m» Articles

Optimal Function Explains Forest
Responses to Global Change

RODERICK C. DEWAR, OSKAR FRANKLIN, ANNIKKI MAKELA, ROSS E. McMURTRIE, AND HARRY T. VALENTINE

Plant responses to global changes in carbon dioxide (CO,), nitrogen, and water availability are critical to future atmospheric CO, concentrations,
hydrology, and hence climate. Our understanding of those responses is incomplete, however. Multiple-resource manipulation experiments and
empirical observations have revealed a diversity of responses, as well as some consistent patterns. But vegetation models—currently dominated by
complex numerical simulation models—have yet to achieve a consensus among their predicted responses, let alone offer a coherent explanation of
the observed ones. Here we propose an alternative approach based on relatively simple optimization models (OMs). We highlight the results of three
recent forest OMs, which together explain a remarkable range of observed forest responses to altered resource availability. We conclude that OMs
now offer a simple yet powerful approach to predicting the responses of forests—and, potentially, other plant types—to global change. We
recommend ways in which OMs could be developed further in this direction.
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errestrial ecosystems continue to be subjected to

major human-induced perturbations in their supply of
three essential resources: (1) global mean atmospheric carbon
dioxide concentration ([CO,]; the square brackets denote
concentration) increased during 1995-2005 by 1.9 parts per
million per year (IPCC 2007); (2) over Western Europe and
the United States, rates of total (wet and dry) nitrogen (N)
deposition of up to 1.5 grams N per square meter (m?) per
year have been estimated for the period 1990-1993 (Holland
et al. 2005, Magnani et al. 2007); and (3) according to the
Intergovernmental Panel on Climate Change (IPCC 2007),
human influences have “more likely than not” altered re-
gional patterns of precipitation, with increases of both the area
affected by drought since the 1970s and the frequency of
heavy precipitation events.

In turn, future [CO, ], hydrology, and hence climate change
will depend on how net CO, uptake and water use by ter-
restrial ecosystems respond to these perturbations. However,
some outstanding questions limit our ability to predict those
responses. To what extent is the stimulation of plant growth
by rising [CO, ] limited by soil nutrient and water availabil-
ity, and on what timescales? Will atmospheric N deposition
alleviate soil N constraints on the CO, stimulation of plant
growth? Do plants use water more efficiently at elevated
[CO,]? If so, will this lead to less water use by ecosystems, or

will greater water-use efficiency be offset by enhanced leaf-area
development? Ultimately, these questions challenge our fun-
damental understanding of how plants and ecosystems
operate under multiple resource constraints, and how they
respond when those constraints are perturbed.

The physiology of photosynthesis, nutrient acquisition,
water uptake, and transpiration are each reasonably well
understood. It is the balance among these processes, and
how that balance shifts when resource availability changes, that
is the real unknown. Data from CO, enrichment experi-
ments and other empirical studies have provided important
clues here.

First, the data reveal strong CO,-N and CO,-H,O (water)
interactions. In Free-Air CO, Enrichment (FACE) and open-
top chamber experiments, N limitation and N fertilization
have been shown to reduce and enhance, respectively, the CO,
stimulation of growth across a wide range of plant types
(e.g., Wand et al. 1999, Oren et al. 2001, Nowak et al. 2004,
Reich et al. 2006a). Regulation of plant growth by N is also
apparent at ecosystem scales; net CO, uptake by European
forests may be correlated with regional N deposition (Mag-
nani et al. 2007). In contrast to these CO,-N interactions,
water limitation has been shown to increase the percentage
response of plant growth to elevated [CO,] (e.g., Morgan et
al. 2004).
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Second, these whole-system responses to changing
resource availability can be understood from experiments
focusing on the responses of some key underlying processes
and plant functional traits. Those responses act on a variety
of timescales and include the direct positive response of pho-
tosynthesis to elevated [CO,] (“instantaneous”), subsequent
physiological acclimation such as changes in leaf stomatal con-
ductance and leaf N concentration ([N]) (“short-term”—i.e.,
less than 1 year), adaptive shifts in the allocation of plant pro-
ductivity between different plant organs (“intermediate
term”—1 to 10 years), and, potentially, changes in soil N
availability (“long-term”—10 to 1000 years).

On short timescales, both stomatal conductance and leaf
[N] are consistently reduced under elevated [CO,] (e.g.,
Ainsworth and Long 2005, Ainsworth and Rogers 2007). At
intermediate timescales, increased fine-root production and
plant N uptake at elevated [CO,] have been reported (e.g.,
Norby et al. 2006, Finzi et al. 2007). A meta-analysis of allo-
cation patterns in forest ecosystems revealed that increased
nutrient availability leads to little change in the fraction of pho-
tosynthesis partitioned to foliage production, whereas the
fraction partitioned to wood production increases and that
to belowground pools decreases (Litton et al. 2007). On
longer timescales, it has been proposed that soil N availabil-
ity will decrease under elevated [CO, ] as a result of increased
N immobilization in plant litter, biomass, and soil organic mat-
ter (Luo et al. 2004). However, the evidence for responses in
microbial activity or N mineralization under elevated [CO,]
remains mixed (e.g., Zak et al. 2003, Barnard et al. 2004,
Reich et al. 2006a, 2006b).

Models of plant and ecosystem function can play a key role
both conceptually, in making sense of the diverse responses
observed in multiple-resource manipulation experiments,
and practically, as components of global-scale models pre-
dicting future [CO, ], hydrology, and climate. However, we
would argue that modeling in this area—currently domi-
nated by complex numerical simulation models—has reached
something of a crossroads. In this article we propose an
alternative approach based on relatively simple optimization
models (OMs). Although OMs have been studied for a num-
ber of years (e.g., Givnish 1986, Mikeli et al. 2002), it is only
recently that their ability to predict and synthesize a wide range
of plant responses to global change has begun to emerge, from
comparisons with a growing body of data from FACE
experiments and other empirical studies.

Plant and ecosystem modeling at a crossroads

Modeling in terrestrial ecology is dominated by complex
numerical simulation models that represent explicitly the
many physical, successional, and biogeochemical processes
governing plant and ecosystem function. To an extent, this
approach has been driven by a demand from the global
change research community for land-surface models that
operate over a wide range of vegetation types, environments,
and timescales. Concurrently, advances in computer speed and
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memory have relaxed the computational constraints on
model complexity.

Complex models introduce plausible assumptions about
each process for each plant type, requiring typically hun-
dreds of parameters to be specified, few of which are identi-
fiable from available data (e.g., Wang et al. 2001). These
processes are then coupled together in various ways, often
without considering simplifying principles that govern the bal-
ance between individual processes (but see, e.g., Sitch et al.
2003). And crucially, when used to simulate the plant func-
tional responses to elevated [CO,] mentioned above, complex
models—despite their focus on process detail—often fail to
represent those responses mechanistically, if at all. For example,
the biogeochemical-cycling model G DAY (Comins and
McMurtrie 1993) predicts reduced leaf [N] at elevated [CO, ]
as a consequence of reduced soil N availability (“progressive
N limitation”; Luo et al. 2004 ), which, in the short term, is the
correct response but the wrong mechanism. Reduced stom-
atal conductance is incorporated in some complex models by
assuming a fixed percentage decline or an increase in water-
use efficiency (i.e., growth per unit transpiration) (e.g.,
Pepper et al. 2007). Shifts in growth allocation are either
overlooked or imposed by assuming fixed percentage changes.
Longer-term changes in soil N availability are omitted
completely from several models in the IPCC Fourth Assessment
Report (IPCC 2007; see, e.g., Cramer et al. 2001, Friedlingstein
et al. 2006).

Unsurprisingly, therefore, uncertainties in model param-
eter values, differences among model structures, and the
nonmechanistic treatment or omission of key acclimation
processes have led to a great divergence in the predicted re-
sponses of complex vegetation models to elevated [CO,]
(e.g., Cramer et al. 2001), to N enrichment (e.g., Levy et al.
2004), and to combined changes in [CO, ], precipitation, and
temperature (e.g., Luo et al. 2008). This situation makes it dif-
ficult to establish a theoretical consensus on plant responses
to global change. An alternative approach is called for.

Optimization modeling: An alternative approach

Theories of optimal plant function offer an alternative
approach to modeling in plant ecology (e.g., Givnish 1986, Kull
2002, Mikeld et al. 2002). OMs identify an apparent goal or
objective function F that is maximized with respect to one or
more plant functional traits £ The maximization of F is
usually subjected to one or more physiological or environ-
mental constraints C. The advantage of this approach is that
it avoids the need for an explicit submodel for f with its
attendant parameters; instead, fis simply determined by the
optimality condition that F is stationary with respect to vari-
ations in f permitted by the constraints C.

The optimization approach has been used to predict a va-
riety of functional traits, including stomatal conductance
(e.g., Cowan and Farquhar 1977), leaf and canopy N content
(e.g., Dewar 1996, Haxeltine and Prentice 1996), shoot to
root biomass ratio (e.g., Reynolds and Thornley 1982), N
allocation within canopies (e.g., Field 1983), allocation
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between height and diameter growth in trees (Mikeld and
Sievdnen 1992), and leaf area index (e.g., McMurtrie 1985,
Franklin and Agren 2002). OMs incorporating multiple re-
source constraints have also been developed (e.g., Farquhar
et al. 2002, Wright et al. 2003).

However, the optimization approach comes with its own
set of contentious issues. Three key issues of principle are (1)
What do plants maximize? Often F is proposed as a proxy for
individual fitness—such as shoot or canopy photosynthesis,
canopy photosynthesis minus plant respiration, or canopy
photosynthesis minus plant respiration and foliage produc-
tion (e.g., Dewar 1996, Dewar et al. 1998, Ackerly 1999,
Hikosaka 2003, Anten 2005)—although the link with indi-
vidual fitness is seldom quantified, and usually only a verbal
justification of Fis offered. (2) On what timescale T does trait
fadjust to a new optimum when the environment changes?
(3) Why should one even expect that a trait f that has opti-
mally adapted to a given environment will behave optimally
in a new atypical environment? These theoretical issues
remain largely unresolved today.

Perhaps partly as a result of this situation, OMs—although
recognized and applied in terrestrial ecology for more than
30 years—remain relatively underexploited by the global
change research community as components of land-surface
models. Nevertheless, “maximization of objective function F
with respect to traits f subject to constraints C” constitutes a
well-defined scientific hypothesis H(E, f, C), and its predic-
tions can be experimentally tested. So, rather than stalling on
those unresolved theoretical issues, perhaps we should sim-
ply go ahead and see whether the optimization approach
actually works as a predictive tool in global change research.

mmm— Articles

In the following two sections we highlight three recent
forest OMs (McMurtrie et al. 2008, Franklin 2007, Mikel4 et
al. 2008—hereafter models 1, 2, and 3, respectively) and their
ability to predict and synthesize observed forest responses to
changing resource availability. The main point we wish to
demonstrate is that OMs have matured sufficiently to make
quantitatively reasonable stand-level predictions of those re-
sponses, and could thus make a greater contribution to global
change research than they have done until now. Then, in the
final section, we identify future challenges for OMs and rec-
ommend ways in which they might be developed and applied
as tools for global change research more generally, without ex-
cluding other modeling approaches.

Three forest optimization models
The three OMs (table 1, figure 1) predict the behavior of
monospecific forests at the canopy scale. The models treat the
canopy as a homogeneous “big leaf”; in predicting canopy
photosynthesis, the big leaf approach has been shown to
work as well as more detailed models that resolve individual
tree crowns (e.g., Duursma and Mikeld 2007). Respiration and
growth processes are also represented. The models take soil
nutrient availability as a given quantity and describe its effect
on forest function; they do not include the feedback effect of
forest function on soil nutrient availability through tree
litter production and soil decomposition processes. Their
extension to multispecies forests (e.g., Kull 2002), to tree-soil
feedbacks (e.g., Comins and McMurtrie 1993), and to other
plant types are areas for future research, which we include in
our recommendations at the end of this article.

A full description of each model is given in the original
articles (McMurtrie et al. 2008, Franklin 2007, Mikeli et al.

Table 1. Key features of the three optimization models.

Model 1 Model 2 Model 3
Feature (McMurtrie et al. 2008) (Franklin 2007) (Makela et al. 2008)
Applicability Deciduous forest Expanding and closed-canopy forest Closed-canopy, steady-state forest

Objective function F Gross primary productivity

(GPR equation 1)
Optimized traits f Stomatal conductance (g,)
Leaf area index (L)
Foliage N concentration ([N])
Constraints C Steady-state water and above-
ground N balance

Fixed rainfall and N flux to above-

ground pools
Timescale Annual

Physiology LUE saturates with g_ and [N];

APAR saturates with L
Respiration proportional to GPP

Benefits versus costs High LUE versus low APAR

Net growth rate
(G, equation 2)

Leaf area index (L)
Canopy nitrogen (N) content (N,)

Fixed leaf to sapwood to fine-root N
content ratios
Fixed N, (for optimal L)

Annual for L, decadal for N,

GPP saturates with L and N, — n,L

Maintenance respiration proportional to N,

Foliage and fine-root turnover proportional
to N,

APAR versus nonphotosynthetic
canopy N

GPP versus maintenance respiration
and turnover

Net primary productivity
(NPP equation 3)

Foliage biomass (W)
Fine-root biomass (W,)
Foliage N concentration ([N])

Steady-state carbon (C) and N balance
Fixed maximum C uptake and N uptake

Decadal

GPP saturates with [N]; and W,
Maintenance respiration proportional to [N]
N uptake saturates with W,; pipe model

GPP versus maintenance respiration
Foliage versus wood and fine-root
allocation

APAR, canopy-absorbed photsynthetically active radiation; LUE, light-use efficiency = GPP/APAR; 1, nonphotosynthetic leaf N.
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2008). Only the key features are described here (figure 1,
table 1). Each model represents a different optimization
hypothesis H(E f, C). Each model also makes some simpli-
tying physiological assumptions in order to quantify how
the objective function F depends on the functional traits f
(table 1); these can be viewed as a physiological component

Canopy
/ photosynthesis (GPP)
L

S mmmlp- Maintenance

respiration (R;)

‘#1 Leaf area index or
] foliage biomass
L B Canopy [N] or 22
nopy N content
Canopy stomatal Hs
- conductance

i Growth

respiration (R;)

Foliage and fine-root
turnover (T, )

Fine-root "\’ﬁ\_.'
biomass Q

ALY

Figure 1. Boxes (left) indicate the functional traits (f)
optimized by models 1, 2, and 3 (see table 1). Arrows
indicate carbon gains and losses defining the objective
function (F) in each model. Model 1 maximizes canopy
photosynthesis (gross primary productivity, GPP) with
respect to leaf area index, canopy-

average leaf nitrogen concentration a

of C. Although the models do not predict the timescale T over
which trait fis optimized, their use of steady-state resource
balance constraints (see below) implies that T is related to the
equilibration time for key processes in each model. Broadly
speaking, the progression from model 1 to model 2 to model
3 represents a shift in focus from short-term trait responses
(leaf [N], stomatal conductance) to intermediate responses
(leaf area or biomass, fine-root biomass, growth allocation),
although overlap between the models is considerable. As al-
ready mentioned, none of the models predicts long-term
changes in soil N availability.

Figures 2, 3, and 4 illustrate a maximum in the objective
function F as a function of various traits f, for models 1,2, and
3, respectively. Each panel shows plots of F against fat two dif-
ferent resource availabilities ([CO,] in models 1 and 2, soil N
availability in model 3), thus illustrating how the optimal value
of f for maximum F shifts in response to a change in re-
source availability.

Model 1. This model (McMurtrie et al. 2008) applies to a stand
of deciduous trees. The model maximizes canopy photo-
synthesis (also known as gross primary productivity, or GPP)
with respect to three functional traits (figure 1, table 1):
stomatal conductance averaged over the canopy and growing
season (g,), canopy-average foliage N concentration ([N],),and
canopy leaf area index (i.e., m? leaf per m? ground, L). Max-
imizing GPP is reasonable from an evolutionary perspec-
tive, because GPP constitutes the input of chemical free
energy (photosynthate), which, through respiration, drives all

([N]), and canopy-average stomatal
conductance. Model 2 maximizes net
growth rate G = GPP - R -R, - Tf+ .
with respect to leaf area index and
canopy N content. Model 3 maximizes
net primary productivity NPP = GPP
-R,-R, with respect to canopy-
average [N], foliage biomass, and fine-
root biomass. The constraints (C)
under which the objective functions
are maximized are summarized in
table 1. Each model represents an
optimization hypothesis

Gross primary productivity
(kg C per m? per year)

0 T I T T T T \ T T
H(E £, C). 0 01 02 03 0 6 12
Stomatal conductance Leaf area index Leaf nitrogen concentration
(mol per m? per sec) (m? per m?) (mg N per g leaf dry mass)

Figure 2. Model 1 (McMurtrie et al. 2008). Gross primary productivity (GPP, kilograms of carbon per square meter [m?] per
year; equation 1) at carbon dioxide concentrations ([CO,]) of 375 (solid curves) and 550 parts per million (dashed curves) as
a function of (a) stomatal conductance (g, moles per m? per second), (b) leaf area index (L, m’ leaf per m* ground), and (c)
canopy-average leaf nitrogen concentration ([N] I milligrams of N per gram (g) of leaf dry mass), for a stand of sweetgum
with annual N uptake to aboveground pools = 6 g N per m? per year and annual rainfall = 1200 millimeters per year. Given
any one of the three traits g, L, and [N]_, the other two are determined by annual steady-state N and water balance. As
indicated by the dotted vertical lines, increased [CO,] shifts the optimal operating point (g, L, [N] f) for maximum GPP from
(0.124, 5.1, 16.6) to (0.109, 5.8, 14.3); GPP, light-use efficiency (LUE = GPP/APAR), and canopy light absorption (APAR)
increase by 18%, 13%, and 4%, respectively.
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the metabolic processes that contribute to sustainable plant
function and survival.

Two resource supply constraints are imposed: (1) steady-
state, annual aboveground N balance (N allocation to annual
sapwood and foliage production = fixed annual N input to
aboveground tree pools), and (2) steady-state annual water
balance (annual water use by trees = fixed fraction of annual
rainfall). The application of the N balance constraint to
deciduous trees permits the simplifying assumption that
annual foliage production is proportional to the peak L
during the growing season, and implies an optimization
timescale T = 1 year.

GPP is calculated using a canopy photosynthesis model that
was derived by integrating a leaf photosynthesis model ver-
tically through the canopy. The resulting expression for GPP
is a product of two factors:

GPP = LUE x APAR. (1)

Here, APAR denotes the total amount of photosynthetically
active radiation (PAR) absorbed by the canopy, and is a
saturating function of L because of mutual shading by leaves.
LUE (light-use efficiency), a saturating function of g and
[N], encapsulates the interactive CO, X N dependence of
leaf photosynthesis; g, regulates both CO, diffusion into
leaves and canopy transpiration, leading also to a CO, X H,O
interaction.

With annual water use by the canopy fixed, there is a trade-
off between total leaf area (L) and annual transpiration per
unit leaf area (regulated by g ). This translates directly into a
trade-off between APAR and LUE, leading to a maximum in
their product, GPP, at optimal stomatal conductance (figure
2a) and leaf area index (figure 2b). A simultaneous trade-off
between L and [N], arises from the constraint that annual N
input to aboveground tree pools is fixed, leading to a maxi-
mum in GPP at an optimal leaf [N] (figure 2c). The optimal
%o optimal L, and optimal [N].in figure panels 2a, 2b, and 2¢
all correspond to the same operating point because, under the
two resource constraints, only one of the three functional traits
g, L, and [N]; can be varied independently.

Model 2. This model (Franklin 2007) applies to a forest stand
both during the canopy expansion phase and at steady-state
canopy closure (when leaf production matches leaf turnover).
The model maximizes net stand growth rate (G) with respect
to leaf area index (L) during canopy expansion, and with
respect to canopy N content (N_) at steady-state canopy
closure. This implies two distinct optimization timescales,
respectively, of T= 1 year for L and T = 10 years for N..

Net growth rate (G) is defined as net primary productiv-
ity (NPP) minus foliage and fine-root turnover (T, ), where
NPP is defined as GPP minus respiration for tree growth
(Rg) and maintenance (R ) (figure 1, table 1). Of the total pho-
tosynthate flux available for growing new tissue (GPP-R ),
afraction Y (the growth efficiency) ends up in plant structure
(represented by NPP) and a fraction 1 — Y'is respired during
the growth process (represented by R ). Thus, G can be
expressed as a balance equation of the form
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Figure 3. Model 2 (Franklin 2007). (a) Gross primary
productivity (GPP, kilograms carbon per square meter
[m?] per year) as a function of leaf area index (L, m? leaf
per m? ground) at ambient (solid curve) and elevated
(dashed curve) carbon dioxide concentrations ([CO,]),
for a fixed canopy nitrogen (N) content (N_= 7.8 grams
of N per m?) and measured root N: foliage N ratios (f ).
Increased [CO,] was effected in the model by increased
leaf photosynthetic responses to N and light, and
increased f_(Franklin 2007). As indicated by the dotted
vertical lines, the optimal L for maximum GPP increases
from 5.0 to 5.3 under elevated [CO,]; GPP, light-use
efficiency (LUE = GPP/APAR), and canopy light
absorption (APAR) increase by 23%, 22%, and 1%,
respectively. (b) Net growth rate (G, kilograms of carbon
per m? per year; equation 2) as a function of canopy N
content (N, grams N per m?) at ambient [CO,] with f =
0.18 (solid curve) and elevated [CO,] with f_= 0.36
(dashed curve); leaf area index is optimal at each N_as
in (a). As indicated by the dotted vertical lines, the
optimal N_for maximum G decreases from 8.5 to 7.8
grams of N per m? under elevated [CO,].

G=Y(GPP-R )-T,, . (2)
Once foliage and fine roots have reached steady state,
G equates to wood production. The proposed evolutionary
rationale for maximizing G is that tree survival is largely de-
termined by the ability to avoid being overtopped by neigh-
bors (Franklin 2007). Since tree size (height) is an integrated
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measure of wood growth, survival should be closely related
to G.

GPP is derived as a function of N_and APAR by integrat-
ing a leaf photosynthesis model over the canopy (similarly to
model 1). A key assumption here is that a given canopy N con-
tent is distributed within the canopy such that GPP is max-
imized (Franklin and Agren 2002), so already an aspect of
optimal function is introduced. Another key assumption is that
only a part (n,_, —n,) of the total N content of a leaf (n,_ ) is
assumed to be photosynthetically active. Although this last as-
sumption with a fixed n, is not strictly correct at the leaf
biochemical level (Kull 2002), it describes reasonably well the
relationship between leaf photosynthetic capacity and leaf
N for many species. Finally, APAR is a saturating function of
L due to leaf mutual shading (as in model 1). As a result,
GPP is a saturating function of N_—n,L and L (table 1), n L
being the amount of nonphotosynthetic canopy N per unit
ground area. On the cost side of equation 2, R _ is proportional
to N, based on the assumptions that R _ reflects the energy
cost of resynthesising degraded N-rich proteins (e.g., Reich
et al. 2006¢), and that the N contents of foliage, live sap-
wood, and fine roots are in fixed ratios (constraint C). Also
proportional to N_is T, , from the additional assumption
that annual biomass turnover is proportional to live biomass.

Consequently, for a fixed N_ (corresponding to T= 1 year),
GPP (and hence net growth rate, G) has a maximum with
respect to leaf area index L (figure 3a) because the benefit of
increased APAR (a saturating function
of L) is eventually offset by the cost of
increased nonphotosynthetic N (pro-

model maximizes NPP with respect to three functional traits:
canopy-average foliage N concentration ([N])), foliage bio-
mass (W), and fine-root biomass (W) (figure 1, table 1). Live-
wood biomass is determined by assuming that the live-wood
cross-sectional area is proportional to W (the pipe model; Shi-
nozaki et al. 1964) and that stem height is proportional to [N]..
The predicted stem height corresponds to a stand age between
canopy closure and stand senescence. NPP is expressed as
NPP = Y(GPP-R ), (3)
as in model 2. A possible evolutionary rationale for maxi-
mizing NPP derives from the observation that, in closed for-
est stands, the greater the productivity of larger trees, the
faster the self-thinning of the shorter, less productive trees.
Instead of deriving GPP from a leaf-scale model (cf. mod-
els 1 and 2), GPP is formulated at the canopy scale as a sat-
urating function of W, (mimicking the effect of leaf mutual
shading), where the plateau value of this function is itself a
saturating function of [N]. Maintenance respiration (R ) is
proportional to [N]; (similarly to model 2). In contrast to
model 1, where annual N uptake to aboveground pools is fixed,
model 3 assumes that N uptake is a saturating function of fine-
root biomass, with a plateau value that depends on soil N avail-
ability. The steady-state assumption leads to two resource
constraints: steady-state C balance (NPP = litter production,
which includes deactivation of live wood) and steady-state N
balance (N uptake by roots = N losses in litter and seques-
tration in dead wood).

portional to L). Then, as N_ increases
through the canopy-expansion phase,
G eventually attains a maximum (figure
3b) because the benefit of increased GPP
(a saturating function of N) is eventu-
ally offset by the increased costs of R _
and T, _(proportional to N ), at which
point it is assumed no further expansion
occurs (steady-state canopy, corre-
sponding to T = 10 years).

In summary, model 2 applies three
nested optimizations: (1) maximize G

2
p

Net primary productivity
(kg C per m* per year)

o
R

with respect to the distribution of N
within the canopy (L and N, fixed,t<1
year); (2) maximize G with respect to L
(N_fixed, T= 1year); and (3) maximize
G with respect to N_ (T = 10 years). The
first two procedures are equivalent to
maximizing GPP because N_is fixed on
these shorter timescales.

Model 3. This model (Mikeli et al. 2008)
applies to a steady-state, closed-canopy
forest, implying a timescale of T = 10
years. It was developed for sites at which
water is not a limiting resource. The

132 BioScience * February 2009 / Vol. 59 No. 2

T | —

0

9 10 11 12 0.1 0.1 0.2
Leaf nitrogen concentration Foliage biomass Fine-root biomass
(mg N per g leaf dry matter) (kg C per m?) (kg C per m?)

Figure 4. Model 3 (Miikelii et al. 2008). Net primary productivity (NPP; equation 3)
as a function of (a) canopy-average leaf nitrogen concentration ([N] ., milligrams of
N per gram of leaf dry matter), (b) leaf biomass (W, kilograms of carbon [C] per
square meter), and (c) fine-root biomass (W , kilograms of C per square meter), at
soil N availabilities of 20 (solid curves) and 25 (dashed curves) milligrams of N per
gram of fine-root dry matter per year. Given any one of the three traits [N], W,
and W , the other two are determined by annual steady-state C and N balance. As
indicated by the dotted vertical lines, increased soil N availability shifts the optimal
operating point ([N] P Wf, W) for maximum NPP from (10.6, 0.129, 0.115) to
(11.25,0.182, 0.133).
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Under the two resource constraints, only one of the three
functional traits [N], W, and W_can be varied indepen-
dently (figure 4). The maximum NPP with respect to [N], re-
flects the balance between increased GPP (a saturating
function of [N]) and increased R (proportional to [N],), as
in model 2. However, through the N balance constraint, there
is an additional C cost of increasing [N] incurred by greater
investment in fine-root biomass. Moreover, the link between
stem height and [N],, together with the pipe model, implies
that increased [N], (longer pipe) is associated with greater
allocation of NPP to live-wood production. Model 3 optimizes
leaf biomass (W), whereas models 1 and 2 optimize leaf area
index (L). Optimization of L and W, are equivalent if the
ratio WL is fixed, as assumed here.

Predicted responses to changing

resource availability

We now highlight some key forest responses to changing
resource availability predicted by models 1, 2, and 3. These
range from shorter-term trait responses (leaf [N], stomatal
conductance) to longer-term trait responses (leaf area in-
dex, foliage biomass, fine-root biomass, growth allocation).
The two dotted vertical lines in each of figures 2, 3, and 4 in-
dicate how the optimal operating point shifts in response to
a change in resource availability, in models 1, 2, and 3 re-
spectively. Figures 5, 6, and 7 compare the model predic-
tions with observations from FACE experiments and other
empirical studies. Our aim here is to demonstrate how OMs
can explain and predict a wide variety of forest responses over
a range of timescales, and this is reflected in the diversity of
model outputs plotted in figures 5, 6, and 7.

Responses of leaf N concentration (models 1, 2, and 3). In
response to elevated [CO, ], all three models predict a decrease
in the canopy-average leaf N concentration ([N], in models
1 and 3, N /L in model 2), as illustrated in figures 2c, 3a, 3b,
and 6a. This response is consistent with the general trend ob-
served in FACE experiments (e.g., Ainsworth and Long 2005).
Reduced leaf [N] is not detrimental to the GPP of high-CO,
plants because their photosynthesis per unit leaf N is higher.
High-CO, plants can then afford to reduce their leaf [N]
and associated costs, thereby maintaining a higher leaf area.
This fundamental photosynthetic CO, X N interaction is en-
capsulated into the GPP component of all three models, and
explains why they all predict reduced leaf [N] under elevated
[CO,]. This explanation based on whole-plant optimization
contrasts with previous leaf-level mechanistic explanations of
this response (e.g., Ellsworth et al. 2004).

However, the costs and constraints associated with main-
taining a high leaf [N] are different in each model (table 1,
“Benefits versus costs”): low leaf area index and light inter-
ception in model 1, high maintenance respiration and turnover
in model 2, and high maintenance respiration and allocation
to fine roots and live wood in model 3. As a result, the implied
timescales for the leaf [N] response to elevated [CO,] are
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also different (T = 1 year in model 1, T = 10 years in models
2 and 3).

Model 1 not only captures the qualitative response of leaf
[N] to elevated [CO,] (figure 2c) but also makes very rea-
sonable quantitative predictions in comparison with exper-
imental data from the Oak Ridge FACE site (figure 5). Figure
6a shows leaf [N] responses to elevated [CO,] across a gra-
dient of soil N availability, as predicted by model 3. In addi-
tion to the decrease in [N], at elevated [CO, ], [N], displays a
ramp response to soil N availability consistent with observa-
tions, particularly of deciduous species (e.g., Le Maire et al.
2005). At low N availability, productivity is limited by N
uptake and [N], attains a lower bound. At high N availabil-
ity, the marginal benefit of increasing [N] is small so that [N],
approaches its upper bound, productivity being limited here
by canopy light absorption. Between these two extremes,
[N]increases with N availability.
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Observed leaf nitrogen concentration
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Figure 5. Model 1 (McMurtrie et al. 2008). Modeled
versus observed leaf nitrogen concentration [N] (mil-
ligrams N per gram of leaf dry matter) for the Oak Ridge
FACE experiment (r? = 0.84). The five symbols correspond
to the five FACE experimental rings, three at ambient car-
bon dioxide concentrations ([CO,]) (375 parts per mil-
lion, open symbols) and two at elevated [CO,] (550 parts
per million, solid symbols). Values are shown over several
years, from 1998 to 2007 (Norby et al. 2007). Leaf [N]
tends to be lower at elevated [CO,] than at ambient
[CO,], but the interannual variation in leaf [N] is large
for each ring. According to model 1, the interannual vari-
ation in leaf [N] is a consequence of variation in annual
N input to aboveground pools (U). The model was fitted
to net primary productivity, leaf area index, and leaf [N]
data simultaneously, using least-squares estimation with
different values of U estimated for each year.
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Likewise, model 1 predicts a positive response of [N] to
increased N supply to the aboveground pools (McMurtrie et
al. 2008). By contrast, in response to increased precipitation,
model 1 predicts a reduction in [N], (McMurtrie et al. 2008),
consistent with field observations (Reich et al. 1999, Wright
et al. 2003). Optimization thus explains the acclimation re-
sponses of leaf [N] to changes in [CO,], N availability, and
precipitation.

Responses of stomatal conductance (model 1). Model 1
generally predicts a decrease in stomatal conductance (g,) un-
der elevated [CO,] (figure 2a). The explanation is similar to
that for the decrease of leaf [N] in high-CO, plants. For a given
stomatal opening, the CO, diffusion rate into the leaf is
higher at elevated [CO,], so, with a fixed annual water use,
high-CO, plants can maximize their GPP by partially
closing their stomata and increasing their leaf area. The
behavior of conifer species, which tend not to close their
stomata very much under elevated [CO, ] (e.g., Medlyn et al.
2001), does not disprove the optimization hypothesis of

agreement with the conclusions from FACE experiments
(Norby et al. 2005, McCarthy et al. 2006). Because of the
effect of mutual shading, a given relative increase in leaf area
translates into a much smaller relative increase in APAR. For
example, in the scenario depicted in figure 2, model 1 predicts
increases in GPP, LUE (= GPP/APAR), L (or W), and APAR
of 18%, 13%, 14%, and 4%, respectively; the corresponding
predictions of model 2 at fixed canopy N content (figure 3a)
are 23%, 22%, 6%, and 1%; and those of model 3 at high N
availability (figure 6) are 21%, 16%, 19%, and 5%.

Model 1 provides further insights into CO,-N and CO,-
H,O interactions. The predicted percentage of CO, stimula-
tion of productivity is reduced under N limitation but
enhanced under water limitation, as observed (e.g., Morgan
et al. 2004, Nowak et al. 2004). Model 1 explains this behav-
ior from the fact that leaf photosynthesis is less sensitive to
CO, at lower leaf [N] (the CO, X N interaction already
mentioned) but is more sensitive to CO, at lower stomatal
conductance (because photosynthesis is then strongly limited
by CO, diffusion into leaves).

model 1. For example, if canopy pho-
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to stomatal conductance (corre- % g i i T
sponding to a very flat peak in figure EE 2§ 4 § _60-
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in FACE experiments (Ainsworth Nitrogen availability (mg N per g of fine-root dry matter per year)
and Long 2005). Model 1 puts d e
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is consistent with evidence that stom-
atal closure at elevated [CO,] can
actually contribute to down-regula-
tion of the dark reactions of photo-
synthesis, usually attributed to
declining leaf [N] alone (Lee et al.
2001).

Responses of productivity, leaf area,
and light-use efficiency (models 1, 2,
and 3). All three models predict in-
creased productivity under elevated
[CO,]. Moreover, all three models
explain this response as being due
primarily to increased LUE (i.e., GPP
per unit of canopy light absorption),
rather than to increased APAR, in

Leaf nitrogen concentration (mg N per g of leaf dry matter)

Figure 6. Model 3 (Miikelii et al. 2008). (a—c) Model responses to soil nitrogen (N)
availability (milligrams N per gram of fine-root dry matter per year) at ambient (solid
curves) and elevated (dashed curves) carbon dioxide concentrations ([CO,]), for Scots
pine (Pinus sylvestris L.) in Finland. Elevated [CO,] was effected in the model by a
15% increase in the maximum rate of photosynthesis per unit of foliage biomass.

(a) Foliage [N] (milligrams of N per gram of leaf dry matter); (b) total net primary
productivity (NPP) (kilograms of carbon per m? per year) and its components; and

(c) percentage NPP allocated to the production of foliage, live sapwood, and fine roots.
At high N availability, gross primary productivity (GPP), light-use efficiency (LUE =
GPP/APAR), and canopy light absorption (APAR) increase by 21%, 16%, and 5%,
respectively, under elevated [CO,]. (d—e) Modeled (lines) and observed (circles)
relations between leaf biomass (W, kilograms of carbon per square meter), fine-root
biomass (W, kilograms of carbon per square meter), and foliage [N] for stands of
Scots pine (Pinus sylvestris L., solid circles and lines) and Norway spruce (Picea

abies L., open circles, dashed lines) across Finland.
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Figure 7 shows the responses of GPP,NPP, and L to elevated
[CO,], as predicted by model 2. The predictions are in rea-
sonable quantitative agreement with the responses observed
in four forest FACE experiments—remarkably so, given the
simplicity of the model.

Figure 6b shows productivity responses to elevated [CO, ]
and soil N availability, as predicted by model 3. In the inter-
mediate regime where [N] increases with N availability (fig-
ure 6a), the co-allocation of C and N to foliage and fine roots
is finely tuned to maximize NPP, which is then tightly corre-
lated with soil N availability (cf. Magnani et al. 2007). How-
ever, NPP is roughly constant once [N],approaches its upper
bound (figure 6a, 6b). A strong CO, X N interaction is evi-
dent here (as in model 1), in which CO, stimulation of foliage,
fine-root, and live-wood production is magnified at higher N
availability (figure 6b).

Figure panels 6d and 6e show that both the foliage biomass
versus [N],and fine-root biomass versus [N], trait relation-
ships predicted by model 3 are in reasonable quantitative
agreement with sample-based estimates from stands of Scots
pine (Pinus sylvestris L.) and Norway spruce (Picea abies L.)
in Finland. The predictions here were based on standard
parameter sets for these two species (Mikel et al. 2008); no
attempt was made to fit the model to these estimates in view
of the bivariate sampling errors involved. Moreover, as figure
panels 4b and 4c illustrate, the value of NPP is close to max-
imal over a rather wide range of values of foliage and fine-root
biomass, and so we should not expect field data to fall on, or
be necessarily close to, the optimal response curves in figure
panels 6d and 6e. Nevertheless, as with models 1 and 2 (fig-
ures 5 and 7), the degree of agreement here with data is very
reasonable.

Growth allocation responses (model 3). Figure 6¢ shows how
elevated [CO,] and increased soil N availability shift the
allocation of NPP between the production of foliage, live
sapwood, and fine roots, according to model 3. In response
to increased N availability, the predominant trade-off is
between fine-root and wood production, with fine roots
favored on N-poor sites. Significantly, the fraction of NPP
allocated to foliage production is remarkably insensitive to soil
N availability (18% to 22% over the normal range of soil N
availability, excluding very low values). This insensitivity
arises because modeled increases in [N] and foliage biomass
across the gradient of N availability maintain an approximately
constant GPP and NPP per unit of foliage biomass. Because
annual foliage turnover is a fixed fraction of foliage biomass,
and is matched in the steady state by the production of new
foliage, it follows that foliage production is a fairly constant
fraction of GPP and NPP. These modeled allocation re-
sponses to N availability are remarkably consistent with re-
ported trends (Litton et al. 2007).

In response to elevated [CO,] (figure 6b, 6¢), model 3
predicts increased investment in fine roots, consistent with
the intermediate-term responses of the Oak Ridge FACE
experiment (Norby et al. 2006). The predicted increase in
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Figure 7. Model 2 (Franklin 2007). Modeled versus
observed relative responses to elevated carbon dioxide
concentration ([CO,]) of net primary productivity (open
symbols), gross primary productivity (black symbols),
and leaf area index (L, gray symbols) for four FACE sites
(POPEACE, circles; Aspen FACE, triangles; Oak Ridge,
diamonds; Duke forest, squares). For all modeled versus
observed data, v’ = 0.83. Differences between some of
these data values (Franklin 2007) and those obtained in
other analyses of the same experiments (Schiifer et al.
2003, McCarthy et al. 2007) may be attributed to differ-
ences in sampling methods and in the sampling period.
Reproduced from Franklin (2007).

fine-root biomass at elevated [CO,] leads to an increase in
plant N uptake, qualitatively consistent with the trend observed
in other FACE experiments (e.g., Finzi et al. 2007).

Further analysis (data not shown) shows that model 3 is also
broadly consistent with empirical relationships between leaf
area, NPP, and total belowground C allocation (TBCA) ob-
tained from four FACE experiments (Palmroth et al. 2006).
In particular, the model predicts a peaked relationship between
TBCA and leaf area (cf. figure 3 of Palmroth et al. 2006), and
predicted impacts of elevated [CO,] on productivity and
growth allocation are in line with observations. However,
model 3 underestimates the leaf area and net primary pro-
ductivity observed in these experiments, as expected for this
model, which was parameterized for Finnish forests.

What has been achieved? The key challenge for plant mod-
eling, we recall, is to explain the balance between the various
processes of resource capture and use. Many complex mod-
els currently fail that challenge through their inability to ex-
plain plant adaptations to different environments. In contrast,
OMs offer a simple yet powerful approach to describing the
balance between different processes, and how that balance
shifts when resource availability changes (e.g., Givnish 1986,
Miikeli et al. 2002).
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Models 1,2, and 3 reproduce many of the forest responses
observed in multiple-resource manipulation experiments,
including multiple-resource interactions (CO, x N, CO, x
H,0). Unlike complex models, they explain trait responses as
emergent properties of optimal plant function. Moreover, the
quantitative agreement with data is very reasonable, given the
simplicity of the models. This agreement suggests that
optimization itself goes a long way toward explaining in-
tegrative forest function, so that relatively little parameter
fitting is required. The three OMs highlighted here are
restricted to monospecific, homogeneous forest stands and
ignore tree-soil feedbacks. Nevertheless, the results demon-
strate that OMs have matured sufficiently to make quantita-
tively reasonable stand-level predictions, and could, with
further development, make a much greater contribution to
global change research than they have done until now.

Future challenges for optimization modeling

in global change research

Where do we now stand in our efforts to understand and pre-
dict plant responses to global change? Following May (2004),
we recall here the three historical stages that led to the discovery
of the universal inverse-square law of gravitation—observed
facts, patterns that give coherence to the observations, fun-
damental laws that explain the patterns—associated, respec-
tively, with Tycho Brahe, Johannes Kepler, and Isaac Newton.
In the context of global change research, FACE experiments
and other empirical studies represent the observational Brahe
stage, and meta-analyses of their results represent the pattern-
seeking Keplerian stage. We are now embarking on the New-
tonian stage of searching for the deeper general principles that
govern those patterns. OMs, we suggest, now have much to
offer in this Newtonian stage, in terms of both understand-
ing and predicting plant responses to global change.

We return now to the three outstanding theoretical issues
raised earlier, which provide the backdrop to some specific rec-
ommendations for the future development and application
of OMs in global change research.

What do plants maximize? We have approached this question
from a practical perspective (which objective function F
appears to work in practice?) rather than from a theoretical
perspective (what “should” plants maximize?). In its contri-
bution to the objective functions in models 1, 2, and 3, GPP
constitutes a universal benefit in all three models. The con-
sistency between predicted and observed forest responses to
altered resource availability suggests that maximizing GPP
captures an essential aspect of plant function.

The models differ in the costs incorporated into the
objective function (figure 1, table 1). How can we decide
between these alternatives? Further analysis might tease out
key differences in the models predictions (e.g., does some plant
trait fincrease with rising [CO, ] in one model but decrease
with rising [CO,] in another model?), which can then be
tested experimentally. Nevertheless, one would like to derive
the objective function F from a more fundamental theoreti-
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cal basis. From the perspective of evolutionary theory, it is not
clear that plants should maximize stand-scale properties
(e.g., GPP, NPP, net growth rate). Stand-scale optimization
might be viewed as an approximate description of natural
selection at the level of individuals, for which game theory
provides useful insights (e.g., Schieving and Poorter 1999,
Anten 2005).

Recently, however, an alternative thermodynamic per-
spective on biological adaptation and evolution has emerged
(Dewar 2004, Whitfield 2005, 2007, Martyushev and Se-
leznev 2006), which identifies a fundamental objective func-
tion based on entropy concepts. Within this perspective,
living systems are viewed as examples of a wider class of
nonequilibrium structures—including nonliving systems
such as growing crystals and weather cyclones—that import
energy in one form and export it in a higher-entropy form.
The hypothesis of maximum entropy production (MEP)
conjectures that these systems self-organize (acclimate, evolve)
under given constraints so as to maximize this rate of entropic
export. The proposed theoretical explanation for MEP is sta-
tistical (Dewar 2004): in systems forced out of thermodynamic
equilibrium by external constraints, MEP structures emerge
simply because they are by far the most probable ones: “sur-
vival of the likeliest” (Whitfield 2007).

According to MEP, such statistical selection can extend
beyond individual plants to ecosystems. For the ensemble of
living cells in a plant or ecosystem, MEP is approximately
equivalent to maximizing whole-system respiration (i.e., the
total dissipation rate of chemical free energy by metabolic re-
actions), which, in turn, is equivalent to maximizing GPP on
timescales when these two fluxes are in approximate bal-
ance. MEP offers a novel statistical perspective on plant and
ecosystem function, the implications of which we are currently
exploring.

On what timescale? The resource constraints built into
models 1, 2, and 3 all relate to steady-state C, N, or water
balance. However, the models are concerned with different
timescales, ranging from annual (model 1) to decadal (mod-
els 2 and 3), that reflect the time constants for equilibration
of key processes in each model. For example, model 3 im-
plicitly assumes a timescale (T = 10 years) that is appropriate
to a steady-state canopy. Moreover, a fixed constraint on one
timescale may be a variable trait on longer timescales, as in
model 2, where a nested sequence of optimizations is applied
(optimize the distribution of N within the canopy at fixed L
and N_— optimize L at fixed N_ — optimize N_). This points
to a key future challenge: how to incorporate longer-term
plant-soil feedbacks (not considered by models 1, 2, and 3)
when soil N availability is no longer a fixed constraint. These
feedbacks are important for long-term CO, uptake by
ecosystems (Comins and McMurtrie 1993, Luo et al. 2004).

Is plant function always optimal? There is no a priori guar-

antee that a functional trait that is optimal in a given envi-
ronment will attain the new theoretical optimum when a
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new atypical environment is imposed. But again, the hy-
pothesis that it does so remains open to experimental testing.
Indeed, experimental failure to reach a theoretical optimum
need not call into question the optimization approach itself;
rather, it could serve to indicate the existence of a previously
unidentified constraint (or an overconstrained system).
Whatever its success in describing actual plant function, op-
timization remains useful because it defines the theoretical lim-
its of plant function (e.g., maximum productivity, maximum
CO, uptake) on the basis of identified environmental and
physiological constraints, and thus defines the biological
bounds on future [CO, ], hydrology, and climate predictions.

Specific recommendations. In order to enhance the contri-
bution of OMs to global change research, we encourage
scientists to do the following:

+ Compare the predictions of different candidate objec-
tive functions (e.g., GPP, NPP, net growth rate, entropy
production) with patterns emerging from meta-analyses
of multiple-resource manipulation experiments, func-
tional trait databases, and satellite-derived regional NPP
estimates, to better identify the general optimization
principle(s) governing plant function.

+ Apply OMs in a hierarchical fashion to different
functional traits on different timescales (short —
intermediate — long); this could be achieved by apply-
ing quasi—steady state resource constraints to different
subsystems on different timescales.

+ Develop more comprehensive OM:s of forest function
(see table 1) under multiple resource limitations (ener-
gy, carbon, water, nutrients), and extend them to other
plant types.

+ Incorporate soil decomposition processes within OMs,
to predict adaptive changes in soil nutrient availability;
one approach would be to replace the N balance con-
straints in models 1, 2, and 3 (fixed soil N availability)
with the longer-term nutrient-cycling constraints (e.g.,
fixed N deposition rate) applied in previous models of
plant-soil feedbacks that adopt the quasi—steady state
approach (e.g., Comins and McMurtrie 1993).

+ Develop OMs for multispecies ecosystems; game theory
of individual-level selection is one approach (e.g., Anten
2005). Alternatively, entropy-based concepts have
recently been used to predict the most likely species
abundance distribution of an ecological community as
a function of resource availability (Dewar and Porté
2008). This statistical approach, hitherto applied to a
very crude model of resource use by individuals, could
be developed to incorporate more realistic physiology.
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+ Develop operational methods to incorporate OMs into
land-surface models; for example, feed optimal traits
(e.g., stomatal conductance, leaf [N], leaf area index,
allocation fractions) or optimal composite parameters
(e.g., LUE, APAR) as input to dynamic global vegetation
models (DGVMs), or integrate optimization directly
into DGVM code (e.g., Sitch et al. 2003).
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