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ABSTRACT

While agricultural research has traditionally focused on average environmental conditions,

environmental variability, independent of the mean, can also have biological consequences.  Using

lettuce (Lactuca sativa) as a model system, we tested two hypotheses: (1) increased temporal

variability in water supply impacts plant growth, yield, photosynthesis, water relations, and nutrition

and (2) AM fungal associations benefit this agricultural crop, especially when plants experience

temporal variability in water supply.  The experiment used a randomized complete block design with

two blocks and three variables (each with two levels): – mycorrhizal inoculation, high or low

variability in watering intervals, and high or low total watering volume. Temporal variability in water

supply, at a time scale similar to what is common in agricultural practices, had negative effects on

lettuce production. Inoculation treatments were successful in doubling the extent of AMF infection in

lettuce roots.  There were no main effects of mycorrhizal inoculation on any measured variable, but

augmented mycorrhizal associations interacted with variability in water supply to increase root/shoot

ratios and decrease tissue concentrations of N and P.  Successful application of AMF to sustainable

agriculture probably requires a general theoretical framework for predicting when effects on plants

will be beneficial versus neutral or even detrimental.
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INTRODUCTION

There is much recent interest in sustainable agriculture (Youngberg, 1990). Alternative

agriculture, low-input agriculture, and organic farming are all attempts at creating sustainable

agriculture through biologically based systems.  All definitions of sustainability emphasize the need to

maintain a healthy plant-soil system (Bethlenfalvay and Linderman, 1992).  Of the myriad

microorganisms that inhabit the rhizosphere, mycorrhizal fungi are among the most important, and

have been described as critical to the design of sustainable systems (Johnson and Pfleger, 1992).  It is

generally accepted that mycorrhizae can make plants more productive, although uncertainty remains

about their role in managed ecosystems such as farms (Miller et al. 1994).  Mycorrhizal inoculum is

inexpensive which makes the commercial use of mycorrhizal fungi feasible in agriculture (Menge,

1983).  Mycorrhizal fungi are also sustainable, remaining in the soil as spores or in associations with

roots, while fertilizers can get leached from the soil (contributing to pollution) and need to be

replenished.

Mycorrhizae are usually classified as mutualistic symbioses; the fungus aids the plant in

absorbing nutrients (especially nitrogen and phosphorus) and water while the plant supplies the fungus

with carbohydrates (Hardie, 1985; Allen, 1991; Bethlenfalvay and Linderman, 1992; Jakobsen et al.

1994; Smith and Read, 1997).  However, this is probably a simplification because, depending on the

environment and the species, mycorrhizal symbioses can range from mutualism to commensalism to

parasitism (Fitter, 1985; Hardie, 1985; Johnson et al. 1997).

Of particular interest in agricultural systems are the arbuscular mycorrhizal (AM) fungi

(Hayman, 1980; Trappe, 1987).  Thousands of papers have been published on the role of AMF in

plant and soil biology and in agriculture since the 1970 s.  In addition to enhancing plant mineral

nutrition, AM fungi can benefit plants by stimulating growth regulating substances, increasing

photosynthesis, improving osmotic adjustment under drought stress, enhancing N2 fixation by

symbiotic bacteria, increasing resistance to pests and tolerance to environmental stresses, and

improving soil properties (Bethlenfalvay and Linderman, 1992).  Considerable evidence supports the

importance of mycorrhizae in plant water relations (Hardie, 1985; Bethlenfalvay et al. 1988;

Ibrahim et al. 1990; Michelsen and Rosendahl, 1990; Davies et al. 1992; S nchez-D az and Honrubia,

1994; Larcher, 1995; Ruiz-Lozano and Azc n, 1995; Ruiz-Lozano et al. 1995).  The extensive

network of hyphae greatly increases the functional surface area for absorption, and they have a

smaller diameter than root hairs (2-5 m versus 10-20 m), allowing them to penetrate and utilize

soil pores inaccessible to the root hairs (Allen, 1991; Ruiz-Lozano and Azc n, 1995).

Agricultural research has traditionally focused on average values of environmental variables:

e.g.,  average yearly or monthly rainfall, average nutrient levels in soil.  However, environmental

variability, independent of the mean, can also have biological consequences (Ruel and Ayres, 1999).

Environmental variability can be both spatial and temporal.  For example, light gaps in a forest

canopy create spatial variability and episodic rainfall creates temporal variability.  Plant growth

generally exhibits a non-linear response to resource availability (a decelerating saturation function).

Because the function is decelerating, variability in the resource, such as water, will tend to decrease

plant growth, even with no change in the average resource level.  Consideration of this mathematical

phenomenon, known as Jensen’s Inequality, could have benefits for crop production.  Common

irrigation practices impose temporal variability in water supply (e.g., crops are often watered once

per week).  To date, there has been little research exploring the role of temporal variability in water

supply on plant growth, yield, or nutrition (Williams et al. 1998).  We hypothesized that the

negative impacts on crop yield of temporal variability in water supply can be ameliorated by

augmentation of mycorrhizal infection.

A number of mechanisms have been suggested to explain the benefits of mycorrhizae to

plants under drought conditions: increased CO2 fixation, transpiration rate, water use efficiency,

phosphorus and potassium status (Ruiz-Lozano et al. 1995), increased root hydraulic conductivity

(Koide, 1985), increased stomatal sensitivity (Huang et al., 1985), stomatal regulation (Allen et al.

1982), hyphal water uptake (Hardie, 1985; Ruiz-Lozano and Azc n, 1995), greater turgor through

osmotic adjustment (Aug  et al. 1986), and changes in cell-wall elasticity (S nchez-D az and

Honrubia, 1994).  These properties of AMF could alter the plant s growth response curve to make it
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more linear in the region of experienced resource availability, which could make plant growth less

sensitive to environmental variability (Ruel and Ayres, 1999).  Also, increased water uptake due to

fungal hyphae (Hardie, 1985; Ruiz-Lozano and Azc n, 1995) may lessen the variability in water

supply experienced by mycorrhizal plants, which would also ease the growth decrement from Jensen’s

Inequality.

Using lettuce (Lactuca sativa) as a model system, we tested the following hypotheses: (1)

increased temporal variability in water supply impacts plant growth, yield, photosynthesis, water

relations, and nutrition and (2)  augmentation of AMF associations benefit this agricultural crop,

especially when water supply is variable.

METHODS

Field work was conducted at the Dartmouth Organic Farm, near Hanover, NH, on the flood

plains of the Connecticut River.  Prior to our experiments, our research plot had been fallow (planted

with winter rye that was not harvested).  Tests in 1991 showed a phosphorus level of 3 parts per

million in the farm soil.  Rock phosphate was added to the field in 1996.  Lettuce (Lactuca sativa;

black-seeded Simpson variety) was used as the experimental crop because it has a short growing

period, is sensitive to soil water status, forms mycorrhizal relationships (Tobar et al. 1994; Ruiz-

Lozano and Azc n, 1995; Ruiz-Lozano et al. 1995), and is readily inoculated by AM fungi (Zahka,

1985; Sasa et al.1987).

The experiment used a randomized complete block design with two blocks and three

treatment variables (each with two levels) combined in a full factorial design.  Eight treatments

resulted from combining the following: – mycorrhizal inoculation, high or low applied water volume,

high or low variability in timing of irrigation.

Plants in the inoculated treatments were inoculated at the time of seeding (30 June 1998)

with propagules of the fungus Glomus intraradices in a clay pellet matrix (VAM 80 Biological plant

growth enhancer, Tree of Life Nursery, San Juan Capistrano, CA).  Inoculum was mixed with potting

soil (0.5 L inoculum/ 50 L potting soil) before soil blocks were made.  The potting soil consisted of

50 L peat: 0.75 L limestone: 12 L vermiculite: 1 L mineral mix (2 parts black rock phosphate [a

source of phosphorus]: 2 parts greensand [a source of potassium]: 1 part dried blood [a source of

nitrogen]): 25 L compost.  These plants were inoculated a second time at transplant (21 July 1998),

with a mixture of Glomus brasilianum, G. clarum, G. deserticola, G. intraradices, G. monosporous,
G. mosseae, and Gigaspora margarita propagules (Bio-organics Endomycorrhizal Inoculant, Bio-

organics supply center, Camarillo, CA).  Soil blocks were lightly touched to the finely powdered

inoculum just prior to placing in the ground.  These two AMF inocula were chosen because they are

commercial products purported to increase plant growth and health (Tree of Life Nursery, 1998;

Bio-Organics, 1999), and therefore potentially suitable for agricultural practices.  Plants in the non-

inoculated treatments were not prohibited from associations with existing fungi in the farm soil.

All plants were watered equally before being transplanted and for the first eight days after

transplant.  Watering was accomplished with an overhead spray in the greenhouse.  In the field, drip

irrigation supplied a controlled volume of water to each individual plant.  Plants were spaced at 30 x

30 cm within eight beds (separated by 60 cm) within each of two blocks (separated by 10 m).  Low

volume treatments received 120 minutes of watering per week delivered at 700 g / cm
2
 through drip

tapes with 1 L / hour flow rates.  High volume treatments received 240 minutes of irrigation per

week.  High variability treatments were watered once weekly for either 120 or 240 minutes.  Low

variability treatments were watered for six of every seven days for either 20 or 40 minutes per day.

Watering treatments began on 29 July 1998.

We measured soil water through one irrigation cycle to determine the extent to which our

treatments created differences in soil water status.  Following a watering bout, three soil cores were

taken from each treatment on each of 5 subsequent (rain-free) days.  Cores were separated into

shallow soil (0 - 10 cm) and deep soil (10 - 20 cm), weighed, dried, and weighed again.  Shallow and

deep core data were each analyzed with an ANOVA model that included variability, volume, day, and

all interactions.
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Photosynthesis rates and stomatal conductance were measured on 4 and 13 August 1998 on

randomly selected plants from each treatment using an infrared gas analyzer configured as an open

system (CID, Inc, Vancouver, WA).  Measurements were taken during midday (ca. 12:00) on sunny

days.

A random subset of plants from each treatment were harvested on 6, 18, and 24 August.  In

addition to harvesting the above-ground material (shoot), we also collected a soil core (15 cm deep,

16.5 cm diameter) to obtain the complete root system.  Portions of each root system from the

second harvest (18 August 1998) were haphazardly sub-sampled from the distal roots and stored in

50% ethanol for subsequent quantification of mycorrhization.  A portion of leaf was removed from

each plant from the second and third harvests, lyophilized, and analyzed for nitrogen and phosphorus

content.  Other root and shoot tissue was washed clean, oven-dried, and weighed.

Roots were cleared and stained using an adaptation of procedures from Giovannetti and Mosse

(1980) and Brundrett (1994).  Percent mycorrhizal infection of roots was determined using a line

intersect method (Giovannetti and Mosse, 1980; 5 cm petri dish, 3 mm grid, % infection = 100 *

mycorrhizal intersections / total intersections).

Leaf nitrogen content was analyzed using a Carlo Erba Model Na 1500 N.  Phosphorus

analysis followed Jacobson and Miller s (1992) modification of Chapman and Pratt s (1961)

molybdenum blue method for analysis of plant tissue.  Total shoot nitrogen and phosphorus were

calculated by multiplying nitrogen and phosphorus concentrations by the dry mass of the shoot from

which the leaf was obtained.

Mycorrhizal infection, photosynthesis rates, stomatal conductance, biomass, phosphorus

concentration, nitrogen concentration, total shoot phosphorus, and total shoot nitrogen data were

analyzed with an ANOVA model that included mycorrhizal inoculation, temporal variability in water

supply, water volume, and block.  In this model, each block x treatment combination was considered

a replicate; measurements on individual plants within a block x treatment combination were averaged

prior to analysis (Hurlbert, 1984).  On the second harvest date, for percent mycorrhizal infection,

shoot nitrogen, and shoot phosphorus, 1 to 2 of 16 treatment blocks were missing due to loss of

samples.  In these cases, the missing cell or cells were estimated (Snedecor and Cochran, 1989; Sokal

and Rohlf, 1995).  Alternative unbalanced analyses indicated that the estimation of missing cells had

no affect on results.  Shoot mass, root mass, root/shoot ratio, and total mass were square root

transformed to meet the assumptions of the ANOVA.  Total shoot phosphorus and total shoot

nitrogen data from the third harvest were similarly transformed.

RESULTS

Soil cores

Watering treatments were successful in creating significant differences in soil water status at

shallow and deep soil depths.  In high variability treatments compared to low variability treatments,

shallow soil was drier (mean – SE = 13.2 – 0.3 vs. 14.0 – 0.3 %, F1,45 = 48.62, p < 0.0001) and deep

soil was wetter (15.3 – 0.2 vs. 14.8 – 0.2 %, F1,45 = 39.03, p < 0.0001).  Soil in high volume

treatments had significantly higher water content than soil in low volume treatments in both shallow

and deep cores (F1,45 = 4.15 and 6.37, respectively, both p < 0.05; Figure 1).  Water content in both

shallow and deep cores generally declined over the five days (F1,45 = 21.06 and 21.90, respectively,

both p < 0.0001), especially under high variability treatments (variability x day interaction F1,45 =

78.21 and 37.81, respectively, both p < 0.0001; Figure 1)

Inoculation

Mycorrhizal inoculation produced almost a doubling of mycorrhizal infection of roots (mean

– SE = 54.3 – 1.1 vs. 30.5 – 1.1 %; Figure 2; Table 1).  There was no overlap of percent infection

between inoculated and non-inoculated treatments.

Photosynthesis rates and stomatal conductance
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There were no main effects of mycorrhizae, variability, or water volume on photosynthesis

rates or stomatal conductance on 4 August 1998.  There were no main effects of mycorrhizae,

variability, or water volume on photosynthesis rates on 13 August 1998 (Figure 2; Table 1).

However, in low variability treatments, inoculated plants had higher photosynthesis rates than non-

inoculated plants, while within high variability treatments, inoculated plants had lower

photosynthesis rates than non-inoculated plants.  This effect was nearly significant (p = 0.055;

Figure 2; inoculation x variability interaction in Table 1).  The south block had significantly higher

photosynthesis rates than the north block (mean – SE = 17.14 – 0.50 vs. 14.76 – 0.50 moles ¥ m
-2 

¥

s
-1

; Table 1).  There were no treatment effects on stomatal conductance (Figure 2; Table 1).

Yields

First harvest

Shoot mass and total mass were somewhat higher in low variability than in high variability

treatments (mean – SE = 2.94 – 0.26 vs. 1.98 – 0.26 g, F1,7 = 5.40, p = 0.053 for shoot mass; 3.29 –

0.27 vs. 2.31 – 0.27, F1,7 = 4.85, p = 0.06 for total mass).  High variability treatments had higher

root/shoot ratios than low variability treatments (0.173 – 0.014 vs. 0.125 – 0.014, F1,7 = 6.28, p <

0.05).

Second harvest

Shoot mass in low variability treatments was 40% higher than in high variability treatments

(Figure 3; Table 2).  There were no main effects of inoculation or volume on shoot mass.  There

were no treatment effects on root mass.  Root/shoot ratios were higher in high variability
treatments than in low variability treatments, although not significantly (mean – SE = 0.189 –

0.011 vs. 0.156 – 0.011, p = 0.07; Figure 3; Table 2).  In high variability treatments, root/shoot

ratios were higher for inoculated than non-inoculated plants (0.219 – 0.01 vs. 0.160 – 0.015), but in

low variability treatments inoculated ratios were lower than non-inoculated ratios (0.139 – 0.015 vs.

0.172 – 0.015; Figure 3; inoculation x variability interaction in Table 2). There were no main

effects of inoculation or volume on root/shoot ratios.   Low variability treatments had somewhat

higher total mass than high variability treatments (13.91 – 1.07 vs. 10.16 – 1.07 g, p = 0.051;

Figure 3; Table 2).  There were no main effects of inoculation or volume on total mass.

Third harvest

Shoot mass and total mass were lower in high variability treatments than in low variability

treatments (mean – SE = 14.97 – 1.30 g vs. 19.60 – 1.30 g shoot mass, F1,7 = 7.01, p < 0.05; 17.09

– 1.52 vs. 21.99 – 1.52 g total mass, F1,7 = 5.57, p = 0.0503).

Nutrients

Second harvest

There were no main effects of inoculation, variability, or volume on phosphorus

concentration.  Plants receiving high water volume had significantly lower leaf nitrogen

concentration than plants receiving low volume (mean – SE = 3.91 – 0.06 vs. 4.26 – 0.06 %; Figure

4; Table 3).  Under high water volume, inoculated plants had higher nitrogen concentration than

non-inoculated plants (4.02 – 0.09 vs. 3.81 – 0.09 %), and at low volume, inoculated plants had

lower nitrogen concentration than non-inoculated plants (4.12 – 0.09 vs. 4.40 – 0.09 %; Figure 4;

inoculation x volume interaction in Table 3).  In low variability treatments, leaf nitrogen

concentration was higher in inoculated plants (mean – SE = 4.11 – 0.09 %) than in non-inoculated

plants (3.92 – 0.09 %), and vice versa in high variability treatments (4.03 – 0.09 and 4.29 – 0.09 %

for inoculated and non-inoculated plants, respectively; Figure 4; inoculation x variability interaction

in Table 3).  A similar, nearly significant interaction occurred for phosphorus concentrations (p =

0.059; Figure 4; Table 3).  There were no main effects of inoculation or variability on nitrogen

concentration.
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Total shoot phosphorus was higher in low variability plants than in high variability plants

(mean – SE = 45.60 – 1.99 mg vs. 28.55 – 1.99 mg; Figure 4; Table 3).  There were no main effects

of inoculation or volume on total phosphorus.  Low variability plants had significantly higher total

nitrogen than high variability plants (539.51 – 24.67 vs. 374.33 – 24.67 mg; Figure 4; Table 3).

Low volume plants had higher total shoot nitrogen than high volume plants (498.24 – 24.67 vs.

415.44 – 24.67 mg; Figure 4; Table 3).  There were no main effects of inoculation on total nitrogen.

Third harvest

Phosphorus concentration was significantly higher in non-inoculated (mean – SE = 0.33 –

0.01 %) and high variability (0.33 – 0.01 %) treatments than in inoculated (0.30 – 0.01 %) and low

variability (0.30 – 0.01 %) treatments (F1,7 = 8.22 and 5.76, respectively, both p < 0.05).

Phosphorus concentration was higher in the north block than the south block (0.35 – 0.01 vs. 0.28 –

0.01 mg, F1,7 = 31.63, p < 0.001).  Under high variability, inoculated plants had lower total shoot

phosphorus than non-inoculated plants (37.21 – 8.10 vs. 59.91 – 8.10 mg), while under low

variability, inoculated plants had higher total shoot phosphorus than non-inoculated plants (65.60 –

8.10 vs. 49.97 – 8.10 mg, inoculation x variability interaction F1,7 = 6.18, p < 0.05).  The north

block had higher nitrogen concentrations than the south block (3.74 – 0.14 vs. 3.23 – 0.14 %, F1,7 =

6.10, p < 0.05).

Focus on second harvest

Results from the three harvest dates were generally consistent (e.g., the effects of variability

on shoot mass, root/shoot ratio, and total mass across all three harvest dates were similar).

However, the most agriculturally meaningful results came from the second harvest date.  The first

harvest was done just one week after watering treatments began, prior to when any commercial

harvest would be made.  The third harvest was made after a significant portion (> 33%) of the lettuce

in every treatment had bolted.  Bolted lettuce cannot be sold, and therefore, has no commercial value

for farmers.  Furthermore, lettuce drastically changes its allocation of resources once bolting begins

(e.g., above-ground growth is favored over below-ground growth, and there is increased biosynthesis

of structural, rather than photosynthetic, tissues).  This complicates data interpretations from the

third date, when plants were a mix of bolted, bolting, and unbolted lettuce heads.  In contrast, plants

from the second harvest were large enough to be harvested for consumption, but had not yet bolted,

and therefore provide the most meaningful, both agriculturally and ecologically, data for evaluating

treatment effects.  Our interpretations focus on results from the second harvest.

DISCUSSION

Environmental variability

Imposing temporal variability in water supply at a time scale similar to what is common in

agricultural practices (watering once weekly) had negative effects on lettuce production.  Rainfall did

not appear to have any substantial effect on the variability treatments.  The plots received < 50 mm

rainfall while variability treatments were being imposed, and this rainfall was variable in itself (the

majority of rain occurred in two large storms), so tended to increase the variability in lettuce water

supply.

The negative effects of variability on plant growth were evident after one week of treatment

and persisted to the time of commercial harvest (Figure 3; Table 2). Total mass, a measure of overall

productivity, and above ground production, the agriculturally important measure of productivity,

were both decreased by variability in water supply. These effects on lettuce growth were consistent

with Jensen’s Inequality.  Growth allocation patterns were also altered in that plants in high

variability treatments had relatively high root/shoot ratios.  Phosphorus and nitrogen concentrations

were not affected by variability in water supply, but total shoot nitrogen and phosphorus were lower

in high variability treatments because total biomass was lower.

An alternative explanation for these patterns, which does not invoke Jensen’s Inequality, is

that plants in high variability treatments may have received less water than plants in low variability
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treatments.  In high variability treatments water for an entire week was supplied in the course of a

few hours, so a significant amount of water may have been lost to evaporation, run-off, or leaching

before the plant could access it. However, differences in water volume at the levels supplied in this

experiment did not have effects on plant productivity (Figure 3; Table 2), and the difference in

average water content of the first 20 cm of soil was negligible.  Therefore, the differences in yield

were apparently the result of temporal variability in the water supply, not differences in the volume

of water obtained by the plants.  Regardless of the mechanism, agricultural practices that reduce

variability in water supply should be expected to increase productivity in this crop.

Inoculation

There were no positive effects of mycorrhizal inoculation alone on any variable measured in

this experiment, despite the marked differences in degree of mycorrhizal infection (Figure 2).  In this

system, elevated levels of mycorrhizal association cannot be assumed to be increasingly beneficial.

Numerous experiments indicate that mycorrhizal associations can increase plant production (Huang

et al. 1985; Ibrahim et al. 1990; Jakobsen et al. 1994), nitrogen acquisition (Tobar et al. 1994), and

phosphorus acquisition (Jakobsen et al. 1994) in plants.  However, in no case did mycorrhizal

inoculation increase production or nutrient acquisition.  In fact, in the third harvest, inoculated

plants had significantly lower phosphorus concentrations than non-inoculated plants.  And in the

second harvest, under low volume treatments, inoculated plants had lower nitrogen concentrations

than non-inoculated plants (Figure 4; Table 3).  The increase in colonization in the inoculated

treatments likely resulted in greater fungal biomass supported by these plants.  It may be that N and

P were sequestered by this additional biomass and not made available to the plant.  This may be an

adjustment to greater water stress, when external hyphae may use these resources to enhance their

growth and exploration for soil water, though it did not result in any benefit to production in this

study.  This strategy may have also been employed by the plant resulting in greater root:shoot ratios

under these conditions.  We were unable to quantify external hyphae (which would have been a more

reliable measure of fungal biomass), or nutrient concentrations in roots.

Many previous studies were done under conditions of severe drought or low soil nutrient

levels.  Mycorrhizal associations may tend to be mutualistic in resource poor environments, but

commensalistic in resource rich environments (Johnson, 1993).  Retailers of the inoculum warn not

to fertilize with phosphorus and use mycorrhizae simultaneously.  At our study site, the benefits from

AM fungi in nutrient acquisition were apparently comparable to the costs in carbohydrates.

Similarly, our treatments may also have supplied enough water that water uptake by fungi was

superfluous.  However, other studies have shown that even well-watered plants benefit from

mycorrhizae (S nchez-D az and Honrubia, 1994).  This result may also indicate that lettuce has a

relatively low dependence on mycorrhizae, thereby making inoculation with AM fungi

inconsequential.  Plants with fine roots, such as lettuce, generally accrue lesser benefits from

mycorrhizae than plants with coarse roots (Plenchette et al. 1983; Zahka, 1985; Sasa et al. 1987).

We note, however, that because we could not fumigate the organic farm soil, we could not evaluate

lettuce growth in the absence of mycorrhizae.

Inoculation and variability

Our second hypothesis, that augmented mycorrhizal associations would decrease the

effect of Jensen’s Inequality, was refuted.  In fact, augmentation of mycorrhizal infection might even

have exacerbated the detrimental effects of Jensen s Inequality;  in high variability treatments,

inoculation tended to increase proportinal allocation to root tissue and decrease foliar concentrations

of nitrogen and phosphorus (Figures 3 and 4;  inoculation x variability interactions in Tables 2 and

3).  Increased root/shoot ratios can be viewed as detrimental from an agricultural perspective because

it means the plant is allocating resources to below ground rather than marketable above ground

production.  However, in our study, concomitant reductions in shoot mass were not evident.  From

an ecological perspective, increased root/shoot ratio may be beneficial to the plant if a larger root

system ensures adequate water and nutrient uptake under adverse conditions (Allen (1991).
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Surprisingly, inoculated plants were worse than non-inoculated plants at nitrogen and

phosphorus uptake in a variable environment.  Nitrogen concentration was higher in inoculated than

non-inoculated plants in low variability treatments, but lower in inoculated than non-inoculated

plants with high variability treatments.  A similar, nearly significant, interaction occurred with

phosphorus concentrations.  This was not due to dilution because inoculation had no effect on shoot

size (Table 2).  High volume, high variability treatments may have leached some nitrogen from the

soil, thereby limiting nitrogen uptake, but both inoculated and non-inoculated treatments were

subjected to this watering regimen, yet only inoculated plants showed a decrease in nitrogen and

phosphorus concentrations.

It seems possible that species identity influences the mutualism-parasitism continuum in

mycorrhizal relationships (Ruiz-Lozano et al. 1995; Johnson et al. 1997).  In our study, the fungal

species in the inocula were probably not the same as those in the untreated farm soil.  The native soil

fungi could have been more beneficial to lettuce plants than the inoculum fungi, thereby making up

for having only half as much root colonization.  Those species of VAM fungi with more external

hyphae may acquire nutrients and water more efficiently than fungi that produce predominantly

internal hyphae.  In fact, Glomus intraradices, the major inoculum species used in this experiment,

appeared to produce relatively few external hyphae.  The relative suitability of different fungal

species for particular agricultural applications is still largely unknown.  Studies comparing different

experimentally determined monospecific mycorrhizal associations are probably essential if VAM

fungi are to be used effectively in agriculture (Bethlenfalvay, 1992).

Our results indicate that augmentation of AM fungi do not necessarily ameliorate the

detrimental effects of temporally variable water availability, and may even exacerbate them.

However, further research is needed to confirm this phenomenon, and resolve the apparent

contradiction with studies indicating beneficial effects of mycorrhizae (e.g. Bethlenfalvay et al. 1988;

Ruiz-Lozano et al. 1995).  Apparently, mycorrhizal inoculation in excess of natural levels is not a

simple solution to the loss of productivity induced by variability in water supply imposed by

irrigation practices. It is possible that mycorrhizal symbioses operate most efficiently at intermediate

levels of colonization.  The non-inoculated lettuce roots reached approximately 30% colonization

by their third week in the ground.  This level of infection might already provide high benefits to

plants and increased infection only increased the costs to plants.

It is generally believed that the primary benefit for plants of VA mycorrhizae is improved P

nutrition, and that many of the other apparent benefits of this symbiosis (including plant water

relations) can be traced to this nutritional benefit (Allen et al. 1981; Graham and Syvertsen, 1987;

Marschner and Dell, 1994).  The Dartmouth Organic Farm is probably relatively fertile with respect

to phosphorus, and we augmented P availability for the young lettuce plants used in this experiment.

It seems likely that the benefits of mycorrhizal inoculum will tend to less under these conditions than

when P is more severely limiting.  Further research is needed to resolve the complex effects of VA

mycorrhizae in environments with temporally variable resources. Successful application of AM fungi

to sustainable agriculture probably requires a general theoretical framework for predicting when

effects on plants will be beneficial versus neutral or even detrimental.
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Table 1. Results of ANOVA testing the effects of treatments and blocks on percent fine root

infection with hyphae, photosynthesis rate, and stomatal conductance measurements five days prior

to second harvest.

                                    F-statistic

Source df
% fine root

colonization

Photosynthesis

rate

(µmoles¥m
-2

¥s
-1

)

Stomatal

Conductance

(mmoles¥m
-2

¥s
-1

)

Block 1 6.23*     11.17* 1.72

Inoculation 1             234.20*** 2.05 1.29

 Variability 1   0.06    0.08              0.41

Volume 1 8.41* 0.00 0.96

Inoc x Var 1 0.06 5.28
+

0.38

Inoc x Vol 1 3.14 0.78 0.83

Var x Vol 1 6.23* 2.22 1.59

Inoc x Var x Vol 1 7.95* 1.02 0.41

Error 7
+
p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001

Mean Square Error (from left to right) = 9.63, 2.04, 3.38

Table 2. Results of ANOVA testing the effects of treatments and blocks on dry mass data from

second harvest.

                                        F-statistic

Source df Shoot (g) Root (g) Root:Shoot Total (g)

Block 1 2.41 1.05 0.28 2.25

Inoculation 1 0.00 0.02 0.31 0.00

Variability 1   6.65* 0.87   4.40
+

  5.50
+

Volume 1 0.04 0.30 1.00 0.08

Inoc x Var 1 0.00 2.11   8.84* 0.05

Inoc x Vol 1 0.01 0.20 0.62 0.03

Var x Vol 1 0.08 0.29 0.96 0.13

Inoc x Var x Vol 1 0.09 1.09 0.68 0.65

Error 7
+
p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001

Mean Square Error (from left to right) = 0.18, 5.17 x 10
-2

, 1.45 x 10
-3

, 0.22
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Table 3. Results of ANOVA testing the effects of treatments on phosphorus concentration in leaves,

nitrogen concentration in leaves, total shoot phosphorus, and total shoot nitrogen from second

harvest.

                                                                                                           F-statistic

Source df [ P] (%) [ N] (%) Total P (mg) Total N (mg)

Block 1 1.02 1.28 0.02 0.71

Inoculation 1 0.02 0.15 0.01 0.00

Variability 1 0.47 2.49       36.80***    22.42**

Volume 1 0.39    14.87** 0.15   5.65*

Inoc x Var 1   5.09
+

  6.37* 0.32 0.00

Inoc x Vol 1 3.34   7.53* 2.22 0.13

Var x Vol 1 1.52 1.86 0.01 0.01

Inoc x Var x Vol 1 0.52 0.63 2.67   6.27*

Error 7
+
p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001

Mean Square Error (from left to right) = 9.54 x 10
-4

, 0.03, 31.60, 4867.6
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Fig. 1.  Water content of soil at two depths during one irrigation cycle ( n = 1 - 3 cores per treatment combination).
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Fig. 2.  Percent colonization of lettuce roots by VAM fungi (top) from second harvest ( n = 2 - 4 plants per

treatment combination).  Photosynthesis rates and stomatal conductance of lettuce leaves (middle and bottom) five

days prior to second harvest ( n = 8 - 10 plants per treatment combination).
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Fig. 3.  Dry mass data of plants at second harvest (n = 7 - 10 plants per treatment).
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Fig. 4.  Foliar phosphorus and nitrogen content of plants at second harvest ( n = 4 - 9 plants per treatment).


