaves to 
encourage its rapid assimilation into amino acids 
(Robinson and Baysdorfer, 1985). Its appearance in 
detectable amounts only in the leaves of the + VAM 
(but not the - V A M )  soybean plants indicated that 
the pathways of VAM-hyphal plant-to-plant nutrient 
transfer (direct or indirect) were significant in com- 
parison to that part of exudate uptake that is not 
mediated by VAM fungi. It also suggests that a 
transfer of organic compounds from endophyte to 
host plant does take place, perhaps in the form of 
amino acids (see Cliquet and Stewart, 1993). 

We explain the lack of differences in ~SN abun- 
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dance of the 4 / 3 - F R  + VAM and - VAM soybean 
leaves by a rapid and pervasive necrosis (see Browde 
et al., 1994) of cocklebur leaves (high herbicide rate) 
which prevented mobilization and export of organic 
compounds. Shoots of the 0 -FR cocklebur plants, on 
the other hand, remained strong sinks for their prod- 
ucts (assimilated ~SN), while the large cocklebur root 
system, the dominant competitor in this weed-crop 
association (Wilkerson et al., 1990), apparently pre- 
cluded VAM-mediated export of nutrients, or rapidly 
reabsorbed its (~SN-labelled) exudates (Jones and 
Darrah. 1993). Under the present conditions, 2 / 3 - F R  
was the dose rate which permitted maximum mobi- 
lization of nutrients from shoot to root (Schubert, 
1987), and their export to the endophytes and to the 
associated soybean plant. 

Our findings indicate that herbicides affect 
weed-crop relations in more subtle ways than can be 
judged by above-ground observations alone: their 
use also involves below-ground components of the 
agrosystem (Bethlenfalvay and Schtiepp, 1994), such 
as VAM fungi. Possibilities for the utilization of 
VAM fungi in herbicide reduction is promising, 
since the plasticity of the VAM-plant-herbicide sys- 
tem leaves a lot of freedom for manipulation: most 
weed-crop combinations are mycorrhizal (Bal- 
truschat, 1986), host-endophyte preferences (Dhil- 
lon, 1992) vary widely, and VAM-herbicide interac- 
tions (Sieverding and Leihner, 1984; Ocampo, 1993) 
depend on the conditions of use. Cultivation is one 
of the conditions of particular interest, since soil 
disturbance is particularly destructive to VAM soil 
mycelia (McGonigle and Miller, 1993). In efforts to 
determine the lowest effective rates of herbicide 
application (Kropff et al., 1993), our findings hold 
promise to make VAM fungi a factor in the 'factor 
adjusted dose' (Kudsk, 1989) to be used in the 
reduced-biocide environment of sustainable agricul- 
ture (Bethlenfalvay and Linderman, 1992). 

Benefits, however, are likely to be gained only 
under the right conditions: endophytes compatible 
with both crop and weed host, cultural practices not 
inhibitory to a VAM soil mycelium, and herbicide 
dosage maximizing VAM enhancement of its effec- 
tiveness. To determine these conditions is a labor- 
and knowledge-intensive process, and recommenda- 
tions based on it will be as variable as the prevailing 
edaphic conditions. But, used properly, the VAM 
factor holds promise to advance the goals of the 

reduced-chemical environment prescribed by the 
1990 Farm Bill (U.S. Congress, 1990). 

References 

Ambler, J.R. and Young, J.L., 1977. Techniques for determining 
root length infected by vesicular-arbuscular mycorrhizae. Soil 
Sci. Soc. Am. J., 41: 551-556. 

Allen, M.F., 1991. The ecology of mycorrhizae. Cambridge Uni- 
versity Press, Cambridge. pp. 72-101. 

Amijee, F., Stribley, D.P. and P.B. Tinker., 1993. Development of 
endomycorrhizal root systems. VIII. Effects of soil phosphorus 
and fungal colonization on the concentration of soluble carbo- 
hydrates in roots. New Phytol., 123: 297--306. 

Association of Official Analytical Chemists (AOAC), 1980. Meth- 
ods of official analysis, 13th edn., Washington, D.C., p. 139. 

Baltruschat, H., 1986. Auftreten der VA-Mycorrhiza in 
AbhS.ngigkeit verschiedener Herbizidbehandlungen und der 
lntensit~.t der Stickstoffdiingung. (Occurrence of VA-mycor- 
rhizae depending on herbicide treatments and the intensity of 
nitrogen fertilization). VDLUFA-Schriftenreihe 16, Kongress- 
band 1985, VDLUFA, Darmstadt. pp. 403-412. 

Bergelson, J.M. and Crawley, M.J,, 1988. Mycorrhizal infection 
and plant species diversity. Nature, 34: 202. 

Bethlenfalvay, G.J. and Linderman, R.G., 1992. Mycorrhizae in 
sustainable agriculture. Am. Soc. Agron. Sp. Pub. No. 54, 
Madison, WI. 

Bethlenfalvay, G.J., Reyes-Solis, M.G., Camel, S.B. and Ferrera- 
Cerrato, R., 1991. Nutrient transfer between the root zones of 
soybean and maize plants connected by a common mycor- 
rhizal mycelium. Physiol. Plant., 82: 423-432. 

Bethlenfalvay, G.J., Mihara, K.L., Schreiner, R.P. and McDaniel, 
H., 1995. Mycorrhizae, Biocides and biocontrol. 1. 
Herbicide-mycorrhiza interactions in soybean and cocklebur 
treated with Bentazon. Appl. Soil Ecol., 3:. 

Bethlenfalvay, G.J. and Schiiepp, H., 1994. Arbuscular mycor- 
rhizae and agrosystem stability. In: S. Gianinazzi and H. 
Schi~epp (Editors), Impact of Arbuscular Mycorrhizas on Sus- 
tainable Agriculture and Natural Ecosystems. Birkhhuser, 
Basel, pp. 117-13l. 

Browde, J.A., Pedigo, L.P., Owen, M.D.K., Tylka G.L. and 
Levene, B.C., 1994. Growth of soybean stressed by nema- 
todes, herbicides, and simulated insect defoliation. Agron. J., 
86: 968-974. 

Buhler, D.D., Gunsolus, J.L. and Ralston, D.F., 1992. Integrated 
weed management techniques to reduce herbicide inputs in 
soybean. Agron. J., 84: 973-978. 

Cliquet, J.B. and Stewart, G.R., 1993. Ammonia assimilation in 
Zea mays L. infected with a vesicular-arbuscular fungus 
Glomus fasciculatum. Plant Physiol., 101: 685-671. 

Dhillon, S.S., 1992. Evidence for host-mycorrhizal preference in 
native grassland species. Mycol. Res., 96: 359-362. 

Francis, R. and Read, D.J., 1984. Direct transfer of carbon 
between plants connected by vesicular-arbuscular mycorrhizal 
mycelium. Nature, 307: 53-55. 

Frey, B. and Schiiepp, H., 1992. Transfer of symbiotically fixed 



214 G.J. Bethlenfalvay et a l . /Appl ied Soil Ecology 3 (1996) 205-214 

nitrogen from berseem (Trijblium alexandrinum U) to maize 
via vesicular-arbuscular mycorrhizal hyphae. New Phytol., 
122: 447-454. 

Goodwin, J., 1992. The role of mycorrhizal fungi in competitive 
interactions among native grasses and alien weeds: a review 
and synthesis. Northwest Sci., 66: 251-260. 

Grime, J.P., Mackey, J.M.L., Hillier, S.H. and Read D.J., 1987. 
Floristic diversity in a model system using experimental mi- 
crocosms. Nature, 328: 420-422. 

Harris, D., Pacovsky, R.S. and Paul, E.A., 1985. Carbon economy 
of Soybean-Rhizobium-Glomus associations. New Phytol., 
101: 427-440. 

Ikram, A., Jensen, E.S. and Jakobsen, I., 1994. No significant 
transfer of N and P from Peraria phaseolides to Havea 
brasiliensis via hyphal links of arbuscular mycorrhiza. Soil 
Biol. Biochem., 26: 1541-1547. 

Jarrell, W.M. and Beverly, R.B., 1981. The dilution effect in plant 
nutrition studies. Adv. Agron., 34: 197-224. 

Johansen, A., Jakobsen, I. and Jensen, E.S., 1993. External hy- 
phae of vesicular-arbuscular mycorrhizal fungi associated with 
Trifolium subterraneum L. 3. Hyphal transport of 32p and 15N. 
New Phytol., 124: 61-68. 

Jones, D.L. and Darrah, P.R., 1993. Re-sorption of organic com- 
pounds by roots of Zea mays L. and its consequences in the 
rhizosphere. Plant Soil, 153: 47-59. 

Klonsky, K. and Livingston, P., 1994. Altemative systems aim to 
reduce inputs, maintain profits. California Agric., 48: 34-42. 

Koch, K.E. and Johnson, C.R., 1984. Photosynthate partitioning in 
split-root Citrus seedlings with mycorrhizal and nonmycor- 
rhizal root systems. Plant Physiol., 75: 26-30. 

Kropff, M.J., Lotz, L.A.P. and Weaver, S.E., 1993. Practical 
applications. In: M.J. Kropff and H.H. Laar (Editors), Mod- 
elling Crop-Weed Interactions. CAB Int., Wallingford, UK, 
pp. 149-186. 

Kudsk, P., 1989. Experiences with reduced herbicide doses in 
Denmark and the development of the concept of factor-ad- 
justed doses. Proc. Crop Protection Conference - -  Weeds. 
Brighton, pp. 545-554. 

Martin, J.T. and Juniper, B.E., 1970. The cuticles of plants. 
Edward Arnold, Edinburgh, UK, pp. 1-13. 

Martins, M.A., 1993. The role of the external mycelium of 
arbuscular mycorrhizal fungi in the carbon transfer process 
between plants. Mycol. Res., 97: 807-810. 

McGee, P.A., 1990. Survival and growth of seedlings of coach- 
wood: effects of shade, mycorrhizas and a companion plant. 
Aust. J. Bot., 38: 538-592. 

McGonigle, T.P. and Miller, M.H., 1993. Mycorrhizal develop- 
ment and phosphorus absorption in maize under conventional 
and reduced tillage. Soil Sci. Soc. Am. J., 57: 1002-1006. 

Miller, R.M. and Jastrow, J.D., 1992. The role of mycorrhizal 
fungi in soil conservation. In: G.J. Bethlenfalvay and R.G. 
Linderman (Editors), Mycorrhizae in Sustainable Agriculture. 
AM. Soc. Agron. Spec. Publ. 54. Am. Soc. Agron., Madison, 
WI, pp. 29-44. 

Nelson, L.A., 1989 A statistical editor's viewpoint of statistical 
usage in horticultural science publications. HortSci., 24: 53-57. 

Newman, E.I., 1988. Mycorrhizal links between plants: their 
functioning and ecological significance. Adv. Ecol. Res., 18: 
243-270. 

Newman, E.I. and Eason, W.R., 1989. Cycling of nutrients from 
dying roots to living plants, including the role of mycorrhizas. 
Plant Soil, 115:211-215. 

Newman, E.I. and Ritz, K., 1986. Evidence on the pathways of 
phosphorus transfer between vesicular-arbuscular mycorrhizal 
plants. New Phytol., 104: 77-87. 

Newman, E.I., Eason, W.R., Eissenstat, D.M. and Ramos, 
M.I.R.F., 1992. Interactions between plants: the role of mycor- 
rhizae. Mycorrhiza, 1: 47-53. 

Ocampo, J.A., 1993. Influence of pesticides on VA mycorrhizae. 
In: J. Altman (Editor), Pesticide Interactions in Crop Produc- 
tion, Beneficial and Deleterious Effects. CRC Press, Boca 
Raton, FL, pp. 214-226. 

Robinson, M.J. and Baysdorfer, C., 1985. Relationships between 
photosynthetic carbon and nitrogen metabolism in mature 
soybean leaves and isolated leaf mesophyll ceils. In: R.L. 
Heath and J. Preiss (Editors), Carbon partitioning in photosyn- 
thetic tissue. Am. Soc. Plant Physiologists, Rockville, MD, pp. 
333-357. 

Schubert, K.R., 1987. The assimilation and metabolism of nitro- 
gen: an overview of the nitrogen and carbon cycles. In: D.W. 
Newman and K.G. Wilson (Editors), Models in plant physiol- 
ogy and biochemistry, Vol. II. CRC Press, Boca Raton, FL, 
pp. 3-7. 

Senft, D., 1993. Strategic weed control for the 90's. Agric. Res., 
41: 22. 

Sieverding, E. and Leihner, D.E., t984. Effect of herbicides on 
population dynamics of VA-mycorrhiza with Cassava. 
Angew. Bot., 58: 283-294. 

Smith, S.E., 1980. Mycorrhizas of autotrophic higher plants. Biol. 
Rev., 55: 475-510. 

Smith, S.E. and Smith, F.A., 1990. Structure and function of the 
interfaces in biotrophic symbioses as they relate to nutrient 
transport. New Phytol., 114: 1-38. 

Snellgrove, R.C., Splitstoesser, W.E., Stribley, D.P. and Tinker, 
P.B., 1982. The distribution of carbon and the demand of the 
fungal symbiont in leek plants with vesicular-arbuscular myc- 
orrhizas. New Phytol., 92: 75-87. 

Thompson, J.P., 1994. Inoculation with vesicular-arbuscular myc- 
orrhizal fungi from cropped soil overcomes long-fallow disor- 
der of linseed (Linum usitatissimum L.) by improving P and 
Zn uptake. Soil Biol. Biochem., 26:1133-1143. 

United States Congress, 1990. Food, Agriculture, Conservation 
and Trade Act of 1990, U.S. House of Representatives Conf. 
Rep., S-2830, No. 101-916. 

Waters, J.R. and Borowicz, V.A., 1994. Effect of clipping, beno- 
myl, and genet on ~4C transfer between mycorrhizal plants. 
Oikos, 71: 246-252. 

Wilkerson, G.G., Jones, J.W., Coble, H.D. and Gunsolus, J.L., 
1990. SOYWEED: A simulation model of soybean and com- 
mon cocklebur growth and competition. Agron. J., 82: 1003- 
1010. 

Wyse, D.L., 1994. New technologies and approaches for weed 
management in sustainable agriculture systems. Weed Tech- 
nol., 8: 403-407. 

Zeevaart, J.A.D., 1979. Regulation of assimilate partitioning. In: 
Partitioning of assimilates: Summary reports of a workshop 
held at Michigan State Univ., East Lansing, MI, May 7-9, 
1979. Am. Soc. Plant Physiol., Rockville, MD, pp. 14-17. 


