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Abstract. Gap models have a rich history of being used to simulate individual tree interactions that
impact species diversity and patterns of forest succession. Questions arise, however, as to whether
these same models can be used to study the response of forest structure and composition under a
changing climate. In contrast to many process-based models, gap models have traditionally been
based on rather descriptive representations of species-specific growth processes. Opportunities now
exist to expand upon these simple empirical relationships with more mechanistic descriptions of
growth, the response of growth to environmental variables, and competition among species for avail-
able light, water, and nutrient resources. In this paper, we focus on several areas of below-ground
research with the potential to improve the utility of gap models for predicting forest composition
in response to a changing climate. Specific areas for model improvement include (1) improved
descriptions of the soil environment for seed germination and subsequent seedling establishment,
(2) multi-layer representations of soil water and nutrient availability, (3) more accurate information
on biomass allocation to roots and root distribution within the soil profile, (4) improved treatment
of inter- and intra-specific competition for available soil resources, (5) increased consideration of
spatial processes as related to land-surface hydrology, and (6) improved attention to above- and
below-ground interactions. This list is meant to stimulate discussion and provide guidance for
future field research and model development. As an example of how increased attention to below-
ground processes could help address intra-specific competition for water among trees of differing
size classes, the gap model LINKAGES was modified to include a sub-model of multi-layered soil
hydrology. It was then used to examine the impact of root distribution within soils on the simulated
drought response of seedlings, saplings, and mature trees. An annual simulation of soil water con-
tent for a deciduous forest in eastern Tennessee showed that seedlings whose roots were restricted
to the upper 20-cm of the soil experienced far more ‘drought days’ than did saplings and larger
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trees that otherwise had access to deeper soil water reserves. We recognize that models of forest
succession cannot include mechanistic detail on all potential below-ground processes and that there
are obvious tradeoffs between model simplicity and more sophisticated parameterizations. We con-
clude, however, that feedbacks among global environmental change, seed germination and seedling
establishment, above- and below-ground carbon allocation, root distribution within the soil profile,
and soil water and nutrient dynamics will be critically important for predicting forest dynamics and
ecosystem function in the 21st century. As a result, steps should now be taken to ensure that these
processes are represented in future gap models.

1. Introduction

Simulation models are now routinely used to assess the response of terrestrial
ecosystems to regional and global environmental change (VEMAP members, 1995;
King et al., 1997; Neilson and Drapek, 1998; Pan et al., 1998; Potter et al., 1998).
These models have historically varied in complexity from simple ‘black box’ rep-
resentations of the biosphere (Oeschger et al., 1975) to highly detailed land-surface
schemes operating in tandem with equally complicated global circulation models
(Sellers et al., 1986; Foley et al., 1998). Experience has shown that the degree of
complexity incorporated into such models is driven largely by how the model will
be used and, as might be expected, there currently exists considerable diversity
in the soil, plant, and atmospheric processes represented within specific models
(Jackson et al., 2000).

Among the many categories of models used to simulate the potential response
of ecosystems to climate change, individual-based models of forest succession or
‘gap’ models have both a unique history and application (Bugmann, 2001). The
traditional emphasis of gap models in predicting species composition and suc-
cessional dynamics under current climatic conditions has resulted in fairly simple
parameterizations for a range of above- and below-ground processes compared to
more detailed biophysical models (Shugart et al., 1992; Shugart and Smith, 1996).
Many of these simplistic descriptions remain in current-day gap models, although
there has been an increasing debate as to whether more mechanistic detail should
be included in forest gap models (Pacala et al., 1993; Bugmann et al., 1996; Hurtt et
al., 1998). Central to this debate is whether simple formulations included in many
gap models can be used to study the response of forest structure and composition
under a changing climate.

Attempts to incorporate stomatal, photosynthetic, and energy exchange dynam-
ics into physiology-based models of forest succession have, for example, been
successful (Martin, 1992; Friend et al., 1997). The below-ground components of
gap models have not, however, benefited from the same degree of model improve-
ment. Pastor and Post (1986) incorporated decomposition and nutrient cycling
into LINKAGES and were among the first to demonstrate that both positive and
negative feedbacks could impact patterns of forest succession given interactions
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between species composition, litter quality, and above-ground productivity. More
recent gap models such as HYBRID (Friend et al., 1997), FIRE-BGC (Keane et
al., 1996) and 4C (Bugmann et al., 1997) have begun to include more sophisticated
representations of below-ground processes, focusing on mechanistically improved
descriptions of water and nutrient uptake, and whole-plant carbon allocation. How-
ever, such improvements are incomplete. As a result, there remains a need to
consider the role of below-ground processes in gap models, and to evaluate the
benefits and tradeoffs of such improved representations to model predictions of
forest succession.

The goal of this paper, therefore, is to discuss which below-ground processes
should be represented in gap models and to highlight why such processes are im-
portant in the context of species diversity, forest succession, and climatic change.
Several areas for potential inclusion in gap models are identified (Sections 2
through 8), ranging from improved descriptions of the soil environment for seed
germination (Section 2) to more accurate formulations of carbon allocation to roots
(Section 5). In each section, consideration is given to how these processes can be
represented in ‘traditional’ and physiology-based models of forest succession (cf.
Bugmann, 2001). Incorporating specific empirical and/or mechanistic descriptions
of critical below-ground processes in gap models may, in some instances, require
information for which data do not exist. Therefore, the availability of data sets
for model parameterization and validation are discussed and the role of future
experimental studies are considered (Section 9). We conclude (Section 10) that the
careful identification and judicious incorporation of below-ground processes into
gap models will enhance the predictive capabilities of this category of ecosystem
models and therein move us closer to our goal of better understanding how forest
productivity and succession will be impacted by future changes in climate.

2. Environment of Regenerating Seedlings

Most conventional gap models introduce new individuals into the tree population as
‘saplings’ and thus avoid the need to simulate the many fine-scale processes associ-
ated with seed and seedling biology (Price et al., 2001; Bugmann, 2001). While this
greatly simplifies the simulation of the regeneration process, studies have shown
that the thermal environment of the soil surface and the availability of light, water,
and nutrients can influence rates of seed germination. Species differences with
respect to germination requirements or sensitivity to soil and climatic conditions
can influence the successful recruitment of new individuals into a population and
potentially alter the course of forest succession (Leishman et al., 1992).

The regeneration process in traditional gap models is driven by temperature,
water, and the ability of seedlings to tolerate shade (Coffin and Lauenroth, 1990;
Humphries et al., 1996; Mauchamp et al., 1994; Mouillot et al., 2001). In JABOWA
(Botkin et al., 1972) and FORET (Shugart and West, 1977), as in other gap mod-
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els, air temperature, soil water content, and light at the forest floor must exceed
species-specific minima in order to ensure regeneration success (Price et al., 2001).
Although threshold-type approaches have proven adequate for many applications,
these simple representations of forest regeneration are being replaced in more
physiology-based models (see Bugmann, 2001) by explicit consideration of repro-
ductive biology, the germination process, seedling mortality, and the role that both
climate and soil conditions play in determining these processes. For example, the
gap model SIERRA (Mouillot et al., 2001) describes seed germination not only
as a function of daily air temperature, but also considers the sensitivity of the
germination process to soil water availability. Specifically, seed germination for
a given species begins when air temperature exceeds a minimum threshold and
when the water potential of the surface soil is above a fixed limiting threshold for
at least five consecutive days. Although simple in concept, incorporating such a
description of seed germination into traditional gap models requires that monthly
simulations be replaced by daily time-step capabilities, that soils of a fixed depth
(e.g., 1 m) be more finely divided into multiple soil depths including a shallow
surface layer where seed germination and initial establishment take place, and that
the water content of this uppermost soil layer be modeled as a dynamic function
of prevailing climate and root distribution within the various layers (see Section 3;
Multi-layer Soil Models and Water Availability). As demonstrated by the SIERRA
model, the utility of such an approach is that seed germination becomes sensitive
to intra-annual variation in temperature and precipitation, soil physical properties
(e.g., sand, silt, clay) and their vertical distribution. Therefore, such a gap model
is capable of representing interactions between climate and key below-ground
plant and soil processes that have direct relevance to seedling establishment, forest
regeneration, and global environmental change.

Even after seed germination, the upper soil layer continues to be the primary
source of water for the developing seedling. The soil water content of this layer can,
like light, be a major determinant of seedling survival. Shallow root development
in the first year of growth for some species can induce high seedling mortality,
either directly by drought or indirectly by competition with grasses and herbs for
available water (Casper and Jackson, 1997). Estimating root distribution and soil
water content of the upper soil layers (see Section 3; Multi-layer Soil Models and
Water Availability) during the first few months after seed germination may be an
excellent proxy for seedling survival. The gap model SIERRA (Mouillot et al.,
2001) considers the impact of soil moisture on seedling mortality by subjecting
a cohort of developing seedlings to increased mortality when soil water potential
during a 60 day post-germination period falls below a species-specific threshold.
Similarly, the germination and survival of seedlings in the gap model 4C (Bugmann
et al., 1997) depend on light, temperature, and soil water status, although in the
current version of this model seed germination is responsive only to light (Price et
al., 2001).

Events like fire and other natural disturbances can modify the availability of
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nutrients at the soil surface and this too can potentially induce changes in seedling
regeneration (Trabaud et al., 1985; Tyler, 1995). Gap models that include a fire
response for vegetation generally use only empirical estimates of fire effects on
post-fire seed germination according to ecosystem type and species (Keane et
al., 1996; Mouillot et al., 2001). Nutrient effects on seed and seedling biology
are likely to be important in some cases and, like soil water content, should be
evaluated as a determinant of seedling establishment and forest regeneration in
gap models. Unfortunately, neither traditional nor physiology-based gap models
have addressed the sensitivity of seed germination and regeneration to soil nutrient
availability. One approach to representing this phenomenon in gap models such
as LINKAGES, and other models that explicitly consider nutrient cycling, would
be to link seedling establishment with available soil N. This could be done by
making post-germination mortality an inverse function of the N growth-reduction
modifier (see Pastor and Post, 1986). Since either a growth modifier or available
soil N is already calculated in many traditional and physiology-based gap models,
maximum seedling survival following seed germination could be represented to
occur under optimum soil N conditions and, under less optimal conditions, rates
of seedling survival could fall to zero below a minimum species-specific threshold
of available soil N. This approach is analogous to how growth modifiers for light,
temperature, water, and N are already used in gap models.

In considering how soil water status and/or nutrient availability influence seed
and seedling biology, and the sensitivity of such processes to changes in climate,
it is important to ask whether data are available either from field surveys or ma-
nipulative experiments for the purpose of model parameterization or validation.
According to Price et al. (2001), several studies have addressed how soil tempera-
ture and drought impact seed germination (Black and Bliss, 1980; Livingston and
Black, 1987) and data from these studies are sufficient to begin identifying broad
consequences for seedling establishment. Weltzin and McPherson (2000) recently
investigated, for example, the response of woodlands and semi-desert grasslands
to changes in regional precipitation and concluded that increased rates of seedling
emergence and establishment associated with enhanced summer precipitation were
sufficient to facilitate down-slope shifts in the woodland-grassland ecotone. Less
information is available in terms of describing the relative sensitivity of seed
germination and regeneration to soil nutrients. As a result, there is a clear need
for both comparative (Holl, 1999) and multifactor experimental (Broncano et al.,
1998) studies that are designed to examine the response of seed germination and
subsequent seedling survival to soil nutrient availability.

3. Multi-layer Soil Models and Water Availability

Soil water is a primary limitation to the growth of trees in many locations of the
world for at least part of the growing season. Moreover, one of the most important
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aspects of global change for ecosystems will be changes in land-surface hydrology,
particularly as a result of intra-annual variation in the timing and amount of precip-
itation (Kattenberg et al., 1996). However, despite the observation that competition
among plants for water and nutrients is just as important in determining forest
dynamics as competition for light, few gap models have been developed that treat
below-ground competition with sufficient spatial and temporal detail to capture
these complex processes.

The level of detail needed in gap models for describing soil water and nutrient
availability, and competition among individuals for these resources, should re-
flect the hydrologic and/or physiological objectives of individual modeling groups.
Nonetheless, we believe that a priority should be placed on 1) incorporating multi-
layered soils into gap models, 2) allowing seedlings, saplings, and mature trees to
occupy distinct soil layers, thus having access to different amounts of soil water and
nutrient resources, 3) improving the mechanistic detail (i.e., biomass allocation)
with which below-ground processes like root distribution and soil water extraction
are described, and 4) replacing monthly formulations of forest water balance with
sub-models that operate at a daily time step resolution. Fortunately, some of these
improvements are already being made. For example, the Thornthwaite and Mather
(1957) soil water balance equation that is used to calculate monthly evapotranspi-
ration in many traditional gap models has been replaced in more physiology-based
models with sub-models that range in complexity from a revised monthly bucket
approach as in FORCLIM (Bugmann and Cramer, 1998) to highly temporally re-
solved models like HYBRID (Friend et al., 1997) and EXE (Martin, 1992). These
latter two gap models describe stomatal control of transpiration as a function of
temperature, relative humidity, and soil water potential, and EXE (Martin, 1992)
explicitly considers how transpiration is modified by soil water content as estimated
for roots distributed in multiple soil layers. Recent modifications to LINKAGES
have also included replacing the Thornthwaite and Mather (1957) equation with an
energy combination approach (Shuttleworth and Wallace, 1985) and incorporating
12 soil layers for calculation of ‘patch’ water balance (Wullschleger, unpublished
results). In this modified version of LINKAGES, the water content of each soil
layer is determined by a standard ‘bucket’ methodology that uses daily transpira-
tion, soil evaporation, precipitation, and canopy interception to quantify changes
in soil water content. The approach is not computationally intensive, yet the daily
time-step allows one to easily compare modeled estimates of soil water content
with field data; something that has not been possible with earlier versions of this
or other monthly time-step gap models (see Section 9; Model Validation and Data
Needs). Comparative simulation studies showed that this increased level of detail
is important for predicting the effects of climatic change on species composition
(Bugmann et al., 2001).

Although several traditional and physiology-based gap models include multiple
soil layers, most do so for the purpose of better estimating evaporation and the
effects of water-deficits on transpiration (Martin, 1992). Little consideration is
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given, however, to how this spatial detail could be used to represent the effects of
soil moisture on different species or size classes of a single species that might oth-
erwise differ in their root distribution within the soil profile. One generic approach
to representing competition among individuals for water in physiology-based gap
models would be to allow shallow rooted life-forms such as grasses (Coffin and
Lauenroth, 1990) or seedlings to root only to a limited soil depth, whereas the
roots of saplings and mature trees would occupy progressively deeper soils. Soil
water content could then be tracked by depth-increment, ‘drought days’ and annual
growth modifiers calculated separately for each size class (see Bugmann (2001)
for a discussion of drought days in gap models), and maximum growth potentials
adjusted accordingly. More complicated schemes might involve relating the extent
of root distribution to tree height, diameter, or leaf area, or solving for an optimized
depth of rooting based on soil texture and climate (Kleidon and Heimann, 1998).
This optimization scheme has been implemented in a global biosphere model and
could be incorporated into either traditional or physiology-based gap models. One
benefit of implementing such an ‘optimized’ approach to root development would
be a more dynamic representation of roots within the soil profile, allowing roots to
be distributed to potentially greater soil depths than might otherwise be specified
by a fixed coefficient approach. As a result, trees would have increased access to
deep soil water reserves, thus limiting the negative impacts of drought on growth.

As an example of how one of the simpler root distribution approaches might be
used to represent competition for available water among seedlings, saplings, and
mature trees, the gap model LINKAGES was modified to include a multi-layer sub-
model of soil hydrology and roots distributed a priori to one of three soil depths
(Wullschleger, unpublished results). An annual simulation of soil water content
for a deciduous upland oak forest in eastern Tennessee showed that seedlings
whose roots were restricted to the upper 20-cm of the soil experienced far drier
soils than did saplings whose roots were allowed to extend to a depth of 50-cm,
and larger trees whose roots were distributed throughout the 142-cm soil profile
(Figure 1). For a 200-day growing season, seedlings were simulated to accumulate
64 ‘drought days’ compared to 38 drought days for saplings and no drought days
for large trees. These results suggest that in an average year (1993) seedlings of
many species would experience little or no growth, a condition that within the
context of LINKAGES would lead to increased rates of mortality for small stature
vegetation.

This example simulation with the gap model LINKAGES shows the importance
of differential root distribution among size classes as a determinant of drought sus-
ceptibility. Clearly, larger trees are able to access greater soil volumes and deeper
soil water reserves than do seedlings and saplings. Plant excavation studies coupled
with hydrogen and oxygen isotopic analyses are beginning to provide the type of
data needed in order to quantify root distribution and differential soil water access
by depth for various size classes of trees (Schulze et al. 1996; Snyder and Williams,
2000; Weltzin and McPherson, 1997). A stable isotope analysis conducted in a
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Figure 1. Soil water content as simulated with the gap model LINKAGES after modification to
include a multi-layer soil compartment. Root distribution for (a) seedlings was restricted to the upper
0–20 cm compartment, whereas (b) saplings occupied the 0–50 cm compartment, and (c) mature
trees had access to the entire 142-cm soil profile.

temperate savanna by Weltzin and McPherson (1997) concluded that both sapling
and mature Quercus emoryi Torr. trees acquired water from soil depths greater than
50-cm, whereas one- and two-year-old seedlings used water from between 20 and
35-cm. By comparison, two-month-old seedlings extracted water primarily from
the upper 15-cm soil profile. Gap models do not, however, explicitly consider the
ecological significance of these size-class distinctions to water utilization, drought
sensitivity, species recruitment, regeneration, or forest succession. Thus, an in-
crease in the complexity with which roots are treated spatially within soils would
go a long ways towards addressing the balance between above- and below-ground
complexity in gap models (see Section 8; Above- and Below-Ground Interactions).
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4. Biogeochemistry, Nutrient Competition, and Global Change

The biogeochemical cycles of C and N are closely linked in terrestrial ecosys-
tems. In temperate and boreal forests, soil N availability has historically limited
tree growth (Vitousek and Howarth, 1991) and continues to do so today in many
locations (Fenn et al., 1998). Therefore, plant competition for soil N is a key factor
in determining a species’ success within an ecosystem. Traditional gap models rep-
resent competition for soil N through the use of growth modifiers and by classifying
species as being either N tolerant or intolerant (Bugmann, 2001). While a simple
growth-reduction factor for N is probably sufficient for many applications, it does
not capture the true interactions of limiting factors, and thus the true mechanisms
of plant competition. Therefore, physiology-based gap models have implemented
other ways of treating competition for nutrients. In the algorithms currently used
in HYBRID (Friend et al., 1997), N demand is calculated for each tree; N demand
is greater either for larger trees that have the potential for greater absolute growth,
or for trees with greater N concentrations in plant tissues. Nitrogen demand is
summed for all trees on the plot, and total demand is compared against N avail-
ability as calculated by a soil sub-model. If demand is greater than availability, a
factor is calculated by dividing availability by summed demand. This factor is then
multiplied by N demand for each tree and used to calculate realized N uptake by
each tree. As implemented in HYBRID, such an algorithm considers all plants on
the plot to be equal relative competitors for N, but unequal absolute competitors
for N. Between trees with similar tissue N concentrations, this algorithm creates
a positive feedback between size and nutrient uptake. This feedback allows larger
trees to suppress the growth of smaller trees which is, in fact, a realistic facet of
plant competition.

While soil N availability is a major determinant of plant competition and
productivity, soil N availability is itself strongly controlled by the amount and
chemistry of decomposing litter. The fundamental relationships among litter chem-
istry, decomposition, and nutrient cycling have been reported extensively, and
indeed rates of decay and net N release to available soil pools have been related
to the initial concentration of N and lignin in litter (Melillo et al., 1982; Aber et al.,
1990). The central role of litter C and N chemistry in litter decomposition suggests
that changes in the litter quality, whether such changes occur due to shifts in species
composition or in direct response to global change, could lead to altered rates of
decomposition and altered soil N availability (reviewed by Peñuelas and Estiarte,
1998).

Individual species clearly differ in litter chemistry, and such differences are
important to decomposition and soil N availability. Tree species appear to associate
with particular regimes of nutrient availability, reflected in turn by litter quality;
for example, species adapted to low fertility soils often have litter characterized
by high lignin and low N concentrations. Relationships like these have been inter-
preted as species responses to abiotic factors (Reich et al., 1997) or alternatively
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as plant-soil feedbacks in nutrient availability mediated by litter quality (Hobbie,
1992; Ferrari, 1999). An intermediate interpretation would be that nutrient cycles
are constrained by abiotic factors, but that the species occupying a site can perpetu-
ate high or low soil availability of N through interactions between litter production,
litter chemistry, and rates of decomposition.

There is evidence that because of these species-specific differences in litter
quality, marked shifts in species composition due to climate change will likely be
amplified by a feedback through the N cycle over what might otherwise be expected
from considering the direct effects of climate change on growth processes alone.
Post and Pastor (1996) used the gap model LINKAGES to simulate the impact of
warming on the nutrient dynamics of mesic forests in northeastern Minnesota and
observed that the present-day mixed spruce-fir/northern-hardwood forest would be
replaced in a future warmer climate by a more productive northern hardwood forest
(Figure 2). The higher N and lower lignin content of litter typical of northern-
hardwoods like sugar maple were shown to enhance soil N availability which
amplified the effect of warming on productivity (Figure 2a). Conversely, forests
growing on drier, sandy soils responded to warming differently. Under conditions
of a warming climate, the simulated mixed spruce-fir/northern-hardwood forest
was replaced by a stunted pine-oak forest with productivity rates more typical of
savannas (Figure 2b). This response was explained by higher lignin and lower
N concentration of oak and pine litter that ultimately reduced decomposition, N
mineralization, and overall N availability (Post and Pastor, 1996). These examples
clearly indicate that if climate change alters species composition, then positive
and negative feedbacks on forest productivity as mediated through the N cycle
are possible.

Interactions among decomposition, N availability, and species composition such
as those described above for LINKAGES would not be possible in gap models
without a representation of below-ground processes. The question of including
multiple soil layers in gap models (see Section 3; Multi-layer Soil Models and
Water Availability) will also need to be considered in terms of biogeochemical
processes. There is a tradeoff between increased mechanistic realism, at a price of
greater parameterization (assuming the necessary below-ground data are available),
and the need for additional fine-scale assumptions. Arguing in favor of multiple soil
layers is the fact that N turnover could be represented more realistically, because N
turnover rates are much greater in upper soil horizons. Responsiveness to aspects of
global change could then be captured more realistically, because biogeochemistry
in the forest floor is sensitive to changes in litter quality or N deposition compared
with mineral soils alone or with whole soils (Currie, 1999). However, the algorithm
described earlier (e.g., HYBRID) for modeling plant competition for soil N, though
simple in one soil layer, becomes quite complex in a multi-layered soil. Plant de-
mand would need to be partitioned between soil layers or other assumptions made
concerning differential competition among plant roots for nutrients in different
soil layers. In other words, the inclusion of below-ground competition for avail-
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able nutrients in multiple soil layers would require the introduction of additional
hypothetical formulations for which, unfortunately, few data are available.

Finally, relatively little is known about the effects of elevated CO2 concentra-
tion, temperature, and N deposition on litter chemistry. It was widely believed that
growth of plants at high CO2 will lead to reduced N concentration of leaf litter and
that this would have significant consequences for N cycling. Rastetter et al. (1991)
concluded from simulations with an ecosystem model that interactions between the
C and N cycles provided a negative feedback in both arctic tundra and temperate
forests exposed to atmospheric CO2 enrichment. A critical assumption of these
simulated results was that the growth of plants at elevated CO2 produced litter
with a C-to-N ratio higher than that of ambient-grown plants, which subsequently
reduced N mineralization in the soil and decreased the amount of N available for
plant uptake. Recent analyses, however, suggest that while a lower N concentration
of green leaves is a rather consistent response to elevated CO2 concentration, this
reduction is not always seen in leaf litter (Norby and Cotrufo, 1998). Gap models
that include an adequate representation of N cycling and appropriate interactions
with the C cycle would prove useful for evaluating the significance of this litter
quality assumption at the ecosystem scale. In this regard, a sensitivity analysis with
gap models would be useful for determining if additional field data or experiments
are needed to resolve whether a CO2-induced impact on litter chemistry (if any)
would be important to decomposition, nutrient cycling, productivity, and ultimately
to forest succession.

5. Biomass Allocation to Roots

Biomass allocation between roots and shoots (often expressed as root/shoot ratio)
is one of the most important processes regulating plant growth. It is a process that
has largely been ignored in many traditional gap models, although allocation is
beginning to be included in physiology-based models such as an early version of
HYBRID (Friend et al., 1993), where below-ground allocation of biomass was
described as a fixed ratio between foliage and fine root C mass. In other gap
models, as in 4C (Bugmann et al., 1997) and FIRE-BGC (Keane et al., 1996),
dynamic allocation schemes are based on principles such as the pipe model theory,
the functional balance between root and leaf activity, and mass balance approaches
(see Bugmann, 2001). Nonetheless, the consequences of below-ground allocation
for water uptake and nutrient acquisition, and the need for such detail in gap models
cannot be over-emphasized (Norby et al., 2001). Hurtt et al. (1998) recently argued
that our ability to model long-term plant performance continues to be limited by our
inability to model plant resource allocation. Allocation of biomass is known to in-
fluence rates of plant productivity, the biophysical properties of vegetative canopies
that have direct relevance to plant-climate interactions, and competition among
species for above- and below-ground resources, and thus for forest succession.
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Given that allocation of biomass to above- and below-ground organs is im-
portant, three important questions arise; 1) how does one model such a dynamic
process, 2) what data sets are available from which to quantify this process and
the apparent sensitivity of below-ground biomass allocation to environmental vari-
ables, and 3) what additional experimental studies are required in order to better
understand the fundamental mechanisms controlling above- and below-ground al-
location. Clearly the experimental and modeling communities have struggled with
these questions for years. As indicated earlier, allocation in some gap models has
been described using a functional balance approach (see Bugmann, 2001). This
model of allocation, developed by Brouwer (1962), proposes that in a given en-
vironment, total root function (e.g., water or nutrient uptake) should be balanced
by total shoot function (e.g., canopy C gain). The functional balance approach
was implemented by Thornley (1972) to describe above- and below-ground allo-
cation of photosynthate during vegetative plant growth. Various versions of the
functional balance concept have been integrated into crop and forest growth mod-
els. However, recent quantitative tests have indicated that the functional balance
model cannot explain CO2-induced changes in allocation (Luo et al., 1994), thus
raising doubts as to whether this model can adequately represent allocation in a
future, higher CO2 world. Fortunately, there are other concepts and/or models that
can be used to predict biomass allocation, including resource balance (Field et
al., 1992), N productivity (Ågren, 1985; Ågren and Ingestad, 1987), source-sink
regulation (Stitt, 1991), optimality (Hilbert, 1990), growth/photosynthesis balance
(Luo et al., 1994), and coordination (Reynolds and Chen, 1996). None of these
allocation schemes, however, have so far been implemented in either traditional or
physiology-based gap models.

In order to preserve the simplicity of gap models, simple but effective biomass
allocation modules are needed. Although fixed coefficients or allometric relation-
ships are used in existing gap models to link below-ground biomass allocation to
either tree diameter or leaf area, future models must be dynamic in that allocation
above- and below-ground should be responsive to environmental variables like wa-
ter, nitrogen, and light. Such an approach would ensure that appropriate above- and
below-ground interactions are represented. Simple phenomenological approaches
like the one implemented in a global carbon model by Friedlingstein et al. (1998)
should be derived from empirical data at the patch scale. These concepts could
then be incorporated in gap models. Such an approach would only make sense,
however, if roots served an explicit function in gap models (other than detracting
from above-ground biomass) such as water and/or nutrient uptake. For example,
assuming that the role of roots in water uptake was appropriately modeled, e.g.,
using a scheme similar to the one by Friedlingstein et al. (1998), water-limited
conditions would promote carbon allocation to roots, which would serve to mini-
mize water deficits through enhanced root development and greater water uptake.
Such a positive feedback is in broad agreement with experimental evidence. We
note, however, that not all modeling schemes reflect this dynamic response of
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below-ground carbon allocation to drought. For example, gap models that estimate
allocation of carbon to roots based on fixed coefficients or allometric equations
applied to stem diameter predict a response opposite to the one described above;
that is, soil resource limitations that negatively impact above-ground productivity
also negatively impact below-ground allocation of biomass.

Physiology-based gap models could take advantage of the simple Friedlingstein
et al. (1998) allocation scheme, but because of their presumed ability to handle ad-
ditional levels of complexity, mechanistic models of forest succession might better
implement one of the more advanced allocation schemes. Of the more detailed
allocation models available, the N productivity method, either alone or in combi-
nation with other approaches, may be the simplest to implement (Ågren, 1985). In
order to predict the effects of elevated CO2 on biomass allocation, Luo et al. (1994)
combined the N productivity scheme with growth observations and derived a sim-
ple equation that represented what they termed the growth/photosynthesis balance.
Using this equation, these authors were successful in predicting the ratio of root to
total plant dry mass (i.e., root fraction) from the sensitivity of photosynthesis and
relative growth rate to elevated CO2 concentration. Implementing other allocation
schemes (e.g., source-sink, optimality, etc.) in gap models would require a number
of parameters that are much more difficult to obtain, including specific root and
shoot activities and detailed physiology of C assimilation and respiration.

In evaluating the various carbon allocation schemes that one might consider
implementing in gap models, it becomes evident that the data requirements of these
models are high. As a result, a combination of data compilation and experimental
studies are needed in order to provide the fundamental knowledge that will enable
biomass allocation above- and below-ground to be represented in physiology-based
gap models. At a minimum, two types of data activities will be required to facilitate
the incorporation of biomass allocation schemes into gap models. First, data sets
that quantify root and shoot biomass, and root-to-shoot ratios, should be compiled
for various size classes of trees (e.g., seedlings and mature trees). These data should
come from plants grown under field conditions and exposed to prevailing soil wa-
ter, nutrients, and climate. Norby et al. (2001) noted that large databases are likely
to be available on the independent and interactive effects of environment variables
on growth and physiology of herbaceous plants and tree seedlings (e.g., greenhouse
and growth chamber studies). However, it was emphasized that factorial experi-
ments designed to investigate the interactive effects of elevated temperature, rising
ozone, altered patterns of precipitation, and increased nitrogen deposition are prac-
tically nonexistent for mature trees. Conducting such studies and interpreting the
results in a modeling context will be a challenge for plant scientists. Secondly, al-
though root-to-shoot ratios may be a relative measure of biomass allocation above-
and below-ground, we recognize that that these simple indices do not reveal much
about the mechanisms that regulate biomass allocation. To test the functional bal-
ance concept, for example, specific activities of shoots and roots (i.e., mass-based,
whole-shoot photosynthetic rate and whole-root nutrient or water uptake rates) and
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root and shoot biomass should be simultaneously measured. Detailed studies such
as these will likely be confined to the laboratory or greenhouse. To our knowledge,
no single experiment has been undertaken to measure these components in order to
test the functional balance concept under elevated CO2 concentration, either alone
or in combination with temperature. Studies like these should be given priority as
the relative direction of biomass allocation above- and below-ground is likely to
impact plant productivity and response to a changing climate.

6. Below-Ground Storage of Carbon and Nutrients

Gap models are increasingly including disturbance regimes that are known to in-
fluence species composition and patterns of forest succession. As a result, it will
become increasingly necessary to consider whether below-ground processes might
also impact the recovery of a given species from a natural disturbance. For example,
large roots act as storage organs for nutrients in many tree species. These roots
can survive disturbances in some species, and new stems grow from buds along
roots. Species vary in the degree to which they are able to grow root sprouts and
in the stimulation needed to induce sprouting (Oliver and Larson, 1996). Com-
pared to species with high growth rates and nutrient demand, species adapted to
low resource supply accumulate larger storage of carbohydrates and nutrients, and
may have an advantage for sprouting and growth of new leaves after disturbances.
Therefore, the benefit of storage should be measured in terms of fitness and this
should incorporate probabilities of survival and reproduction over the life of the
individual (Chapin et al., 1990).

Traditional gap models include ‘sprouting’ as one means of introducing new
individuals into an existing tree population. How many sprouts are introduced de-
pends on whether adequate radiation is available at the forest floor, whether a tree
of a given species died in the preceding year and a stump is, therefore, available,
and the average number of sprouts for the species in question. For example, in the
model LINKAGES, 59 out of 72 tree species have the potential to initiate sprouts,
with some species (e.g., red maple, aspen, pin cherry) capable of initiating multiple
sprouts per stump. The actual number of sprouts initiated in the model is modified
by the light, degree day, and soil water growth multipliers. Nonetheless, the concept
of sprouting as a regeneration mechanism means that species capable of prolific
sprouting (e.g., early-succession species) are at a distinct advantage in terms of
occupying a site following a disturbance. For this reason alone, it is important that
sprouting be incorporated into gap models (Price et al, 2001).

Under conditions of elevated atmospheric CO2 and altered climate, below-
ground storage of C and nutrients will likely affect and be affected by biogeochemi-
cal changes in ecosystems. For example, higher CO2 concentrations could increase
C production and allocation to roots as shown in some experiments (Delucia et
al., 1999). Successional responses to altered fire regimes also depend on below-
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ground storage, and studies suggest that nutrient storage is critical for determining
the successional rate of disturbed forests (e.g., Aber and Driscoll, 1997). Thus, with
projected changes in disturbance regimes and below-ground C and nutrient storage
in the future, the interactions between these factors will likely affect successional
dynamics and species composition in forests.

7. Spatial Processes and the Lateral Flow of Water

All gap models assume that the forest floor in a patch is flat. This assumption
simplifies model structure by ignoring runoff from one patch to another. It also, by
definition, eliminates the possibility that microsite differences in soil water content
or nutrient availability will be modeled in a realistic manner. However, a landscape
or catchment is more complex than an isolated patch because spatial considerations
such as lateral flow of water, topography, site aspect, and differences in vegetation
water use are important (Hatton et al., 1992).

Based on existing scenarios of climate change, many regions of the world will
experience higher temperatures and altered rates of precipitation. Higher temper-
atures will directly affect forest ecosystems through effects on plant physiology,
but indirect effects such as higher water demand may have a greater impact on
some water-sensitive forest ecosystems (Stakhiv and Major, 1997). As the water
balance of forest ecosystems becomes increasingly important, assumptions about
lateral flow of water will also become more important. Moreover, the incorporation
of spatially-explicit processes in gap models will provide an opportunity to more
realistically simulate nutrient re-distribution from one patch to another. This will
be particularly important in forests on fragmented landscapes.

At the landscape scale, there are many situations where spatial processes among
patches will play important roles in forest growth and succession. This was shown
by Hatton et al. (1992) who used a spatially-explicit hydroecological landscape
model of water, carbon, and energy balances (Topog-IRM) to simulate the direct
effects of a two-fold increase in CO2 concentration on catchment water yield, soil
moisture status, and tree growth. These authors showed that (among other effects)
the size and duration of ‘wet’ areas within catchments would, due to CO2-induced
reductions in stomatal conductance and transpiration, increase under conditions of
elevated CO2 concentrations. Since mesic areas are critical to maintaining biologi-
cal diversity at the landscape-level, Hatton et al. (1992) concluded that the inclusion
of spatial processes in ecological models would be an important tool for inferring
the impact of global environmental change on species distribution and landscape
biodiversity. Price et al. (2001) similarly recognized how disturbances such as fire,
harvesting, storm damage, and flooding can result in the formation of microsites.
These authors concluded that such areas could be important for determining seed
dispersal, germination, and ultimately forest composition after a disturbance.
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8. Above- and Below-Ground Interactions

Attempts to incorporate more detailed below-ground processes into gap models
will need to take into account the multiple interactions that arise when dealing with
plants and soils. Norby et al. (2001) emphasize that many above-ground processes
are influenced by soil resource availability and that to understand inter- and intra-
specific competition there is a need to focus on how plants affect local conditions
through water and nutrient uptake. This concept is implied by the illustrations that
we have used: soil moisture influences seed germination and seedling mortality;
root distribution within the soil profile impacts competition among species and/or
size classes for water and nutrients, with implications for above-ground productiv-
ity; and soil resource availability influences carbon allocation below-ground, which
in turn has the potential to alter forest growth. Not only are many of these interac-
tions important to above-ground productivity, but they also have direct implications
for mortality and regeneration (Keane et al., 2001; Price et al., 2001).

The incorporation of below-ground detail into traditional and physiology-based
gap models will require that increased attention also be given to the above- and
below-ground interactions that occur at the ecosystem level. Many times, these
interactions lead to an equilibrium between the available resources and the potential
use of this resource, as can be observed in the interaction between simulated leaf
area index (LAI) and water availability in biogeochemical models (Running and
Coughlan, 1988; Running and Gower, 1991). The link between water availabil-
ity and LAI illustrates the concept of hydroecological equilibrium in the natural
soil-vegetation system (Eagleson, 1982; Hatton et al., 1997). This equilibrium
highlights not only the limitation of forest productivity on dry sites, but also the
feedback of a decreasing leaf biomass in order to limit, in the following year,
transpirational water losses. Because of this, spatio-temporal variations in LAI are
observed that correspond to different microclimates and soil water availabilities
(Running, 1984). For example, due to increased water availability, valley bottoms
and north facing slopes have a higher LAI than do ridge tops. Moreover, the
inter-annual variations of LAI in Mediterranean landscapes illustrate the constant
adjustment of foliage leaf area to site water availability. These adjustments effec-
tively constrain transpiration in the following year. The same kind of equilibrium
can be observed in areas of low nutrient availability where the balance between
LAI, litter fall, and litter decomposition can be a factor limiting forest productivity.
As with water availability, both litter fall and litter decomposition are related to
the current climate (Couteaux et al., 1995). Therefore, changes in below-ground
processes and their interaction with above-ground processes at the ecosystem scale
should be taken into account when considering potential feedbacks in relation to
climate change.
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9. Model Validation and Data Needs

Our discussion to this point has focused on a limited suite of below-ground
processes that we feel are likely candidates for incorporation into gap models. We
have indicated why these processes are important at the plant and ecosystem scale,
and have suggested ways in which they could be represented in traditional and
physiology-based models of forest succession. It is recognized, however, that in
dealing with the species-specific nature of gap models, few data sets are available
for model parameterization and validation. Such a deficiency is a concern not only
as it relates to the incorporation of below-ground processes into gap models, but
also as applied to questions that address above-ground processes, regeneration, and
mortality (Keane et al., 2001; Norby et al., 2001; Price et al, 2001). Not surpris-
ingly, this lack of appropriate data sets for model parameterization and validation
has been a source of considerable frustration, as evidenced by the statements of
Rastetter (1996):

Although the prospect for testing (ecosystem) models is grim, these models
are likely to remain a vital part of any evaluation of the responses to changes
in global climate and carbon dioxide because the alternatives are worse. It
would be fool hardy to plunge blindly into the future without some attempt to
evaluate the global consequences of human activities.

While the sentiments expressed by Rastetter (1996) are understandable, Aber
(1997) argues that ecology is a data-rich field and that there are very few areas
of ecology for which no validation data exist. Regarding the incorporation of
below-ground processes in gap models, relevant data sets are beginning to emerge
especially as they relate to maximum rooting depth of vegetation (Canadell et al.,
1996), root distribution within soil profiles (Jackson et al., 1996), and fine root
biomass, surface area, and nutrient contents (Jackson et al., 1997). Such data sets
may prove useful for model development, but probably more so for establishing
general patterns of response rather than for species-specific parameterizations of
gap models.

Even under circumstances where validation data sets are not readily available,
independent experimental results can often be found for comparison against inter-
mediate variables predicted by the model (Aber, 1997). The addition of increased
physiological detail to gap models may be one way of more easily validating in-
termediate output from the models without focusing solely on the end product of
the simulation such as total biomass, species composition and/or stems per hectare.
Norby et al. (2001) indicated that the fast time scale of more mechanistic gap mod-
els opens up the potential for comparing predictions of carbon and water fluxes to
data from the expanding network of eddy covariance towers (e.g., AmeriFlux). For
example, this was an important motivating force behind modifying LINKAGES
from a monthly to a daily time-step model and in efforts to improve the mech-
anistic detail with which transpiration and soil water extraction were described
(Wullschleger, unpublished results). Having incorporated such changes into LINK-
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AGES there is increased confidence that model calculations of soil water content,
seasonal patterns of drought, and ‘drought days’ (if any) are represented in a tem-
porally resolved manner. One should realize, however, that a simple validation of
intermediate model output against short-term data does not necessarily imply that
long-term processes like nutrient cycling, leaf area index, and feedbacks to species
composition and forest dynamics are being reliably predicted (Rastetter, 1996).

Finally, gap models have historically been used for site-specific and regional
predictions of forest productivity, and more recently to simulate forest response
to climatic change (Shugart et al., 1992; Shugart and Smith, 1996). In this ca-
pacity, the focus has been on evaluating climate-induced changes in total biomass
and species composition. Less emphasis, however, has been placed on whether
gap models can help identify specific plant and soil processes that govern forest
structure and composition, and therein, contribute to the improved design of field
experiments and monitoring studies (Price et al., 2001). Friend et al. (1997) touched
on this when they concluded that the development of mechanistic gap models ‘can
highlight key areas of plant physiology, soil dynamics, and overall ecosystem be-
havior where our knowledge needs to be increased through experimental work’.
A sensitivity analysis where individual model parameters are changed by some
percentage (e.g., 10%) and subsequent changes in various output variables are
quantified would be one way in which gap models could provide useful insights on
the below-ground processes that influence forest productivity. Friend et al. (1997)
completed a sensitivity analysis for HYBRID and, from a list of 76 model parame-
ters, concluded that phenology, photosynthesis, and foliage/fine root carbon and
nitrogen partitioning were among the more important determinants of ecosystem
carbon balance. Such an approach is valuable in terms of identifying gaps in our
knowledge and for highlighting areas where additional field experiments may be
needed. These authors noted, however, that the results of a sensitivity analysis must
be viewed in the context of the particular climate used, and therefore cautioned that
the ranking of important model parameters might change under a future climate
scenario. This cautionary note provides yet another reason for why model devel-
opment and field studies should be closely linked as we address issues of forest
response to global change.

10. Conclusions and Recommendations

The historic omission of below-ground processes in gap models was partly a conse-
quence of the goals and interests of the developers of the models. In addition, there
was – and to a large extent remains – a lack of sufficient data on below-ground
processes and species-specific differences for model initialization, validation, and
performance testing of the models (Oja and Arp, 1996). This lack of information
poses a serious obstacle to incorporating below-ground processes in gap models
and thereby threatens our goal of better understanding how forest productivity
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and succession will be impacted by future changes in climate. Fortunately, novel
measurement techniques for determining the spatial distribution of roots in soil
(Hruska et al., 1999; Linder et al., 2000), large-scale field experiments, and data
compilation activities (Canadell et al., 1996; Jackson et al., 1996) are beginning to
yield information that in the near future will enable the improved representation of
below-ground processes in models of various categories. In terms of gap models,
there is now a tendency to replace the earlier, simple formulations of growth (Norby
et al., 2001), mortality (Keane et al., 2001), and regeneration (Price et al., 2001)
with increasingly detailed and mechanistic approaches, and it is generally recog-
nized that below-ground processes not represented in earlier models should now be
included. In this paper, we have tried to highlight likely areas where existing gap
models could be improved by adding either new below-ground processes, thereby
expanding the predictive capabilities of this class of models, or including improved
spatial and/or temporal treatment of existing processes. Foremost among the ideas
presented for gap model improvement, we believe that immediate gains in how in-
dividual species are represented can be realized by 1) replacing single-layered soils
with multiple soil layers, 2) allowing seedling, sapling, and mature tree roots to
occupy distinct soil layers and, thus, have differential access to soil water resources,
and 3) describing seed germination and/or regeneration as a function of surface soil
characteristics (e.g., temperature and/or soil water potential). These improvements
will require modest model revision and a survey of published data and ongoing
field experiments. Appropriate methodologies are available to initially guide such
additions to gap models. More effort will be required, however, as modelers strive
to add detail to how biomass is dynamically allocated to roots versus shoots in
gap models, and how biomass allocation to roots influences water and nutrient
acquisition. Few of the allocation schemes discussed earlier lend themselves to
easy incorporation into gap models, and there will need to be close coordination
between modelers and experimentalists to decide what information is required in
order to successfully add this level of complexity. The same can be said for adding
water and nutrient uptake characteristics to roots, and for adding spatially-explicit
detail to the distribution of water and nutrients within the soil profile.

Finally, as below-ground detail is added to gap models, there will be a grow-
ing need to evaluate the significance of alternative formulations in terms of the
simulated forest dynamics and, ultimately, the predictive power of gap models
(Bugmann et al., 1996; cf. Badeck et al., 2001; Shao et al., 2001; Bugmann et
al., 2001). The inclusion of key below-ground processes, particularly competition
among size classes for water and biomass allocation schemes, may ultimately
improve model behavior, but such detail will come at the price of increased
parameterization efforts and increased model complexity.
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