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A model is outlined in which environmental effects on the phenotypic expression of
constitutive secondary metabolism are examined within the theoiy of source/sink interactions. The
quadratic response of secondary metabolism to resource availability predicted by the model is
proposed to be an adaptive response to physiological constraints and abiotic stress. The key
premise is that a trade-off occurs between growth and defense (including environmental tolerance)
because (1) developmental constraints limit secondary metabolism in dividing cells, and (2)
substrate competition between primary and secondaiy metabolic pathways limits chemical defense
in rapidly growing plants. This trade-off creates an ecological dilemma: plants must grow fast
enough to compete, yet maintain the defenses necessary to resist biotic and abiotic stress. The
response of plants to this dilemma has been the evolution of life history specialization and/or
adaptive phenotypic plasticity.

I n t r o d u c t i o n

The dichotomy between plant strategies that confer ecological success in
resource-rich vs. resource-limited environments is rooted in a trade-off between
traits that maximize resource acquisition and those that maximize resource
retention (TILMAN 1990, CHAPIN 1993, LAMBERS & POORTER 1992). HERMS &
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MATTSON 1992 proposed that this dichotomy exists because (1) developmental
constraints limit secondary metabolism and structural reinforcement in dividing
cells, and (2) resource demands of growth limit secondary metabolism at the whole
plant level. This trade-off creates an ecological dilemma for plants: they must
grow fast enough to compete, yet maintain the adaptations (defenses) necessary to
resist abiotic and biotic stresses. The evolutionary response has been selection for
life history strategies conferring ecological specialization, including adaptive
phenotypic plasticity. The objective of this paper is to outline a testable model of
the physiological basis underlying these patterns of resource allocation in different
environments.

Competitive success in resource-rich environments is dependent on traits
which maximize the acquisition of resources necessary to drive rapid growth,
preventing usurpation of resources and space by faster growing competitors.
Associated traits include high intrinsic rates of nutrient uptake, photosynthesis,
respiration, transpiration, and allocation to leaf area (HUSTON & SMITH 1987,
TILMAN 1990). However, the production of new leaf area diverts resources from
production of anti-herbivore chemicals and structures (GULMON & MOONEY 1986,
LAMBERS & POORTER 1992). Consequently, inherently fast growing plants
generally have lower levels of defenses and experience higher rates of herbivory
than inherently slow growing plants (BRYANT & al. 1983, COLEY & al. 1985).
Consequences of this trade-off can be mitigated, however, by adaptations that
optimize the benefits of a minimal defensive investment, including inducible
resistance, toxins that are effective in low concentrations, qualitative variation in
secondaiy metabolism, defensive mutualisms, and compensatory growth (HERMS &
MATTSON 1992).

In resource-limited environments, slow growing plants are not faced with
immediate exclusion by competitors, and ecological success places a premium on
retention of previously acquired resources. Growth rate has been sacrificed for
traits such as long-lived, sclerophyllous leaves, high root: shoot ratios, and strong
chemical defenses (HUSTON & SMITH 1987, LAMBERS & POORTER 1992). In
resource-limited environments, traits which limit herbivory may also enhance
environmental tolerance and competitive ability (HERMS & MATTSON 1992). For
example, sclerophyllous leaves may enhance tolerance to drought stress and
nutrient limitation as well as represent a significant barrier to herbivory (GRUBB

1986). In arid environments, high concentrations of foliar tannins (BUSSOTTI & al.
1998) and surface resins may protect leaves from desiccation (MEINZER & al.
1990), while flavonoids and other phenolic compounds may protect plants from
UV-B radiation and photooxidation damage (LANDRY & al. 1995, LARSON 1995).
Secondary metabolites may also increase competitive ability through allelopathic
effects on neighbors (FOWLER 1986).

Phenotypic patterns of constitutive secondary metabolism may also
represent adaptive uses of limited resources (HERMS & MATTSON 1992).
Phenotypic plasticity may enable plants to assume the most adaptive phenotype in
a particular environment, buffering the effects of spatial and temporal variation in
resource availability (SCHEINER 1993). Plants generally increase their growth in
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response to resource enrichment such as fertilization (BAZZAZ & al. 1987). This
response may be adaptive, selected for by competitors that would otherwise usurp
the plant's space and resources. However, rapid growth in resource-rich
environments constrains secondary metabolism and compromises plant defense.
Increased secondaiy metabolism has been frequently observed in response to
drought or nutrient limitation (HERMS & MATTSON 1992). This also may be an
adaptive response, enhancing survival by increasing stress tolerance and defense in
harsh environments when the plant has limited ability to compensate (via growth)
for herbivory.

The rest of the paper will outline the physiological basis underlying the
trade-off between growth and defense, and how this trade-off interacts with
source/sink interactions to impose restrictions on patterns of growth and secondary
metabolism in response to variation in resource availability. Observed patterns of
resource allocation are consistent with the model, and may represent adaptive
patterns of growth and defense within these physiological and abiotic constraints.

O n t o g e n e t i c C o n s t r a i n t s on P l a n t D e f e n s e at t h e
C e l l u l a r L e v e l

At the cellular level, the trade-off between growth and defense results
because developmental constraints limit secondaiy metabolism in dividing cells
(LUCKNER & NOVER 1977, LUCKNER 1980). Plant growth occurs at the cellular
level through the processes of cell division and cell enlargement (DALE 1988).
Secondary metabolism is constrained in meristematic (dividing) cells by the lack of
organized enzymatic machinery necessary for their synthesis, and the lack of the
specialized structures required for their compartmentation (LUCKNER & NOVER
1977, LUCKNER 1980, WIERMANN 1981). After cell division has ceased,
differentiation of cells leads to secondary metabolism, cell wall reinforcement, and
formation of resin ducts, secretory glands, trichomes, spines, and other specialized
tissues that are critical for limiting herbivory and enhancing stress tolerance
(HERMS & MATTSON 1992).

Since the value of a leaf is highest when it is young because of the future
return on carbon reinvested into new leaf area (HARPER 1989), it would be adaptive
to defend young leaves if possible, especially since immature leaves frequently
experience higher levels of herbivory than mature leaves (COLEY 1980, KURSAR &
COLEY 1991). Indeed, plants may overcome ontogenetic constraints on secondaiy
metabolism in a number of ways (HERMS & MATTSON 1992). In a seeming
paradox, concentrations of some secondaiy metabolites are often highest in young
leaves. This occurs because of secondary metabolism in mature cells within
immature leaves. Secondaiy metabolites are frequently concentrated in epidermal
cells (NEUMANN & al. 1991), which are among the first cells in leaves to mature
(DALE 1988). In some plants, epithelial ducts, glandular trichomes, and other cells
specialized for the synthesis and accumulation of secondaiy metabolites are also
differentiated during early stages of leaf and seedling development. For example,
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in peppermint (Mentha x piperitd), concentrations of monoterpenes are highest in
extremely young leaves where they accumulate in specialized, fully differentiated
cells (GERSHENZON 1994).

However, defending young leaves may be costly. Precocious cell
differentiation may ultimately result in decreased growth. Variation in the growth
rate and final size of leaves generally results from variation in the number of cells
per leaf rather than cell size, which in turn is determined by the proportion of cells
undergoing active division in early primordial stages (KÖRNER & PELAEZ

MENENDEZ-RIEDL 1989, FRANCIS 1998). Early stages of leaf growth consist almost
entirely of cell division with cell numbers increasing exponentially (DALE 1988).
Hence, early differentiation of cells may decrease growth by removing cells from
the population of dividing cells at an early stage, thereby decreasing the
exponential rate of increase in the cell population, and the ultimate size of the cell
population. This would ultimately result in smaller leaves and lower total leaf area,
and thereby contribute to the trade-off between growth and defense.

R e s o u r c e - B a s e d T r a d e o f f s B e t w e e n G r o w t h a n d
D e f e n s e at t h e W h o l e P l a n t L e v e l

At the whole-plant level, the trade-off between growth and defense can
result from competition for carbon among primary and secondary metabolic
pathways. Plants have limited resources to support their physiological processes
and trade-offs occur among growth, maintenance, storage, reproduction, and
defense (BAZZAZ & al. 1987, LAMBERS & POORTER 1992). The trade-off between
growth and reproduction is perhaps the one best documented (e.g. NEWELL 1991,
MuiR 1995). However, evidence increasingly supports the existence of a trade-off
between growth and chemical and stmctural defense (e.g. HAN & LINCOLN 1994,
HWANG & LINDROTH 1997, ELLE & al. 1999). The production of new biomass
requires particularly high levels of plant resources (CHUNG & BARNES 1977,
MARGOLIS & al. 1991). Consequently, rapidly growing plants may have decreased
availability of resources to support other processes, including secondary
metabolism (BRYANT & al. 1983, HERMS & MATTSON 1992).

The differential investment of photoassimilates into new leaf area is largely
responsible for both genotypic and phenotypic differences in growth rates (KÖRNER

1991, LAMBERS & POORTER 1992). Hence, there may be a veiy substantial
"opportunity cost" of plant defense. The opportunity cost of allocating resources to
defense refers to the value those resources would have provided the plant had they
been invested in an alternative process such as growth or storage. Secondaiy
metabolism and the elaboration of stmctural defenses decrease growth by diverting
resources from the production of new leaf area (GULMON & MOONEY 1986).
Conversely, secondary metabolism may be substrate and/or energy limited during
periods of intense growth (e.g. MARGNA & al. 1989). Many intra- and interspecific
comparisons document tradeoffs between growth rate and secondary metabolism
(HERMS & MATTSON 1992). HAN & LINCOLN 1994, in perhaps the most rigorous
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analysis of this trade-off, quantified a substantial genetic and phenotypic trade-off
between vegetative growth and secondary metabolism in Diplacus aurantiacus.

Trade-offs are inevitable because the resource requirements of secondary
metabolism are also substantial (GERSHENZON 1994), and because primary and
secondary metabolic pathways compete for common substrate. For example,
phenylalanine is the limiting precursor for phenylpropanoid synthesis (lignin,
flavonoids, condensed tannins, etc.), and is an essential amino acid for protein
synthesis, and thus growth (DA CUNHA 1987, MARGNA & al. 1989). Recent
evidence that phenylalanine is continuously regenerated during phenolic
biosynthesis indicates that the supply of phenylalanine per se does not limit
phenolic biosynthesis (RAZAL & al. 1996), but is consistent with a more general
carbon-based trade-off between growth and secondary metabolism.

S o u r c e / S i n k I n t e r a c t i o n s R e g u l a t e C a r b o n
A l l o c a t i o n A m o n g M o d u l e s

Allocation and partitioning of carbon within the plant, and thus the
availability of substrate to support growth and secondary metabolism, is regulated
by source/sink relationships (HERMS & MATTSON 1992). Carbon moves via
phloem transport from sources such as chloroplasts and storage organs to sinks
such as vegetative meristems and resin ducts (KOZLOWSKI 1992). Source strength
is a function of the availability of carbon for export and varies with photosynthetic
rate and magnitude of storage reserves (WAREING & PATRICK 1975).
Photosynthetic sinks can also vary in their relative ability to attract carbon. Sink
strength is a product of sink size and activity, as well as vascular connections to
sources (WARDLAW 1990, DiCKSON 1991). Actively growing meristems are
especially strong photosynthetic sinks (DiCKSON 1991, MARCELIS 1996).

The pressure flow hypothesis is the most widely accepted mechanism of
phloem transport (KOZLOWSKI 1992). According to this model, photosynthates
move through the phloem along concentration and osmotic gradients from regions
of high to low. These gradients occur because phloem loading at photosynthetic
sources increases the solute concentration in the adjacent phloem, while phloem
unloading at photosynthetic sinks where carbon is utilized lowers the
concentration. The rate of phloem transport is regulated by sink strength
(WOLSWINKEL 1985, MARCELIS 1996). A sharp gradient is maintained in the
phloem when strong sinks utilize large quantities of photosynthate, which
stimulates rapid phloem unloading, thereby decreasing solute concentration in the
adjacent phloem. Weak sink activity, however, limits phloem unloading which
results in carbon accumulation in the phloem, decreasing the concentration gradient
between source and sink, and thus the rate of phloem transport.

The growth of modules can be sink or source limited (WAREING &
PATRICK 1975, PATRICK 1988). Modules are considered to be sink-limited when
their growth is constrained by the ability of the sink to utilize carbon and results
when resource limitation inhibits cell division and expansion (sink activity) but not
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photosynthesis. Modules are considered to be source-limited when their growth is
constrained by available carbon, and results from limited photosynthesis,
inadequate storage reserves, and/or competition from other sinks (e.g. vegetative
growth limited by reproductive effort).

S o u r c e / S i n k I n t e r a c t i o n s R e g u l a t e C a r b o n
P a r t i t i o n i n g to S e c o n d a r y M e t a b o l i s m

Quantitative variation in the constitutive secondary metabolism of plants
may be a function of variation in the rate and duration of growth of individual
modules, as well as the proportion of modules undergoing growth at any one time
(HERMS & MATTSON 1992). Higher plants consist of an integrated population of
morphological subunits (modules), each originating from a single meristem
(HARPER & WHITE 1974). If a large proportion of modules within a plant is
undergoing growth simultaneously, secondary metabolism will be substrate-limited
as available carbon is exported to strong sinks to support growth. On the other
hand, when the growth of a high proportion of a plant's modules are sink-limited,
decreased rate of phloem transport will result in carbon accumulation in source
leaves, which increases the availability of substrate to support secondary
metabolism. In plants in which the majority of modules are strongly source-
limited, both growth and secondary metabolism are predicted to be carbon limited
(HERMS & MATTSON 1992).

A b i o t i c E f f e c t s on S e c o n d a r y M e t a b o l i s m a r e ••
M e d i a t e d by S o u r c e / S i n k I n t e r a c t i o n s

Although source and sink activity is regulated hormonally, both source and
sink strength is strongly dependent on resource availability (LUXMORE 1991,
KÖRNER 1991). Meristematic activity is limited by even moderate shortages of
nutrients and water. Hence, sink-strength is especially sensitive to resource
limitation. Any factor that decreases net photosynthesis weakens source strength,
including shade, severe drought, and severe nutrient stress. HERMS & MATTSON

1992 proposed that physiological constraints on secondary metabolism interact
with effects of resource availability on source and sink strength to result in a non-
linear relationship between photosynthesis growth rate, and secondary metabolism
(Fig. 1). Resource availability is predicted to have a parabolic effect on
constitutive secondary metabolism, with concentrations highest in moderately
stressed plants, and lower in plants that are rapidly growing or severely carbon-
stressed.

When environmental conditions are favorable, vegetative growth generally
receives resource priority over secondaiy metabolism and storage (BAZZAZ & al.
1987). Indeed, the accelerated growth regimes sometimes used in commercial
nursery production demonstrate that woody plants can grow exceedingly fast when
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optimal resource levels are provided. However, substrate limitation limits
secondary metabolism in fast growing plants (HERMS & MATTSON 1992). Growth
is more sensitive to stress than is photosynthesis, being slowed considerably by
even moderate shortages of nutrients or water. Photosynthesis, however, is not
affected until stress becomes more severe (KÖRNER 1991, LUXMORE 1991). Hence,
moderate nutrient deficiency or drought can decrease growth (and thus sink
strength) without affecting photosynthesis. Decreased utilization of carbon by
photosynthetic sinks slows phloem unloading and consequently, phloem transport.
This results in an accumulation of carbohydrates in source leaves, which can
increase the pool of substrate available for secondary metabolite biosynthesis.
Hence, when moderate nutrient and drought stress impose sink-limitations upon
growth, secondaiy metabolite concentrations are predicted to increase (BRYANT &
al. 1983, LORIO 1986, HERMS & MATTSON 1992). At veiy low resource levels
(severe light, water, and/or nutrient deficiency), both growth and photosynthesis
are highly constrained (BRYANT & al. 1983, WARING & al. 1985). Because of
energy and substrate limitation, carbon-based secondary metabolism and herbivore
resistance may also decline. The hypothesis has been supported in the case of
nutrient availability (e.g. LARSSON & al. 1986, MIHALIAK & al. 1987, BRYANT & al.
1987a,b, WAINHOUSE & al. 1998), moisture availability (Ross & BERISFORD 1990,
DUNN & LORIO 1993, ROTH & al. 1997), low temperature (LINCOLN &
LANGENHEIM 1978, APPLETON & VAN STADEN 1989), and shade (LARSSON & al.
1986, BRYANT 1987, WAINHOUSE & al. 1998).

Net
Photosynthesis

Low Moderate

Resource Availability
High

Fig. 1. Postulated nonlinear effects of resource availability on photosynthesis, growth, and
constitutive carbon-based secondary metabolism. A positive correlation between growth and
secondary metabolism is predicted at low to moderate levels of resource availability. At higher
levels of resource availability photosynthesis is not affected, and a negative correlation between
growth and secondaiy metabolism is predicted.
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Studies that found fertilization to increase growth and secondary
metabolism (e.g. MCCULLOUGH & KULMAN 1991, BJÖRKMAN & al. 1991,1998)
have been deemed inconsistent with the growth/differentiation balance hypothesis
because they report a positive correlation between growth and secondary
metabolism (HAUKIOJA & al. 1998). However, the parabolic response of secondary
metabolism to resource availability predicts explicitly that the trade-off between
growth and secondary metabolism will not always result in a negative correlation
when the rate of carbon acquisition varies. As resource availability (light, water,
and nutrients) increases from low to moderate, photosynthesis also increases.
Hence, a positive correlation can occur between growth and secondary metabolism
when the plant's carbon budget increases, despite competition for a common
resource base. At moderate to high resource levels, where net photosynthesis is
close to maximum, the physiological tradeoff becomes evident as a negative
correlation between growth and secondary metabolism.

The studies with pine in which fertilization increased growth and foliar
terpene concentrations (BJÖRKMAN & al. 1991, 1998, MCCULLOUGH & KULMAN

1991), were conducted on extremely nutrient deficient sites in which tree growth
was quite slow. The photosynthetic rates of conifers on nutrient poor sites can
increase in response to fertilization (BRIX 1981, LINDER & ROOK 1984). If
photosynthesis increased in response to fertilization, the increased carbon budget
would result in both increased growth and defense. However, neither study
measured photosynthesis, so it is not possible to judge if these studies are truly
consistent with the model. LERDAU & al. 1995 did find that fertilization did
increase photosynthesis and monoterpene concentration of Douglas-fir
(Pseudotsuga menziesii). Lorio and his colleagues have studied the relationship
between growth, photosynthesis, and terpene biosynthesis in loblolly pine (Pinus*
taecla). They found that when fertilization increased growth without affecting
photosynthesis, resin flow declined (WILKENS & al. 1997). On the other hand,
when moderate drought stress decreased growth without affecting photosynthesis,
resin flow increased (REEVE & al. 1995). But when severe drought stress decreased
both growth and photosynthesis, resin flow declined (DUNN & LORIO 1993). Two
studies provide direct evidence of quadratic responses of secondary metabolism to
stress. LEWINSOHN & al. 1993 and WILKENS & al. 1996 found that water stress and
fertilization had quadratic effects on terpene accumulation in grand fir stems (Abies
grandis), and foliar phenolic concentrations in tomato, respectively. In both cases,
secondary metabolite concentrations were highest at the moderate stress level, and
low in rapidly growing and severely stressed plants. All of these studies provide
indirect evidence for the model depicted in Fig. 1. The best test, however, will
quantify growth, photosynthesis, and secondary metabolism in response to at least
three levels of water or nutrient availability. I am currently unaware of any
published studies that meet these criteria.
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C o n c l u s i o n

Physiological constraints impose limitations on constitutive secondary
metabolism and structural reinforcement in rapidly growing plants, resulting in a
trade-off between growth and defense. Plants have responded to this dilemma
through the evolution of specialized life history strategies and/or adaptive
phenotypic plasticity. Intense competition selects for rapid growth in favorable
environments, thereby prohibiting the expression of high quantitative levels of
defense. Adaptive strategies, however, can maximize the effectiveness of a
minimal defensive investment. Increased secondary metabolism is favored when
that investment enhances plant fitness to a degree greater than would the same
resource investment in an alternative process such as storage or growth. In
resource-limited environments, correlated selection by the abiotic environment,
competition, and herbivory has selected for traits that maximize the retention of
acquired resources, including high levels of carbon-based secondary metabolites
which enhance herbivore resistance and stress tolerance in harsh environments
(HERMS & MATTSON 1992).
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