
Abstract We studied the response of mycorrhizal and
non-mycorrhizal plants to variation in soil nutrient con-
centration. A model for the relative growth rate (RGR) of
plant biomass was constructed with soil nutrients as an
explanatory variable. A literature survey was carried out
to find the relative magnitudes of parameter values for
mycorrhizal and non-mycorrhizal plants. Mycorrhizal
plants had higher RGR at low nutrient concentrations and
non-mycorrhizal plants at high nutrient concentrations.
The RGR of mycorrhizal and non-mycorrhizal plants at
constant versus log-normally distributed soil nutrient con-
centration were compared to see the effect of mycorrhizal
status on responses to variation. Variation in nutrient con-
centration generally reduced RGR, especially in mycor-
rhizal plants. The RGR of a non-mycorrhizal plant may
increase with variation where a growth function threshold
exists, i.e. a soil nutrient concentration that must be ex-
ceeded to allow growth. Mycorrhizal plants appeared
more sensitive to variation in nutrient concentration than
non-mycorrhizal plants due to the higher affinity of my-
corrhizal roots at low nutrient levels. However, this pre-
diction may be reversed if mycorrhizal symbiosis consid-
erably stabilises flow of nutrients to plant physiological
processes, such that mycorrhizal plants experience less
variation in soil nutrient concentration than non-mycor-
rhizal plants. Our results also attain broader significance
by suggesting a general trade-off between competitive
ability in a constant versus variable resource availability.
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Introduction

Soil nutrient concentration is spatially (e.g. Gupta and
Rorison 1974; Jackson and Caldwell 1993; Marschner
1995; Fransen et al. 2001) and temporally (e.g., Davy and
Taylor 1974; Gupta and Rorison 1974; Chapin et al. 1978;
Ryel et al. 1996; Lodge et al. 1997; Ryel and Caldwell
1998) variable in all ecosystems. Plant species, and vari-
ous life-history strategies within species, may differ with
respect to response of the relative growth rate (RGR) of
plant biomass to average soil nutrients (Tilman 1982;
Marschner 1995). We expected, therefore, that plant spe-
cies and life history strategies would also differ in their re-
sponse to the variability of soil nutrients (Fransen et al.
2001).

Mycorrhiza, where carbon products of a host plant are
traded off against soil nutrients provided by symbiotic
fungi, widens the range of possible nutrient uptake strate-
gies. Plants benefit from mycorrhiza mainly due to the in-
creased absorption surface provided by fungal hyphae, but
consequently lose a considerable proportion of their pho-
tosynthates to meet the carbon demand of the fungi (Smith
and Read 1997). The growth of mycorrhizal and non-
mycorrhizal plants, therefore, may respond differentially
to soil nutrient concentration, as has been observed in 
several experiments (e.g. Pairunan et al. 1980; Thomson
et al. 1986; Bougher et al. 1990; Titus and del Moral
1998). Tilman’s (1982) theory of resource competition
predicts that a plant able to maintain a positive net growth
rate at the lowest concentration of the limiting resource
will competitively replace others, and the ability to toler-
ate depleted resources is necessary for long-term success
in competition. This suggests that mycorrhizal symbiosis
should increase plant competitive success when the avail-
ability of nutrients rather than energy is limiting (Son and
Smith 1988). However, if mycorrhizal and non-mycorrhi-
zal plants respond to variation in a different way, the com-
petitive outcome between mycorrhizal and non-mycorrhi-
zal strategies may be altered (Fransen et al. 2001).

In this paper, we reanalyse published data on the
growth of mycorrhizal and non-mycorrhizal plants under

S. Aikio (✉)
Integrative Ecology Unit, Division of Population Biology, 
Department of Ecology and Systematics, 
P.O. Box 65 (Viikinkaari 1), 00014 University of Helsinki, Finland
e-mail: sami.aikio@helsinki.fi
Tel.: +358-9-19157721, Fax: +358-9-19157694

A.L. Ruotsalainen
Botanical Museum, Department of Biology, 
P.O. Box 3000, 90014 University of Oulu, Finland

Mycorrhiza (2002) 12:257–261
DOI 10.1007/s00572-002-0178-5

S H O RT  N O T E

Sami Aikio · Anna Liisa Ruotsalainen

The modelled growth of mycorrhizal and non-mycorrhizal plants 
under constant versus variable soil nutrient concentration

Received: 23 October 2001 / Accepted: 23 April 2002 / Published online: 15 June 2002
© Springer-Verlag 2002



a range of soil nutrient concentrations to see how these
two nutrient uptake strategies differ in terms of the re-
sponse of RGR to nutrient concentration. We constructed
a model of RGR and tested it for differences in mycor-
rhizal and non-mycorrhizal plants in their response to
variable nutrient concentration. We further analysed the
contribution of the model’s parameters to the difference
between RGR at constant versus variable nutrient con-
centration. Finally, we considered a trade-off between
plant fitness in a constant and in a variable environment.

Model

We assume that the concentration of a limiting soil nutrient is a vari-
able X and the values it takes are marked by x. The nutrient concen-
tration is assumed to follow a log-normal distribution ƒX, which fits
well for soil nutrient availability’s (Jackson and Caldwell 1993;
Marschner 1995; Ryel et al. 1996) as nutrient level is low for most
of the time or in the largest proportion of the habitat area and only
rarely high (Hutchings and de Kroon 1994). The parameters µ and
σ2 define the expectation E[ƒX(x)] = exp(µ+σ2/2) of the distribution
(Lindgren 1976; Patel et al. 1976):

(1)

The RGR (=1/B·dB/dt) of the biomass of an individual plant, or a
monoculture of plants, is a function of a random variable when it
depends on the randomly varying nutrient concentration. We as-

sume that the biomass loss rate is negligible and present the fol-
lowing variant of the Michaelis-Menten function for the RGR of
plant biomass (DeAngelis 1992):

(2)

Parameter r (in units time–1) defines the maximum RGR at nutri-
ent saturation, x0 is the threshold nutrient concentration, which
must be exceeded for a non-zero growth rate, and k is the half-sat-
uration constant nutrient concentration. Parameters k and x0 define
the response of RGR to nutrient concentration and half the maxi-
mum rate is obtained in the resource concentration equal to the
sum of half-saturation constant and the threshold, i.e., x=k+x0→
1/B·dB/dt=r/2. Parameters k and x0 have the same unit as the nutri-
ent concentration x. We used the RGR function (Eq. 2) as a non-
linear transformation to the log-normal distribution (Eq. 1) to get a
distribution of RGR values under variable nutrient availability.
The derivation of the RGR distribution is presented in the Appen-
dix. We were unable to find an analytical solution to the expecta-
tion of the RGR distribution and will, therefore, present numerical
analysis for RGR expectation. We used the expected RGRs to
compare how sensitive mycorrhizal and non-mycorrhizal plants
are to variation in resource concentration.

We reanalysed published data on the growth of several plant
species under different phosphorus availabilities to obtain RGR
estimates for mycorrhizal and non-mycorrhizal treatments. We re-
quired that the experiments had at least four nutrient levels, but
not at toxically high concentrations. The initial plant biomasses
necessary for the calculation of RGR (Hunt 1990) were not report-
ed in any of the studies we found. We used the lowest reported
plant biomass of each study as an arbitrary initial biomass. This
makes the numeric values of parameter estimates unreliable, but
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Table 1 Parameter estimates for plant relative growth rate as a
function of soil nutrient concentration. The table gives the species
name, number and range nutrient treatments, duration of the exper-
iment in days, the minimum plant biomass reported and the refer-
ence to literature. Treatments are: AM arbuscular mycorrhiza, EM
ectomycorrhiza and NM non-mycorrhizal. The parameters of the
growth model are: maximum relative growth rate r (day–1), half-

saturation constant k (units of nutrient concentration) and threshold
nutrient concentration x0 (unit of nutrient concentration). The lower
and upper limit of the 95% confidence interval is given in paren-
theses for each parameter estimate. A threshold concentration
could be determined only in two cases, others were not determined
(n.d.) and assumed to be zero

Plant species Experimental conditions Treatment r k x0

Eucalyptus 10 levels, 1 replicate 0–48 mg P/kg soil, EM 0.0397 2.1071 6.2890 
diversicolor 120 days, min. 0.09 g, Bougher et al. (0.0346, 0.0447) (0.5369, 3.6773) (0.6146, 9.6332)

(1990) NM 0.0447 5.2194 
(0.0391, 0.0562) (0.6217, 9.8170) n.d.

Manihot 4 levels, 8 replicates 0.1–100 µM P, AM 0.0419 0.3544 n.d.
esculenta 42 days, min. 1.54 g, Howeler et al. (0.0393, 0.0445) (0.2202, 0.4886)

(1982) NM 0.0444 0.8944 
(0.0411, 0.0476) (0.5493, 1.2395)

Trifolium 6 levels, 1 replicate 0–150 mg P/kg soil, AM 0.0854 1.4083 n.d.
subterraneum 42 days, min. 0.79 g, Abbot et al. (1984) (0.0384, 0.1325) (–17.801, 20.617)

NM 0.0954 10.2652 
(0.0420, 0.1489) (–10.890, 40.421)

Trifolium 7 levels, 1 replicate 0–2.4 g P/pot, AM 0.0312 0.1518 n.d.
subterraneum 42 days, min. 2.72 g, Pairunan et al. (0.292, 0.0331) (0.1064, 0.1972)

(1980) NM 0.0349 0.3408 
(0.0265, 0.0432) ( 0.0730, 0.6086)

Trifolium 7 levels, 1 replicate 0–280 mg P/kg soil, AM 0.0948 6.4670 n.d.
subterraneum 42 days, min. 11.02 g, Thomson et al. (0.0908, 0.0988) (4.1313, 8.8028)

(1986) NM 0.1073 24.780 
(0.0938, 0.1208) (11.488, 38.073)

Trifolium 4 levels, 1 replicate AM 0.0320 0.1204 n.d.
subterraneum (0–0.67 mmol P/kg soil), 31–35 days, (–0.0438, 0.1079) (–1.0360, 1.2769)

min. 0.075 g, Oliver et al. (1983); NM 0.0664 0.6920 
Oliver et al. unpublished data, cited in (0.0313, 0.1014) (0.0690, 1.3150)
Smith and Read (1997)
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Fig. 1 a The relative growth rate (RGR) of mycorrhizal (solid line)
and non-mycorrhizal plants (dashed line) at different availabilities
of soil nutrient concentration x. The growth rate at a constant nutri-
ent availability E(x) is denoted by filled and open circles for my-
corrhizal and non-mycorrhizal plants, respectively. b The probabil-
ity distribution ƒ(x) of soil nutrient concentration is assumed to
have a log-normal distribution with the expectation E(x) and coeffi-
cient of variation CV=1 (µ=1, σ2= ≈0.83). c The probability
distribution ƒ(g(x)) of RGR for mycorrhizal (solid line) and non-
mycorrhizal (dashed line) plants under variable nutrient concentra-

tion. The expected RGR of mycorrhizal and non-mycorrhizal
plants are denoted with filled and open circles, respectively. Panels
d, e, f present the difference between the RGR of plant biomass in
variable (RGRV) and constant (RGRC) soil nutrient concentration
with different parameter values. d Maximum growth rate r. Other
parameter values: k=10, x0=0. e Half-saturation constant k. Other
parameter values: r=0.1, x0=0. f Threshold nutrient concentration
x0. Other parameter values: r=0.1, k=10. The parameters of the log-
normal distribution of nutrient concentrations are µ=1, σ2=

does not affect the comparison of mycorrhizal and non-mycorrhi-
zal treatments, as the difference of parameter value estimates does
not change. The RGR function (Equation 2) was fitted to data and
parameters estimated with 95% confidence intervals with a non-
linear least squares method using Matlab’s Optimisation toolbox
(Coleman et al. 1999). A threshold concentration was determined
only in the cases where the estimate had a positive value. Negative
concentrations are not feasible and in those cases the threshold
was given a fixed value of zero which does not have a confidence
interval. The analysis is based on published treatment averages,
not on the original data. This leads to large confidence intervals
for parameter estimates, despite the good fit of the model.

We evaluated the contribution of the different parameters of
the RGR model (Eq. 2) by studying how they affect the difference
between expected RGR at constant versus variable nutrient con-
centration. This was done by plotting the difference between RGR
at constant and RGR at variable nutrient concentration against a
range of values for each of the parameters.

Results and discussion

The mycorrhizal plants in the reanalysed data set had a
lower half-saturation constant (k) and lower or zero
threshold concentration (x0) than non-mycorrhizal plants
(Table 1), suggesting that mycorrhizal plants are more
responsive to soil nutrient concentration than non-my-
corrhizal plants (Fig. 1a). Non-mycorrhizal plants, on the
other hand, had a higher maximum growth rate than my-
corrhizal plants (r) (Table 1). 

Mycorrhizal plants would thus grow faster than non-
mycorrhizal plants at low nutrient concentrations. Non-
mycorrhizal plants, on the other hand, seem to respond
slowly to increasing soil nutrient concentrations and
growth may be retarded due to an uptake threshold for
soil nutrients. Mycorrhizal fungi thus increase plant nu-
trient supply, but are also an additional carbon sink for
the host plant (Jones et al. 1991; Eissenstat et al. 1993;
Nielsen et al. 1998). At high nutrient levels, the relative
benefits of mycorrhiza may decline, since the carbon 
allocation to fungi cannot yield additional nutritional 
advantages for the host-plant when it becomes saturated
with nutrients (Son and Smith 1988; Peng et al. 1993;
Tinker et al. 1994).

When nutrient availability is constant and below the
threshold for growth of the non-mycorrhizal plant, the
non-mycorrhizal plant has zero RGR while the mycor-
rhizal plant has a positive RGR (Fig. 1a). The situation
changes when nutrient availability is variable (Fig. 1b),
even if the mean availability remains the same. The
mean RGR of the non-mycorrhizal plant becomes non-
zero RGR (Fig. 1c) and that of the mycorrhizal plant de-
creases (Fig. 1c). This is due to a qualitative difference
in the RGR functions. Mycorrhizal plant RGR deceler-
ates for all nutrient availabilities, while the non-mycor-
rhizal plant RGR accelerates around the threshold for
growth (Fig. 1a). This difference corresponds to different



signs of the RGR function’s second derivative, which
Jensen’s inequality (Ruel and Ayers 1999) predicts to de-
termine the direction of the RGR difference in constant
versus variable nutrient availability.

RGR is lower in variable than constant nutrient avail-
ability (Fig. 1d). The absolute difference increases lin-
early and the percentual difference in RGR values is in-
dependent of the maximum growth rate value. RGR is
also higher in constant than in variable nutrient availabil-
ity for all values of the half-saturation constant, but the
response is non-linear, so that the difference between
constant and variable availabilities is greatest at relative-
ly low nutrient availability (Fig. 1e). The RGR differ-
ence between constant and variable nutrients is also non-
linear in relation to the threshold concentration (Fig. 1f).
Growth is faster in constant than variable nutrient avail-
ability when the threshold is low, but is faster at variable
nutrient availability when the threshold is high (Fig. 1f).
The half-saturation and threshold parameters determine a
plant’s responsiveness to soil nutrients. The difference
between mycorrhizal versus non-mycorrhizal plant re-
sponse to variation in soil nutrient concentration is,
therefore, a consequence of a difference in responsive-
ness to nutrients, not of different maximum growth rates.
High responsiveness increases RGR at low nutrient
availability, but makes RGR decrease when nutrient
availability is variable. In addition to the trade-off be-
tween growth in low and high nutrient levels (Table 1),
our results suggest also a trade-off between the ability to
grow in constant versus variable nutrient availability.
The trade-off is especially notable under conditions
where the nutrient variability increases the growth rate
of non-mycorrhizal plants and decreases the growth rate
of mycorrhizal plants. In nature, soil nutrient concentra-
tion is hardly ever stable, but the results of our theoreti-
cal analysis indicate possible differences on the optimal
growth strategy in environments which differ in the vari-
ability of soil nutrient concentration.

In the present analysis, the variation in nutrient con-
centration was similar for mycorrhizal and non-mycor-
rhizal plants (i.e. nutrient flow to physiological process-
es was assumed to follow external availability). Al-
though the variation in external nutrient concentration
may be similar for all plants on a site, the extent it af-
fects the plant growth may differ with mycorrhizal sta-
tus. Mycorrhizal plants have been found to contain more
nutrients per unit biomass than non-mycorrhizal ones
(Stribley et al. 1980; Bolan 1991), which can be inter-
preted as luxury accumulation (Smith and Gianinazzi-
Pearson 1988). The internal storage of nutrients is fur-
ther increased by the volume of fungal hyphae (Bolan
1991). These mechanisms could buffer the flow of nutri-
ents from fluctuations in external nutrient concentration,
which could be expected to act for the benefit of mycor-
rhizal symbiosis under variable concentration of exter-
nal nutrients (see Cui and Caldwell 1996a, b). Thus, it
could be that mycorrhizal symbiosis still implies an in-
creased physiological plasticity in a variable environ-
ment.

We argue that the results and insights of this analysis
could also be extended to other mycorrhizal types and nu-
trients, as well as cross-species comparison of response to
resource concentration. This is due to variability being a
general property of all soil nutrients, and the uptake of all
nutrients is likely to be non-linear with respect to nutrient
concentration. This suggests that the influence of nutrient
variation on average plant growth rate is a basic property
of ecological systems.
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Appendix

For notational convenience, we first define 1/B·dB/dt=g(x)=y. The
probability density function of RGRs ƒY(y) was derived according
to a general equation for the function of a continuous random vari-
able (Lindgren 1976):

(3)

The probability density function of the dependent variable (nutri-
ent availability in the present case) is ƒX, while ƒY is the probabili-
ty density function of RGR values. The inverse g–1(y) is derived
from the RGR function g(x) (Eq. 2) and is defined only for x >x0.
The RGR of plant biomass is zero when x <x0 and the zero growth
rate can, therefore, be accounted for in the resource availability
distribution (Eq. 1) by multiplying it with a Heaviside step func-
tion H(x–x0):

(4)

This results in a new function ƒH(x) = H(x–x0) ƒ(x), which will be
used in the calculation of the RGR distribution. The inverse of
g(x) is for x >x0:

(5)

The derivative of the inverse is:

(6)

The RGR distribution is obtained by substituting the right hand
side of Eq. 5 for x in ƒH(x) and multiplying it by the right-hand
side of Eq. 6. This yields ƒY(y), where H(y) is a Heaviside step
function.

(7)

The expected RGR was calculated numerically as:

(8)
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