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S
table and secure food production is
essential to civilization. Any meth-
ods that improve our under-
standing of crop yields have the

potential to reduce human suffering and
help provide the caloric needs of an ex-
panding world population. Similar hopes
apply to commodity crops such as cotton
and those used to meet energy needs.
Given the vast amount of agricultural
research and experience, it might be ex-
pected that we have a thorough under-
standing of the major crops upon which
our civilization depends. As is evident
from all-too-frequent crop failures, we
clearly do not have a very effective means
to predict yields accurately. The assump-
tion is that year-to-year yield variability in
crop yields arises from factors outside our
control such as varying weather conditions.
Although weather-impacted yield vari-
ability may not be feasibly and economi-
cally constrained by management practice,
the expectation is that increased knowl-
edge of crop systems will enhance the ef-
ficacy of management. Deng et al. (1)
point out how to obtain relatively simple
macrodescriptors of crop growth that are
applicable across diverse species, and
provide the surprising result that the single
variable of maximal size at maturity can be
used to project major crop properties
such as maximal yield.
Many of the key questions driving plant

science arise from agriculture (2), and it is
therefore appropriate to consider a pano-
ply of approaches to enhance knowledge
of crop systems. As with much of the life
sciences, the tendency in recent decades
has been to delve further and further into
details of the genetics and cell physiology
of important crops, providing a much
greater understanding of biological pro-
cesses at the molecular and cellular level.
This reductionist approach has created
opportunities, and concerns in some
quarters, for genetically modified crops to
significantly reduce the impacts of disease
and weather on crop yield.

Models of Crop Systems
Coincident with the growth in data and
mechanistic understanding of processes at
the cellular level has been the expansion of
process-oriented models for whole-plant
growth. Early crop models used few details
of plant architecture, physiological re-
sponses of photosynthesis and respiration,
below-ground processes, or developmental

pathways. Instrumentation now provides
the capacity to obtain real-time data on
many physiological processes and stand-
level information on CO2 uptake and
transpiration losses. Although analysis at
the whole-plant level has languished as the
research focus shifted to the cell level and
below, there have been extensive ongoing
efforts to derive detailed whole-plant
models that are consistent with ob-
servations. These models have explicit
environmental drivers, incorporate diurnal
responses, account for soil moisture and
nutrients, consider interactions between
individual plants, and have been used to
project climate change impacts on crop
yields and guide breeding programs (3).
Compendia of plant models built on
modular components have readily allowed
them to be applied to diverse crops and
varieties (4).
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Plant growth modeling has built upon
the use of relatively simple growth func-
tions tied to observation (5) and models
based on the main physiological mecha-
nisms affecting growth (6) to produce
more detailed systems models, as pio-
neered by de Wit and colleagues (Wage-
ningen University, The Netherlands). The
range of systems models varies from those
that include a small number of compart-
ments mimicking aggregated components
of crops such as root, stem, leaves, and
seeds to those that track physiological
details and differences among large num-
bers of individual plants. Although there
can be rational disagreement concerning
which details to include and exclude—for
example, whether to incorporate details of
above- and below-ground architecture (7)
or how to account for lack of data on
below-ground processes involving soil mi-
crobiota and their interactions with plant

root systems—elaborated systems models
have been a main approach driving the
study of whole-plant physiology.
An alternative theme in the de-

velopment of plant models has been de-
rived from mainly empirical perspectives
focused on general rules for allometric
growth, concerned with the capacity for
relatively simple power-law relations to
provide a reasonably accurate descriptor
of various characteristics of plants. There
is a long history of application of allometry
in plant science, with an example being so-
called self-thinning laws. These assert that
changes in individual plant size and overall
plant density (i.e., stems per unit area)
vary through time in a local plant pop-
ulation or community, presumably because
of competition for resources. The classic
model indicated that average individual
plant mass was proportional to plant
density raised to a power of −3/2, but there
is considerable empirical and theoretical
evidence that such a relationship is not
typical (8). The existence of general em-
pirical scaling patterns, and prediction of
these patterns from models based on
metabolic assumptions for allocation of
matter between plant parts, have been
found for an array of vascular species (9),
but there has not been concordance on
a general theory (10).

Scaling and Crop Models
Plant allometry is directly aligned with
efforts to discern general scaling patterns
in biological systems (11). For animals and
plants, a theory of metabolic scaling has
arisen, with a goal of predicting macro-
scale patterns at population and commu-
nity level from the metabolic properties of
individuals (12). Energetics is the main
currency in this theory, as extensions of the
observations of Kleiber concerning meta-
bolic rates of mammals scaling as body
mass to a power of 3/4. Temperature is
a critical component through its effects on
energetics within organisms, and energy
exchange links individuals to other levels
of biological organization.
Building upon allometry and scaling,
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creating a simple but general model for
annual crop growth. Observations on
seeding planting density illustrates self-
thinning, with there being an intermediate
seeding density at which maximal stand
growth occurs. High seed planting densi-
ties cause competition for resources at
initial growth stages that reduces in-
dividual growth, whereas low seed planting
densities do not fully use available re-
sources. Starting with the assumption of
logistic growth, Deng et al. (1) account for
the impacts of seeding density, and their
model predicts a seeding density at which
a switch occurs in growth response. This is
an optimum seeding density below which
all plants reach their maximum potential
size at maturity and above which the
maximum size at maturity is proportional
to seeding density to the −4/3 power. Nine
years of empirical data on multiple crop
species show that, when corrected for al-
ternative potential maximum sizes at ma-
turity for the different species, there is
concordance with the predicted relation-
ships and a sharp threshold in growth re-
sponse [i.e., their figure 3 (1)].
Under reasonable simplifying assump-

tions, the allometric theory predicts that
many aspects of crop growth can be cal-
culated as a function only of maximum
potential individual plant size at maturity.
This can be used to calculate optimal seed
planting density, maximum yield (assum-
ing yield is directly correlated with bio-
mass), and maximum energy use per unit
area. There is remarkable concordance
with the predicted results from a very large
number of experiments at alternative
seeding densities for numerous crop spe-
cies [figure 4 (1)]. The result that a single
variable can be used to effectively char-

acterize many aspects of crop growth is
surprising and should foster new ob-
servations or analysis of existing data to
determine if the generality goes beyond
the extensive data sets of Deng et al. (1).
This is an illustration of how theory can
mesh with data-intensive science to more
effectively explicate patterns in nature
than could be done with only theory or
statistical analysis of data. Their results
also provide a means to evaluate crop
systems models (4) by conducting in-silico
experiments similar to the field experi-
ments of Deng et al. (1) with differing
seeding densities. If results from diverse
crop system models reproduce figure 4 of
Deng et al. (1), this provides strong evi-
dence for the predictive capabilities of
these models.
Although the results of Deng et al. (1)

are quite effective at providing accurate
mean predictions, what is missing is
a mechanism to directly incorporate key
aspects of plant growth to explain the
variance structure of the results. This in-
cludes the impacts of phenotypic plasticity
and other sources of individual variability
that may not be effectively averaged out in
the empirical analyses. Relaxing the model
assumptions of optimum water and nutri-
ent resource availability, with only com-
petition for light limiting growth, leads to
the longstanding issues of how to account
for multiple limitations on plant growth.
This initial development of a metabolic
theory for crop growth is a step toward the
development of a capacity to better pre-
dict variability of yields, but is not a pana-
cea. Crop systems are highly constrained,
as they are constructed the way an engi-
neer might build a biological system—as
repeated units that are as identical as can

be. If we can better understand how these
constructed systems respond to individual
differences and the vagaries of interacting
factors affecting growth and yield, and
build a general theory to do so, we might
just find this to be feasibly extended to
natural plant systems.
In the panoply of modeling approaches

used in agriculture, the approach of Deng
et al. (1) is at the end of the spectrum with
the fewest parameters. However, through
careful combination with extensive data—
used not in a statistical analysis sense, but
in a manner to evaluate their general
theory—they have produced powerful,
testable hypotheses. Although elaborate
systems approaches that account for more
of the complex of biotic and abiotic in-
teractions within crops may be helpful in
capturing finer details to account for var-
iance in the observations, there is a cost to
this in terms of loss of intuition. In an ar-
gument concerning the limitations of sys-
tems models, Thompson (13) notes that,
although they may be informative, they
should not be relied upon too heavily in
informing policy for issues such as agri-
cultural sustainability. As Deng et al. (1)
clearly illustrate, there is much to be
gained from the melding of theory based
upon basic metabolic principles with the
data sets we are readily able to obtain
from crop systems.
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