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The growth�/differentiation balance (GDB) hypothesis (as
elaborated by Herms and Mattson) provides a framework for
examining the impact of a resource gradient on the constant
tradeoff between growth and differentiation in cells and tissues of
plants, in particular with the consequences for plant defense.
The GDB hypothesis, which is the most mature of the hypotheses
of plant defensive levels, has not been tested directly. Examination
of the requirements for a rigorous test indicates that, like the
other hypotheses of plant defense, it cannot be tested directly.
Furthermore, rigorously testing the primary derivative hypo-
theses, while possible, would require considerable method-
ological effort, on a scale not previously attempted for tests of
plant defense, which is likely to discourage researchers, and
understandably so, even though the GDB hypothesis warrants
methodical investigation due to its potential explanatory power.
Although farther removed from the abstract model (i.e. the GDB
framework), other derivative hypotheses can be tested, but doing
so will require thoughtful consideration and acknowledgement of
that. Study of a few carefully chosen systems (i.e. plant species)
may provide considerable insight and potentially useful refinement
of the GDB framework.

The growth�/differentiation balance (GDB) hypothesis

predicts how plants allocate between differentiation-

related processes and growth-related processes in differ-

ent environmental conditions (Loomis 1932, 1953).

Growth is the production of roots, stems and leaves, or

any process that requires substantial cell division and

elongation. In contrast, differentiation is the enhance-

ment of the structure or function of existing cells. Some

examples of differentiation-related processes are second-

ary metabolism, trichome production and thickening

of leaf cuticle, all of which can limit herbivory (Herms

and Mattson 1992). Allocation to differentiation in-

cludes cost of enzymes, transport and storage structures

involved in defense. Growth and secondary metabolism

can compete for available photosynthate (Wadleigh et al.

1946, Veihmeyer and Hendrickson 1961, Mooney and

Chu 1974), and so there is a trade-off for carbon

allocation (Lorio 1986).

The GDB hypothesis predicts that any factor that

slows growth more than it slows photosynthesis can

increase the internal resources available for allocation to

differentiation (Loomis 1932, 1953). For instance,

growth is slowed by limitation of nutrients and water,

whereas photosynthesis is less sensitive to such shortages

(reviewed by Herms and Mattson 1992). Consequently,

carbohydrates accumulate beyond growth demands and,

thus, may be converted to secondary metabolites, with

little additional cost to the plant, at least in terms of soil

nutrients. Herms and Mattson’s (1992) expansion of the

GDB hypothesis provides an explanation for phenotypic

variation in concentrations of secondary metabolites in

plants and for predicting the consequences of that

variation on plant�/invertebrate herbivore interactions.

Furthermore, it predicts how the relative importance of

herbivory and competition over evolutionary time have

shaped the patterns of allocation by plants, with

competition selecting for allocation to growth and

herbivory selecting for allocation to secondary metabo-

lism.

The expanded GDB Hypothesis is the most theoreti-

cally mature of the hypotheses of plant defense (Stamp

2003). Yet the GDB hypothesis is plagued by problems

encountered by the other hypotheses of plant defense. As

will become apparent, close examination of the GDB

hypothesis raises the issue of whether it can be tested

rigorously.

Predictions and evidence

The GBD hypothesis predicts: 1) plants with low

resources should be limited in both growth and photo-

synthesis. Limited resources should be used primarily for

growth over differentiation (Waring and Pitman 1985).

Therefore, these plants should have both low biomass

and low concentrations of secondary metabolites

(Herms and Mattson 1992; Fig. 1, point A). 2) Plants

with intermediate resources should have high concentra-
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tions of secondary metabolites but an intermediate

biomass (Loomis 1932, 1953). At an intermediate

resource level, growth is limited, whereas photosynthesis

is less affected (Chapin 1980, Korner 1991, Luxmoore

1991). Therefore, secondary metabolites accumulate, and

the defenses will be produced relatively cheaply (Fig. 1,

point B). 3) Plants with high resources should not

be limited by photosynthesis or growth, and so they

should allocate a greater proportion to growth than to

differentiation (Loomis 1932, Herms and Mattson 1992;

Fig. 1, point C). Overall, the pattern of allocation to

secondary metabolites should be curvilinear across a

resource gradient, with a peak at intermediate resource

levels. The exception is the resource of light, which

influences photosynthesis more than growth. In this

case, with increasing light, secondary metabolites will

increase proportionally with growth.

Although some data support the GDB hypothesis

(Mihaliak and Lincoln 1985, Wilkens et al. 1996, Glynn

et al. 2003, Stamp et al. 2004), the few tests that have

actually used the GDB hypothesis as a framework

examined derivative hypotheses. In addition, most of

the evidence used for or against the GDB hypothesis

comes from studies designed to answer other questions,

and typically these studies only had two levels of the

resource (Lincoln and Langenheim 1978, Firmage 1981,

Waterman et al. 1984, Waring et al. 1985, Larsson et al.

1986, Johnson et al. 1987, Bjorkman et al. 1991, Saenz et

al. 1993, Wilkens et al. 1997). To detect a potential

curvilinear pattern of plant defense, a minimum of five

levels spread out along a resource gradient is advisable

(Wilkens 1997).

Can the GDB hypothesis be tested rigorously?

Using the Herms and Mattson (1992) schematic, we

would want to measure rates, specifically relative growth

rate (RGR), net assimilation rate (NAR) and secondary

metabolism (Fig. 1). But we need to keep in mind that,

although RGR is an index of growth, measurement of it

reflects a gain in mass that is more than just irreversible

growth (i.e. cell division or expansion), since mass

includes plant stores and differentiation products. So

RGR can only serve as a correlate of allocation to

growth. Similarly, measurement of NAR also reflects

total mass, not just irreversible growth. Measuring the

rate of production of secondary metabolism is even more

problematic because it is difficult to separate differentia-

tion products from growth. When measuring growth,

usually no distinction is made between allocation to

growth and allocation to structural differentiation pro-

ducts, such as resin ducts, which are clearly in the

‘‘defense’’ category. Of course, it would be difficult to

measure these items to place them in the proper

allocation or functional category. In addition, although

some differentiation items functionally belong in the

‘‘defense’’ category (e.g. trichomes, secretory glands) and

others in the ‘‘growth’’ category (e.g. vascular tissue), yet

others could be categorized as both (e.g. secondary cell

walls). Furthermore, there is turnover of some secondary

metabolites, which may vary across a resource gradient.

Thus, the typical approach to examining the schematic

of Herms and Mattson (Fig. 1) has been to measure

plant mass gained over the experimental period as a

correlate of RGR and concentration (percent dry weight)

of a (presumably) representative subset of secondary

metabolites as a correlate of rate of secondary metabo-

lism (Fig. 2).

A discussion about the pitfalls of measuring second-

ary metabolites and RGR and some problems with

establishing resource gradients will illustrate additional

difficulties in testing the GDB hypothesis.

Secondary metabolites

First, secondary metabolites are a sub-set of differentia-

tion products. It has been assumed that the secondary

metabolites that are measured are proportional to the

total allocation to differentiation and, thus, serve as an

indicator of allocation to differentiation compared to

that to growth. Furthermore, the focus has been on

measuring the active end products of differentiation. But

some secondary metabolites may be continually catabo-

lized and resynthesized, so a ‘‘snapshot’’ view from

Fig. 1. Relationship of net assimilation rate (NAR), relative
growth rate (RGR) and differentiation (specifically secondary
metabolism) across a resource gradient, for which the resource
affects growth more than it does photosynthesis. (A) Both
growth and photosynthesis are constrained by low resource
availability. (B) Growth is more constrained than photosynth-
esis and thus there is more allocation to differentiation (and
specifically to secondary metabolism). (C) Growth is less
constrained and thus there is more allocation to growth.
Adapted from Herms and Mattson (1992).

440 OIKOS 107:2 (2004)



periodic sampling may not give an accurate measure-

ment of production of ‘‘dynamic’’ secondary metabolites

(Reichardt et al. 1991). Secondary metabolites that

accumulate in high concentrations and as stable end

products are more likely to be positively correlated with

total allocation to secondary metabolites (Herms and

Mattson 1992). In addition, allelochemicals (plant

defensive chemicals) are a sub-set of secondary metabo-

lites; for example, secondary metabolites also include

substances with roles in plant response to heat, drought

and ultraviolet light. The concentration of one or a few

allelochemicals is not necessarily correlated with the

pattern of total allelochemicals (or secondary metabolite

production, Zangerl and Berenbaum 1987, Zangerl and

Bazzaz 1992). Obviously, it is not feasible to measure all

allelochemicals, secondary metabolites or differentiation

products, but measurement of a representative sub-set of

allelochemicals could be possible for at least some plant

species.

Second, even more difficult is measurement of the

allocation to the process of differentiation (e.g. to

biosynthetic enzymes, to constructing storage struc-

tures). One of the criticisms of the GDB hypothesis

has been that it does not take into account these

additional costs (Gershenzon 1994). But actually the

hypothesis does take those costs into account; all

differentiation processes and products should be con-

sidered in the balance with growth (Herms and Mattson

1992). The problem is that studies that have addressed

the GDB hypothesis (or been applied to it) have not

acknowledged or tried to measure those costs.

Third, another problem arises with chemical analysis

of just some plant parts. For example, it has been argued

that terpene biosynthesis occurring primarily in young

rapidly growing leaves is inconsistent with the

GDB hypothesis (Gershenzon 1994, Lerdau et al.

1994). But the GDB hypothesis refers to a balance

between differentiation and growth at the whole

plant level, not at the level of particular tissue (Herms

and Mattson 1992). Although there is also a trade-off

between differentiation and growth for a leaf, the leaf

is not an independent unit. It can draw upon the

rest of the plant for photosynthate and mobile differ-

entiated products (McKey 1979, Herms and Mattson

1992).

In sum, it is probably impossible to measure a plant’s

allocation to differentiation, or even to secondary

metabolism. So we need to choose our indicators of

allocation pattern to differentiation, or secondary meta-

bolism, with care and acknowledge our assumptions

explicitly.

Relative growth rate

Another problem in evaluating the GDB hypothesis is

with the measurement of plant growth. Across a

resource gradient, the overall RGR is postulated to

take the form of a sigmoid curve (Herms and Mattson

1992; Fig. 1). Data from various studies suggest that

shape (Epstein 1972, Lee et al. 1981). At very low

resource levels, RGR is damped because small plants do

not have sufficient plant tissue to use resources efficiently

(e.g. there is a need for investment in roots over leaves to

obtain nutrients, Ingestad and Lund 1979). At high

resource levels, RGR is damped by self-shading of large

plants and aging (Ingestad and Lund 1986). A natural

resource gradient should generate that overall RGR

pattern, a pattern reflecting the phenological stage of the

plants.

But such an observed pattern of growth in an

experiment is just as likely due to the special conditions

of the experiment in which control of plant nutrition is

inadequate (Ingestad 1991). For example, plants at a

high resource level with a plateaued RGR either have

reached a different phenological stage (e.g. self-shading

and aging) or, due to the exponentially increasing need

for resources with increasing plant size, have become

resource limited. Either way, the allocation pattern by

plants at the high resource level cannot be compared to

that at the other levels due to those confounding

problems.

Fig. 2. Hypothetical pattern of the proportion of plant mass
allocated to secondary metabolism by plants across a resource
gradient that affects growth more than photosynthesis. To
construct the proportions, it was assumed that, at resource
level No. 6, 50% of plant mass was allocated to secondary
metabolism. Then the proportions allocated to secondary
metabolism at the other resource levels were scaled to that,
using the secondary metabolism and RGR curves of the left half
of Fig. 1 from Herms and Mattson (1992). ‘‘Mass’’�/plant
growth over the experimental period, which is also equivalent to
growth rate. For illustrative purposes, mass is unitless and
simply scaled to a maximum of 100. ‘‘Secondary metabolism’’
accounts for a proportion of that mass (as products and
containment and delivery systems). Note that mass devoted to
secondary metabolism peaks at intermediate resource levels.
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The exponential growth phase

By the time plants exhibit the plateau portion of RGR

across a resource gradient (Fig. 1), they will no longer be

in the exponential growth phase. Therefore, for the initial

tests of the GDB hypothesis, it makes more sense to

examine plant response before self-shading occurs, i.e.

during the exponential growth phase. The exponential

growth phase is the only time when resources limit

growth in an easily measurable relationship (Ingestad

1982). When in the exponential growth phase, steady-

state nutrition can be maintained by the experimental

conditions (Ingestad and Lund 1986) and, consequently,

nutrient uptake rate or the amount of nutrient in the

plant is easy to define and measure, which is necessary to

interpret results of nutrition experiments (Ågren 1985).

Steady-state nutrition can only be obtained when the

amount of nutrients is increased exponentially over time

to match the exponential growth of the plants (Ingestad

and Lund 1986). Thus, as the plants grow larger, the

proportion of resources available does not decline across

the resource gradient. During the exponential growth

phase under natural conditions, such exponential acqui-

sition of nutrients seems to occur with the exponential

growth of the root system, so this is a reasonable

approach (Ingestad 1982, 1991, Ingestad and Lund

1986).

When the amount of resource at each level increases

exponentially over time, RGR will be linear up to the

optimal resource level (Ingestad and Lund 1986, Fig. 3).

So optimal nutrition and maximal growth rate are

represented by a discrete point (Fig. 3), rather than as

a range as might be implied from Fig. 1. Importantly,

growth rate is proportional to the amount of nutrients in

the plant (Ingestad 1991).

So now we can ask, with less of a nutrient, such as

nitrogen, and consequently less growth, what is the

allocation to secondary metabolites? Does an intermedi-

ate growth rate (due to nutrient stress, but under steady-

state nutrition that mimics natural conditions) result in

greater production of secondary metabolites compared

to low growth rate (due to greater nutrient stress) and

compared to high growth rate (due to lack of nutrient

stress)?

But to set up the steady-state nutrition experiment,

a number of technical problems must be overcome

(Ingestad and Lund 1986). Obviously, the nutrient

proportions in plants with optimal nutrition must be

determined before determining the sub-optimal levels of

a single nutrient or combination of nutrients. The

availability of nutrients to a plant will depend on pH

and conductivity of the nutrient solution, so pH and

conductivity must be monitored and controlled. To

control nutrient uptake (e.g. to reduce problems with

thick boundary layers at the root surfaces), spraying the

nutrient solution on the roots rather than submerging

the roots in solution or soil works best (Ingestad and

Lund 1986). Consequently, a fairly complex apparatus is

necessary to monitor and control the experiment (e.g.

growth unit with heating and cooling source, circulation

pump, sensors, filters, valves, nozzles, pH transmitter,

conductivity transmitter, burettes for nutrient solutions,

and computer).

To obtain the condition of steady-state nutrition

controlled by nutrient treatment levels during an experi-

ment, it is first necessary to allow a pre-test stage

(Ingestad and Lund 1986; Fig. 4). Because seeds or

cuttings contain nutrients that will sustain some growth,

those nutrients must be exhausted before the effects of

the treatments can be assessed. To produce a well-

defined initial state, the plants should have free access

to all resources during the pre-test stage. The length of

the pre-test stage will vary with size of the seed or

cutting. After the pre-test stage, the treatments should be

started, but measurements of treatment effects will be

meaningless until after a lag stage, during which the

Fig. 3. Relationship of external
nitrogen (relative addition rate,
RA) and relative growth rate (RG)
in a plant species. RA is the
experimental variable. There are
two ranges of RA shown: 1) sub-
optimal (from left to center of
figure, ending at the peak RG)
and 2) supraoptimal (from center
of figure at peak RA to the right).
The linear relationship of sub-
optimal RA and RG ends at the
optimal RA; beyond the optimal
RA, saturation occurs and uptake
rate by the plants is no longer
equal to the addition rate.
Adapted from Ingestad (1982).
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stressed plants accommodate to the reduced nutrient

level (Fig. 4). The length of the lag stage will depend on

the resource levels (e.g. 4�/57 days for various treatments

of birch, Ingestad and McDonald 1989).

The experimental stage starts after the stressed plants

have achieved a steady state. The start of the experi-

mental stage can be determined by repeated weighings

and calculating RGR. At steady state, RGR does not

change over time (Fig. 4). If sub-optimal levels of

nitrogen are the stress, nitrogen deficiency symptoms

that developed during the lag stage disappear when the

plants reach a steady state), so visual cues can be used

instead of weighings to identify the end of the lag stage

(Ingestad and Lund 1979, Ingestad 1982).

Repeated weighing of plants allows calculation of

RGR (Ingestad and McDonald 1989). To meet the

theoretical requirement for evaluation of RGR at steady

state, plant weight must increase by seven times or more

during the experimental stage (Ingestad and Lund 1986).

Weighing whole plants rather than just ‘‘above ground’’

parts is necessary because resource limitation shifts

allocation between shoots and roots (Luxmoore 1991).

For example, limiting soil nutrients and water favors root

growth over shoot growth, and limiting light favors

shoot growth over root growth. Procedures for improv-

ing the estimation of the mean RGR of a test population

have been developed. They include frequency of sam-

pling (e.g. 2�/3 times per week), number of samples (e.g.

5�/10), and ways to reduce outliers, minimize autocorre-

lation and mitigate against spurious results at the start

and end of the exponential phase (Poorter 1989). It is

also necessary to harvest some plants for chemical

analysis to check the calculations for the nutrient

amounts to be added on subsequent days (Ingestad

and Lund 1986).

At this point, it should be apparent that it would be

useful to conduct several preliminary experiments to

work out the details (e.g. acceptable performance of the

growth unit, when the pre-test period ends (i.e. when

seed or cutting resources are used up), optimal propor-

tion of nutrients and exponential rate of addition over

time). Then it would be necessary to conduct a full-scale

preliminary experiment to fine-tune the procedures (e.g.

length of lag period for each treatment resource level,

chemical analyses to determine subsequent additions),

before incorporating full-scale measurement of defensive

traits. In the final run of the experiment, it would be

necessary to conduct an assessment of the representative

set of secondary metabolites. Because phenological stage

has a profound effect on expression of secondary

metabolites (Nowacki et al. 1976), it would be advanta-

geous to assess patterns of secondary metabolites in the

preliminary experiment as well, to anticipate how the

level of secondary metabolites changes with phenological

stage, and so alter the sampling regime of the final run as

needed.

The focus here has been to obtain a linear pattern of

growth rate (RGR). However, RGR per se is probably

not the target of natural selection (Poorter and Remkes

1990). Instead characteristics linked to RGR are the

Fig. 4. Stages in the exponential
growth phase for a plant, in
which nitrogen addition during
the experiment varies to match
uptake rate. The pre-growth
stage allows seedlings to use up
their initial reserves and produce
seedlings with a defined internal
nutrient status, by means of free
access to nutrients. During the
lag stage, the nutrient status of
the plants declines as the plants
adjust to the assigned suboptimal
nitrogen treatment (the specified
RA, relative addition rate of
nitrogen). During the
experimental stage, via the
specified RA being constant (and
thus percent nitrogen in plants is
constant), RG (relative growth
rate) is constant (straight
horizontal line). The
experimental stage ends before
RG decreases due to self-shading
and aging. Adapted from
Ingestad and Lund (1986).
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targets of selection (Grime and Hunt 1975, Chapin 1980,

Lambers and Dijkstra 1987). Therefore, to understand

plant response across a resource gradient, measurements

of the physiological functioning of the plant would be

useful as well.

Mathematically, RGR is the product of net assimila-

tion rate (NAR) and leaf area ratio (LAR). NAR, the

third variable in Herms and Mattson’s (1992) rate

schematic (Fig. 1), provides a frame of reference for

the values of RGR and secondary metabolism because

NAR is the net result of carbon gain (photosynthesis)

and carbon losses (respiration and leaching) per unit leaf

area. Among species, NAR and RGR are not correlated

(Poorter and Remkes 1990), so an estimate of NAR is

useful. An estimate can be calculated from the relation-

ship, NAR�/RGR/LAR, or determined from measure-

ments of photosynthetic rate and respiration rate.

LAR is the ratio of leaf area to total plant weight, and

it represents the development of photosynthetic struc-

ture. Specifically, LAR is a product of a morphological

component, specific leaf area (SLA, or ratio of leaf area

to leaf weight), and the plant’s allocation to leaves (leaf

weight ratio, LWR). SLA and LWR are often controlled

by the benefit:cost requirements of plant growth, which

varies with environmental conditions (Korner 1991).

Among species that vary considerably in growth rate,

growth rate (RGR) was not correlated with net assimila-

tion (NAR), but it was positively correlated with leaf

area ratio (LAR, Poorter and Remkes 1990). When a

plant invested more in leaf area, carbon gain was greater

and growth was faster. Specific leaf area (SLA) was

tightly and positively correlated with RGR. Apparently,

fast growing species produced leaves with less investment

in mass, through chemical and/or morphological (e.g.

leaf thickness) differences. Specific root length (length

divided by root weight, SRL) was not correlated with

RGR, but the ratio of leaf area to root length was

positively correlated with RGR. So faster growing

species were inclined to maximize shoot function,

whereas slow growers were more likely to maximize

root function.

These patterns show why it is necessary to measure the

characteristics that determine growth rate so that plant

response can be interpreted. Therefore, in addition to

RGR and NAR, indicators of physiological function

(LAR, SLA, LWR and SRL) should be calculated.

Resource gradients

Plants require mineral nutrients, carbon dioxide, water,

light and appropriate temperature. The approaches to

evaluating the effects of gradients of particular nutrients,

carbon dioxide, water, light and temperature are similar,

but there are some important considerations for each

type of gradient. In addition, comparison of plant

species is problematic. Some species are adapted to

exposed light, others to deeply shaded understory; some

species are adapted to nitrogen-rich environments,

others to nitrogen-poor situations; and so forth. Species

adapted to environments that limit growth often show

little or modest response to increases in resources

(Waterman and Mole 1989). Regulating sub-optimal

resource levels requires understanding the plant species’

preferences. It is critical then to use an appropriate

resource and range of resource levels for each species.

Rather than addressing each type of resource gradient in

detail, a few key points about resource gradients will be

illustrated with the examples of carbon dioxide, soil

nutrients, water and temperature.

Carbon dioxide

Carbon (obtained as CO2) is a resource that can be

limiting to plants and is a major component of plant

defense (Mooney et al. 1983). Because of the increase in

atmospheric CO2 over the industrialized period and the

predicted doubling of CO2 by 2100 (Schneider 1993,

IPCC 1990, 1996), many studies have examined the

effects of CO2 enrichment on plants. In general, reports

indicate that mass increases with CO2 enrichment and

tissue nitrogen level declines (Lincoln et al. 1986,

Lincoln and Couvet 1989, Johnson and Lincoln 1990,

Fajer et al. 1991, Cipollini et al. 1993, Julkunen-Tiitto et

al. 1993, Lindroth et al. 1993). It has been predicted that

CO2 enrichment will result in higher concentration of

non-nitrogen-containing defenses (e.g. phenolics). But

studies on phenolics have reported all possible patterns;

phenolics increasing, not changing or declining with

CO2 enrichment (Johnson and Lincoln 1990, Cipollini et

al. 1993, Julkunen-Tiitto et al. 1993, Lindroth et al.

1993, Lavola and Julkinen-Tiitto 1994, Penuelas et al.

1996, Kerslake et al. 1998).

These results are difficult to interpret for two reasons.

First, allelochemical concentrations were determined for

leaves and sometimes stems, but not for whole plants.

CO2 enrichment results in larger plants. Larger plants

have more structural tissue than smaller plants. Such

allometric differences can affect allelochemical concen-

trations in plant parts; for example, leaves of large plants

may have higher allelochemical concentrations than

leaves of small plants, even though at the whole plant

level, the concentrations are similar for large and small

plants (Wilkens 1997).

The second reason that the results of these studies are

difficult to interpret is because usually non-treatment

nutrient supply and uptake were not maintained propor-

tional to increasing plant mass (Pettersson and

McDonald 1992). That is, both CO2 and non-treatment

nutrient supply differed among the treatments, so it is

not clear to what degree tissue nitrogen dilution would
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occur with just a change in CO2. For example, in a

phytotron experiment that did not attempt to match soil

nutrient availability to growth, statistically significant

differences in leaf nitrogen concentration were found

between the CO2 treatments, with less nitrogen with

doubled CO2 (Lincoln and Couvet 1989). In another

study, when nutrients were provided relative to uptake by

plants (Ingestad 1982, Ingestad and Lund 1986), nitro-

gen concentrations in leaves, stems and roots were stable

during the exponential growth phase, indicating steady-

state nutrition, and leaf nitrogen concentration was not

affected by elevated CO2 (Pettersson and McDonald

1992). This means that when non-treatment nutrient

supply is not matched to plant growth, the result of

dilution of tissue nitrogen with CO2 enrichment may

simply reflect the experimental conditions rather than

what would happen in natural or agricultural systems.

Another study that did not match nutrient amounts to

growth but examined the effects of both CO2 enrichment

and fertilizer levels found that terpenes only increased

with CO2 enrichment when the fertilizer level was high

(Lavola and Julkunen-Tiitto 1994). It seems that the

plants with less fertilizer ran out of nutrients, and that

may not reflect the natural situation of a plant in the

exponential growth phase.

In sum, these results indicate the value of controlling

the relationship of non-treatment nutrition and plant

growth and measuring allelochemical concentrations in

both whole plant and plant parts to facilitate interpreta-

tion of plant response to any resource gradient and

especially that of CO2 treatments.

Soil nutrients

Providing a soil nutrient or fertilizer once a week or even

every day is unlikely to match the increasing needs

of growing plants beyond a few weeks (Ingestad and

Lund 1986, McDonald et al. 1991). Plants may run

out of limiting nutrients even with treatments

of relatively high nutrient availability (McDonald et al.

1991). High applications of fertilizer can also result over

time in an excessive soil level of one nutrient that then

interferes with another nutrient so causing a deficiency

in the latter (Nelson 1981). Slow-release fertilizers

simulate the rate of natural availability of nutrients, but

it can be difficult to match the increasing amounts of

nutrients needed by plants grown in pots, which will not

allow natural root growth. Many other factors, such as

drainage of the rooting medium, over- or under-watering

and nutrient-binding by the rooting medium, can inter-

fere with the optimal rate of fertilizer application for

optimal plant growth (Nelson 1981). For plants under

field conditions, weather and soil properties influence

nutrient uptake. Although it is cheaper to apply fertili-

zers to soil than to use the growth units described by

Ingestad and Lund (1986), steady-state plant nutrition

can only be achieved and measured fully with the latter

method.

In other words, we have a choice between: a) control-

ling non-treatment factors adequately and b) document-

ing how non-treatment factors vary during an

experiment. Either way we need to acknowledge the

assumptions explicitly.

Water

The exponential growth of roots allows greater acquisi-

tion of water for the increasing demand of the expanding

above-ground parts. During the exponential growth

phase, a constant RGR should be maintained within

each treatment and, consequently, water supply should

match the increasing size of the plant over the experi-

ment. But simply providing different amounts of water

to plants does not yield a true gradient (Kramer and

Boyer 1995). Even a gradient of no watering, ‘‘normal’’

watering and waterlogged over the growing period

(Kainulainen et al. 1992) is likely to be inadequate

because it provides two endpoints of extreme stress

experienced by few species. One approach is to maintain

soil treatments at a steady state of water potential across

a gradient from the lower boundary of permanent

wilting point (soil water content at which plants remain

wilted overnight, about �/1.5 to �/2.0 MPa) to field

capacity (water content after downward drainage is

negligible, Kramer and Boyer 1995).

This approach for a fixed water supply has some

merit, but it is quite artificial. Under natural conditions,

plants are subject to a pattern of wetting then drying of

soil, i.e. there is no steady state of water supply (Kramer

and Boyer 1995). To achieve a more natural pattern of

water supply, plants could be switched through a solute

series progressing from the volume percent water as-

signed to just above percent wilting point and then the

process repeated to the end of the experiment.

Temperature

Temperature limits growth more than it does photo-

synthesis, and most plant growth occurs at night (Korner

1991). Relatively small differences in nighttime tempera-

ture can affect allelochemical concentrations (Bradfield

and Stamp 2004). But an important consideration in

examining the effects of a thermal gradient is that

optimal growth rate in plants often occurs with a

combination of a warm daytime and a cool nighttime

(Went 1944, 1945, Dorland and Went 1947, Friend and

Helson 1976, Ivory and Whiteman 1978). These results

suggest that the degree to which fixed carbon is directed

to differentiation rather than growth should be a

function of both daytime and nighttime temperatures.
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In sum, constructing experimental resource gradients

requires considerable thought to ensure that the desired

treatment conditions are met and that the treatments are

biologically meaningful.

Conclusions about testing the GDB hypothesis

Given all of the problems that have been identified here,

is it worth investigating the GDB hypothesis? Yes, the

GDB hypothesis is a useful framework (more than a

hypothesis per se) to examine the relationship between

plant growth and defense relative to environmental

variation. Its value lies in the integration of plant defense

theory to date (Herms and Mattson 1992, Stamp 2003),

and the explicit predictions that can be made, which

include addressing the constant cellular and tissue

growth�/differentiation trade-offs that affect the pattern

of defense (Stamp 2003).

Some argue that the GDB hypothesis is not worth

testing because it may have little explanatory power in

natural situations. The amount of resources used for

defense may be so small relative to the amount for

growth that a trade-off between defense and growth

would be undetectable (Lindroth and Hwang 1996). But

certainly there are many plant species that allocate

substantial resources to defense, and so tests of those

would be meaningful. Plants in natural situations are

competing for soil nutrients, which limit growth more

than photosynthesis, and light, which limits photosynth-

esis more than growth; thus, a sigmoid-like curve for

concentration of secondary metabolites may occur

across a gradient of competition rather than the peaked

curve predicted for nutrients or positive linear pattern

for light (Stamp et al. 2004). There is also the concern

that with a coupling of the effects of competition for soil

nutrients, water and light with the effects of past patterns

of herbivory, which may affect subsequent levels of

constitutive and induced defenses, it may be impossible

to tease such effects apart in natural settings. Therefore,

we would not be able to use the hypothesis to explain

what is generating the patterns observed. But it is not

possible to evaluate that idea until there are adequate

baseline tests of the GDB hypothesis.

Can we test the GDB hypothesis directly? No, the

GDB hypothesis cannot be tested directly, which is also

the case for the other plant defense hypotheses, such as

the carbon:nutrient balance hypothesis and the growth

rate hypothesis (Stamp 2003). Nonetheless, we can

conduct acceptable tests of derivative hypotheses to

ascertain whether the GDB hypothesis is a reasonable

construct.

Can derivative hypotheses representative of Fig. 1 be

tested rigorously (e.g. via substituting concentration of

secondary metabolites for rate of secondary metabolite

production)? Yes, however, rigorous tests will require

considerable effort and more than has been attempted

for any previous test of plant defense hypotheses. Tests

must focus on whole plants, with a large representative

array of differentiation-related processes and products

measured, in response to an appropriate range and type

of resource levels provided at resource rates that ensure a

positive linear RGR over the designated growth phases,

and with measurement of indicators of plant physiolo-

gical functions (such as NAR, LAR, SLA, LWR and

SRL). Such a project would require considerable pre-

liminary work to determine the resource rates to obtain

a linear RGR and the appropriate levels of the resource,

from resource-poor to resource-rich, for a particular

plant species. It would require a minimum of five levels

of each resource, and for any plant species, more than

one resource might be of interest. There are few (if any)

plant species for which this approach would be easy.

Are there less difficult derivative hypotheses that can

be tested to ascertain the utility of proceeding to a

rigorous test that requires such effort? Yes, for instance,

the approach taken in Fig. 2 is a reasonable start, but

there should be an adequate number and range of

resource levels and an appropriate and representative

set of allelochemicals, secondary metabolites or differ-

entiation products measured. Furthermore, it is impor-

tant that such derivative hypotheses be recognized for

what they are, with explicit statements of how the

experimental model (the test) deviates from the hypoth-

esis model (the abstraction).
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