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Increased nutrient availability reduces vesicular-arbuscular mycorrhizal (VAM) associations with plants, but whether 
increased nutrients in small volumes of soil affect local VAM colonization is not known. In a field experiment we investigated 
VAM colonization at different times following fertilization of small soil patches. Soil volumes of - 1000 cm3 were treated 
with a nutrient solution (enriched patch) or distilled water (control patch) on opposite sides of individual plants of the tussock 
grass Agropyron desertorum and the shrub Arremisia tridentata. Agropyron had significantly lower ( p  = 0.03) arbuscular 
infection in the locally enriched patches compared to control patches (32 and 40%, respectively). This reduced arbuscule 
frequency was apparent at the first sampling (3 days following treatment application) and remained lower in each subsequent 
sampling (as much as 30% lower than the control patches). Artemisia revealed a similar pattern in arbuscule frequency but 
was not statistically significant. Our results suggest that a plant can locally reduce VAM development, since arbuscule fre- 
quency specifically was locally reduced even though vesicle and overall infection was not. Since mycorrhizal infection does 
not increase, we conclude that increased plant root proliferation and uptake capacity are likely to be more important for the 
exploitation of temporary nutrient pulses or patches than is increased mycorrhizal activity. 
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On sait qu'une gugmentation de la disponibilitk des nutriments rtduit les associations endomycorhiziennes arbusculaires 
(VAM) avec les plantes, mais on ignore si des augmentations de nutriments dans de petits volumes de sol peuvent affecter 
localement la colonisation par ces champignons. Dans une experience conduite sur le terrain, les auteurs ont observt la coloni- 
sation endomycorhizienne h diffkrents moments suivant la fertilisation de petites surfaces de sol. 11s ont trait6 de petits 
volumes de sols, environ 1000 cm3, avec une solution nutritive (surface enrichie) ou avec de l'eau distillCe (surface ttmoin) 
sur les c6tts opposCs d'une m&me plante individuelle de l'herbacte Agropyron desertorum et de l'arbuste Artemisia tridentata. 
L'Agropyron montre une frCquence d'arbuscules significativement plus faible ( p  = 0,03) dans les surfaces localement 
enrichies comparativement aux surfaces tCmoins (32 et 40%, respectivement). Cette diminution de la frCquence des arbus- 
cules apparait dks le premier tchantillonnage (3 j aprks le traitement) et demeure plus faible h chacun des echantillonnages 
subsequents (jusqu'h 30% plus faible que dans les surfaces tkmoins). L'Artemisia montre un patron semblable de frCquence 
des arbuscules, mais la diffkrence n'est pas significative. Les rtsultats suggkrent qu'une plante peut voir sa formation d'endo- 
mycorhizes VA rCduite, puisque la formation des arbuscules est localement et spicifiquement rtduite bien que la formation 
des vCsicules et la colonisation en gCnCral ne le soient pas. Puisque la colonisation mycorhizienne n'augmente pas, les auteurs 
concluent qu'une augmentation de la prolifkration racinaire et de la capacitC d'absorption sont probablement plus importantes 
pour l'exploitation de source de nutriments temporaires ou localists, qu'une augmentation de 1'activitC mycorhizienne. 

Mots elks : arbuscule, exploitation des nutriments, phosphore, dtveloppement rCduit, rtgulation de la colonisation, hCtCro- 
gCnCitC du sol, mycorhizes a arbuscules et vCsicules. 

[Traduit par la rCdaction] 

Introduction ment are assumed to be important to the nutrient status of 

Colonization of plant roots by vesicular -arbuscular mycor- 
rhizal (VAM) fungi may increase nutrient acquisition from the 
soil, especially nutrients that are less mobile such as soil phos- 
phate (P) (Nye and Tinker 1977; Allen 1991). When plants are 
well supplied with nutrients such as P, the colonization fre- 
quency and degree of VAM colonization of roots tend to 
decrease (Menge et  al. 1978; Braunberger et al. 1991). This 
regulation of colonization by host plants may be cost effective, 
since the plant can acquire adequate quantities of P without 
expending photosynthate on mycorrhizae (Koide and Elliot 
1989; Koide and Schreiner 1992; Bloom et  al. 1985). 

Nutrients are rarely homogeneously distributed within the 
rooting zone of individual plants (Charley and West 1975; 
Jackson and Caldwell 1993). Microsites of nutrient enrich- 

plants (Chapin 1980) and VAM hyphae can be important in the 
exploitation of soil heterogeneity (St. John et al. 1983). Devel- 
opment of VAM in roots experiencing localized areas of 
nutrient-enriched soils may be reduced if the nutrient demand 
of the whole plant is decreased or if roots in these microsites 
have greater tissue nutrient concentrations (Koide and Li 
1990; Braunberger et al. 1991). 

W e  were interested in the short-term dynamics of exploita- 
tion of nutrient patches by two Great Basin species that are 
mycorrhizal, Agropyron desertomm (Fisch. ex Link) Schult. 
and Artemisia tridentata ssp. vaseyana (Rydb.) Beetle. Jack- 
son et al. (1990) showed that roots of these species can 
increase their physiological uptake capacity for N and P in 
response to local nutrient-rich patches. Since these species are 
VAM symbionts and VAM can contribute significantly to 
nutrient exploitation, we addressed the following question: 

'Author to whom all correspondence should be addressed. Can a plant in the field locally regulate.mycorrhizal coloniza- 
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FIG. 1. Percent colonization of vesicles, arbuscules, and overall 
VAM infection in Agropyron desertorurn. The vertical bars represent 
the standard error of each mean (n = 20) averaged over date, depth, 
and treatment. The asterisk indicates statistical significance with 
p = 0.03. 

Methods 
We conducted a field experiment in 1990, in monoculture stands 

of two species common to the Great Basin region of the western U.S., 
the introduced tussock grass Agropyron desertorurn and the native 
shrub Arternisia tridentata. These plots were established 8 years 
before the research was conducted at the Green Canyon Research 
Center. This site is located 4 km northeast of Logan, Utah (41 "45'N, 
11 1°48'W, 1460 m elevation). The soil is a calcareous, Typic Hap- 
loxeroll, formed from alluvial material (Southard et al. 1978). The 
average soil pH is - 8.0 and usually contains < 10 ppm bicarbonate- 
exchangeable phosphate (Jackson and Caldwell 1991). 

The experiment was conducted in June to determine if a mycor- 
rhizal response to nutrient enrichment changes over several weeks as 
roots proliferate and to determine if the response varies with soil 
depth. On June 18, small patches of soil ( -  1000 cm3) near the plants 
were treated with either 300 mL of distilled water or 300 mL of a 
nutrient solution (20 mM KH,P04, 45 rnM NH4N03). In our cal- 
careous soil, this concentrated solution will likely only increase 
bicarbonate-exchangeable phosphate to -60 ppm (S.E. Duke, 
unpublished data; Caldwell et al. 1992) since much of the phosphate 
is quickly immobilized. Nutrient solutions were introduced evenly 
into the soil to a depth of 30 cm using pipe cleaners as wicks. On 
opposite sides of each plant, two control and two nutrient patches 
were created to reduce some of the natural spatial heterogeneity in the 
soil. These pairs of control and nutrient patches were within 15 cm 
of each other and the soil cores from the paired patches were com- 
bined at the time of sampling. Within each soil core we investigated 
two depth ranges: 10-20 and 20-30 cm. We did not sample the 
0- to 10-cm depth since fungal hyphae are often not very abundant 
because of low soil moisture and high temperatures near the soil sur- 
face (Allen 1983). Soil cores were harvested, using a 3.5-cm diam- 
eter stainless steel corer, 3, 7, 10, 15, and 23 days after treatment 
application. Two replicate plants for each species were harvested at 
each of the five sampling dates. Each sample was washed separately 
using a Hydropneumatic Elutriation Root Washer (Gillison's Variety 
Fabrication, Inc., Benzonia, Mich.). Organic matter and other soil 
debris were removed from the samples with forceps. Samples were 
cleaned within 2 days of collection. 

The air-dried roots were stained for mycorrhizal colonization with 
Trypan Blue using a technique modified from Kormanik et al. (1980). 

Sampling dates 

FIG. 2. The percentage of arbuscule colonization of Agropyron 
desertorurn at five sampling times for control (0) and nutrient 
patches (a). The first sampling was 3 days following patch treatment 
(first split factor). Each mean is averaged over two depths (second 
split factor) and two plants (main plot factor) (mean f SE, n = 4). 

The percent colonization by mycorrhizal fungi was determined from 
50 random root segments (1 - 1.5 cm in length). Colonization was 
scored for the presence of internal hyphae, vesicles, and arbuscules 
for each root segment. Overall colonization was defined by the 
presence of any fungal structure inside the root. 

Data were analyzed as a split-split plot ANOVA. The main-plot fac- 
tor in this design was the plant, split by treatment on two sides of each 
plant, and each core was then split into two depths. Analysis was per- 
formed on each dependent variable (i.e., vesicle frequency, arbuscule 
frequency, and overall internal infection) separately for each species. 
Although percentage data are often non-normal, our data were very 
close to normally distributed and were therefore not transformed 
prior to analysis. 

u 
Results 

Arbuscule frequency was significantly reduced for Agropy- 
ron desertorum roots in enriched soil patches compared with 
roots in control patches (Fig. 1; Table 1; p = 0.03). Roots 
from nutrient-enriched patches had an average arbuscule col- 
onization of 32%, compared with 40% for roots from control 
patches. Relative to control patches, arbuscule colonization 
frequency of Agropyron roots in enriched patches was lower 
for the 3-week time course (Fig. 2). There were no changes 
in vesicle frequency ( p  = 0.43) and the overall VAM coloni- 
zation decreased slightly in enriched patches (Fig. 1; p = 
0.07). Mycorrhizal characteristics were also not differently 
influenced by nutrient treatment at the two depths evaluated 
(treatment X depth effect, p > 0.26 for all analyses). 

There were no significant treatment differences in any mycor- 
rhizal characteristics for Artemisia tridentata roots ( p  > 0.11 
in each case; mean overall colonization -70%, data not 
shown). Although the relative pattern of lower arbuscule fre- 
quencies in roots of nutrient patches was, similar to that of 
Agropyron, the data are less conclusive for Artemisia because 
the dark color of its roots made it difficult to accurately iden- 
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TABLE 1. ANOVA table for arbuscule colonization in 
Agropyron desertorum 

Source df F-value p-value 

Date 4 0.65 0.6513 
Treatment 1 8.47 0.0334* 
Depth 1 0.01 0.9434 
Date X treatment 4 0.55 0.7115 
Date x depth 4 2.84 0.0823 
Treatment x depth 1 1.35 0.2715 
Date X treatment X depth 4 1.50 0.2751 

NOTE: The data were analyzed as a split-split-plot design with date as a 
fixed factor; individual plants were the main plot factor, nutrient and control 
treatment were split on each plant, and each soil core taken for each treat- 
ment was split into two depths. 

'Significant at 0.05 level. 

tify arbuscules. The VAM characteristics for Artemisia were 
not significantly different for the two depths evaluated ( p  = 
0.31). 

Discussion 
The process whereby plants reduce or regulate VAM coloni- 

zation is not well understood (Koide and Schreiner 1992). 
Braunberger et al. (1991) found that arbuscule development in 
maize roots was reduced by a general application of phosphate 
fertilizer and they concluded that increased shoot P concentra- 
tions had a significant influence on reducing arbuscule devel- 
opment. In a split-root pot experiment where the two halves 
of the pot were either mycorrhizal or nonmycorrhizal, Koide 
and Li (1990) applied equal amounts of P to plants in two treat- 
ment schemes: either both halves of the split-root system 
received 0.31 pg P/mL or the nonmycorrhizal half received 
0.62 pg P/mL and the mycorrhizal half received no P. Their 
results revealed significantly lower development of mycorrhizal 
colonization (in the mycorrhizal half) for plants receiving the 
concentrated treatment (0.62 pg P/mL in the nonmycorrhizal 
half) compared with VAM development in the treatment with 
equal P delivered to both halves of the root system. They con- 
cluded that physiological alterations of the root tissue in response 
to P availability must be responsible for the regulation of 
colonization development, since there were no significant dif- 
ferences in shoot nutrient status for the two P treatments. 
However, the experimental results might not be generally 
applicable since VAM colonization was low ( - 12%) in that 
experiment. Our results do provide some evidence that when 
a small portion of a root system has greater nutrient availabil- 
ity than the remainder of the root system, plants can reduce the 
development of arbuscules in these local sites. This localized 
reduction in arbuscular infection may be due, in part, to sig- 
nificantly greater phosphate concentrations in the roots from 
enriched patches compared with roots from control patches 
(Jackson and Caldwell 1992). 

Root proliferation is a primary strategy by which plants can 
more effectively exploit nutrient patches. Root proliferation 
was likely to be occurring during the 3-week experimental 
period (Jackson and Caldwell 1989); however, it is not appar- 
ent that root growth was more rapid than fungal development, 
since neither Agropyron desertorum or Artemisia tridentata 
showed reduced vesicle formation or overall colonization. We 
have additional evidence that shows no change in overall 
mycorrhizal colonization in response to localized nutrient 

enrichment (within 7 days of treatment) for two Agropyron 
tussock grasses (R.B. Jackson, unpublished data). 

Agropyron desertorum and Artemisia tridentata both exhibited 
rapid physiological responses and increased nutrient procure- 
ment from nutrient-enriched patches in the soil (e.g., Jackson 
et al. 1990; Caldwell et al. 1991). Since mycorrhizal coloniza- 
tion does not increase and arbuscule frequency can decrease in 
enriched soil patches, we conclude that other physiological 
mechanisms of the plant are more important for the rapid 
exploitation of enriched soil patches (also see Caldwell et al. 
1992). The reduction in arbuscule frequency that we observed 
in roots from enriched qicrosites may suggest a local adjust- 
ment of resource transfer between the plant and the fungi 
within those microsites (although not specifically measured in 
our experiment). Hence, this phenomenon may potentially 
increase a plant's efficiency of nutrient exploitation (quantity 
of nutrient acquired per unit carbon expended belowground; 
sensu Koide and Elliot 1989). 
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