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Abstract
Despite the widespread prevalence of root loss in plants, its effects on crop productivity are not fully understood. While
root loss reduces the capacity of plants to take up water and nutrients from the soil, it may provide benefits by decreasing
the resources required to maintain the root system. Here, we simulated a range of root phenotypes in different soils and
root loss scenarios for barley (Hordeum vulgare), common bean (Phaseolus vulgaris), and maize (Zea mays) using and
extending the open-source, functional–structural root/soil simulation model OpenSimRoot. The model enabled us to quan-
tify the impact of root loss on shoot dry weight in these scenarios and identify in which scenarios root loss is beneficial,
detrimental, or has no effect. The simulations showed that root loss is detrimental for phosphorus uptake in all tested sce-
narios, whereas nitrogen uptake was relatively insensitive to root loss unless main root axes were lost. Loss of axial roots re-
duced shoot dry weight for all phenotypes in all species and soils, whereas lateral root loss had a smaller impact. In barley
and maize plants with high lateral branching density that were not phosphorus-stressed, loss of lateral roots increased
shoot dry weight. The fact that shoot dry weight increased due to root loss in these scenarios indicates that plants over-
produce roots for some environments, such as those found in high-input agriculture. We conclude that a better under-
standing of the effects of root loss on plant development is an essential part of optimizing root system phenotypes for
maximizing yield.

Introduction
Roots are vital plant organs that forage for nutrients and water,
provide anchorage, and provide storage in some species.
Because of soil degradation, adverse effects of global climate
change and inadequate use of soil fertility inputs crops in
many locations face challenges accessing adequate nutrients.
Added to this, plants are in constant competition for the

resources that are available, both below and above ground, and
are constantly under threat from herbivory, root rots, disease
and nutrient deficiency, as well as environmental stresses such
as heat, cold, and drought. Their root systems are not exempt
from these threats and root loss is prevalent in many species.
A meta-analysis of 85 studies into the effects of 36 species of
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root-feeding insect herbivores on 75 plant species found that
belowground herbivory led to an average reduction in root dry
weight of 36.3% (Zvereva and Kozlov, 2012). Understanding
root growth and functioning under such adverse conditions is
vital for understanding a fundamental dimension of plant fit-
ness, and has agricultural relevance in guiding the development
of the more resilient, sustainable crops urgently needed in
global agriculture (Lynch, 2019). Understanding the effects of
root loss in this context is important because root phenotypes
that are associated with high yields in controlled or high-input
environments with minimal root loss might perform poorly in
conditions where root loss is prevalent.

There is evidence root loss is not programmed, in contrast
to leaves (Fisher et al., 2002). Root length does generally de-
crease during and after flowering, this could be because
plants reduce investment in new roots during this stage of
their development (Eissenstat and Yanai, 1997). Several ex-
ternal factors affect the prevalence of root loss. Drought
increases root turnover and topsoil drying leads to rapid
root dieback (Hayes and Seastedt, 1987). Although reducing
soil temperature appears to have no clear effect on root lon-
gevity of quaking aspen (Populus tremuloides; King et al.,
1999), increasing soil temperature has been found to in-
crease root mortality in grasses (Forbes et al., 1997), white
clover (Trifolium repens; Watson et al., 2000), and sugar ma-
ple (Acer saccharum; Hendrick and Pregitzer, 1993). The
mean annual temperature was the most important variable
explaining fine-root turnover in the global data set on root
turnover of Gill and Jackson (2000), and it suggests a mean
annual temperature increase of 10�C would lead to a 40%–
90% decrease in root lifespan. There are many variables that
vary with temperature and this makes it difficult to ascertain
if the effect on root longevity is a direct consequence of
temperature or something else such as pathogen activity or
soil quality. It should also be noted that some studies found
increasing temperature had no clear effect (Steele et al.,
1997; Fitter et al., 1999). Similarly, the availability of soil
nutrients appears to influence root lifespan but there are
conflicting results. Some studies found that high nutrient
availability coincides with short root lifespan (Pregitzer et al.,
1995, 2000; Majdi and Kangas, 1997; Steingrobe et al., 2001),
while others found the opposite (Alexander and Fairley,
1983; Pregitzer et al., 1993; Burton et al., 2000). Mycorrhizal
associations seem to protect roots from a variety of factors,
enhancing their longevity (Gange et al., 1994; Newsham
et al., 1995; Espeleta et al., 1999). There are many organisms
in the soil, some of which feed on roots (Weste, 1986),
explaining why applying pesticides increases root lifespan
considerably (Wells, 1999). Hence root longevity depends on
the plant, herbivores, and pathogens.

Root loss, for whatever reason, means that any resources
in the roots are lost and decreases the capacity of the root
system to take up nutrients and water from the soil. This
generally results in lower plant nutrient content, though
compensatory growth can actually increase plant nutrient
content (Kahler et al., 1985). Infestation by rootworm

(Diabrotica virgifera) increases the prevalence of lodging in
maize (Zea mays; Sutter et al., 1990). Root loss due to dis-
ease or pest infestation is associated with a reduction of
yield in many species (Chiang et al., 1980; Kahler et al., 1985;
Gorfu, 1993; Oyarzun, 1993; Ur�ıas-López and Meinke, 2001;
Naseri, 2008; Al-Abdalall, 2010).

In some cases, root loss may have benefits for plant growth.
The amount of resources invested in the production and
maintenance of root systems is considerable, as evidenced by
the fact that the dry weight of root systems can be larger
than the dry weight of the shoots (Chapin et al., 1989;
Fredeen et al., 1989; Levy et al., 2004). Under unstressed con-
ditions, more than a fifth of all the carbohydrates produced
by photosynthesis can be spent on root respiration (Poorter
et al., 1990; Atkin et al., 1996); under phosphorus stress this
can increase to 440% (Nielsen et al., 2001; Lynch and Ho,
2005), while 415% of the carbohydrates can be spent on
root exudates (Hobbie and Hobbie, 2006). Roots that are lost
do not have to be maintained and it is in this way that root
loss can lead to a large reduction in resource expenditure.
What further illustrates this is that the carbon cost of respira-
tion necessary to maintain a root can exceed the carbon cost
of growing the root in as little as 20 days (Eissenstat and
Yanai, 1997). Thus, it is reasonable to suggest that root loss
may be beneficial in some situations, because the soil sur-
rounding older roots may be depleted of diffusion-limited
resources like phosphorus and potassium. Low soil phospho-
rus concentrations were observed to lead to increased root
turnover (Steingrobe et al., 2001). A previous root-system
model predicted that root turnover increases the explored
soil volume and therefore phosphorus and potassium uptake,
although this model did not assign any cost to root turnover
(Steingrobe, 2001, 2005; Steingrobe et al., 2001). Since nitrogen
leaches down into the soil, it has been suggested that parsi-
monious root phenotypes, such as root systems subjected to
moderate to high rates of root loss, are deeper and thus ben-
eficial in conditions of suboptimal nitrogen availability (Lynch,
2013, 2019).

Root systems can differ greatly among plant species. Dicot
root systems start from a primary root which develops into
a taproot after which the root system grows through lateral
root formation, and in some cases basal roots as in common
bean (Phaseolus vulgaris). In contrast, monocots lack second-
ary growth and continually produce nodal roots of increas-
ing diameter from shoot tissue. Many grass species,
including principal cereal crops like wheat (Triticum aesti-
vum), rice (Oryza sativa), and barley (Hordeum vulgare),
form tillers, which grow root systems themselves in turn. As
a result of crop breeding, modern maize lines rarely tiller.
There are also interspecific and intraspecific differences in
lateral branching rates, the number of lateral root orders
and the number of adventitious roots that plants grow. It
has been hypothesized that these differences in root archi-
tectural phenotypes, and the resulting differences in root
system topology, lead to differences in susceptibility to root
loss among species and phenotypes (Lynch, 2005).
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One of the reasons why experimental research on root
loss is limited in the literature is that it is difficult to study
in the field. Studying roots in their natural environment is
much harder than studying shoots, due to the difficulty of
visualizing roots in situ within the soil, and studying dy-
namic processes such as root loss is particularly challenging.
Invasive methods such as rhizotrons alter the local soil envi-
ronment and allow one to study only a small part of the
root system. To detect root loss, one needs to identify roots
across multiple images. But it can also be difficult to deter-
mine if a given root has been lost or not, since roots and
soil might shift around and determining the status of a root
from visual inspection alone can prove difficult. Soil coring
or excavating root systems only provide snapshots of root
system development and even if recently deceased roots
can be identified it is difficult to determine overall root loss
rates. In addition to the difficulty of observing roots in soil
over time, in the context of root loss, the presence and ac-
tivity of soil biota, primarily root herbivores and pathogens,
is critically important. It is challenging to impose realistic bi-
otic stress in controlled environments, and in the field biotic
stress is generally variable in time and space.

The substantial challenges associated with experimental
studies of root loss make modeling useful. Not only does
modeling permit precise control over root loss rates of spe-
cific root classes, which is all but impossible in field condi-
tions, but it also allows access to information that would be
very hard to obtain in field experiments, such as root devel-
opment over time, nutrient uptake rates as well as the com-
plete structure of the root system. Simulations also allow us
to study a much larger array of phenotypes and environ-
mental scenarios than would be possible in field experi-
ments, without any factors such as the weather being out of
our control. Currently, a number of different root system ar-
chitecture models exist that simulate root growth and func-
tion (Diggle, 1988; Pagès et al., 2004; Wu et al., 2007; Javaux
et al., 2008; Leitner et al., 2010; Dunbabin et al., 2013;
Postma et al., 2017). We have used OpenSimRoot (Postma
et al., 2017), the open-source successor of SimRoot (Lynch
et al., 1997; Lynch and Postma, 2009), because it allows us
to simulate resource acquisition and allocation as well as
the effects of shortages. This makes it an ideal simulation
model to study the impact of root loss. (Open)SimRoot has
been used to simulate barley, bean, lupin (Lupinus albus),
maize, rice, and squash (Cucurbita pepo) in a variety of set-
tings (Ge et al., 2000; Walk et al., 2006; Postma and Lynch,
2011, 2012; Chen et al., 2011; Postma et al., 2014; Schneider
et al., 2017; Rangarajan et al., 2018; Strock et al., 2018;
Ajmera et al., 2022). OpenSimRoot simulates the geometry,
growth, and nutrient uptake of root systems, as well as wa-
ter and nutrient flows in the soil (Lynch et al., 1997; Postma
et al., 2017). Because OpenSimRoot simulates the develop-
ment of root systems through the application of growth
and branching rules for each root class, it can simulate a
wide variety of different root architectures. Additional func-
tionality can be added with relative ease because of the

modular structure (Schäfer et al., 2022). While there are
some dependencies between modules, users are free to
choose which modules are included in the simulation.

With this study, we extend functional–structural plant
models by adding a root loss module to OpenSimRoot. We
present results from root system simulations of common
bean (a dicot), barley (a tillering grass), and maize (a nontil-
lering grass) subjected to various levels and types of root
loss in different soil environments in order to study the
effects of root loss on plant productivity in contrasting taxa,
root phenotypes, and different environments.

Results

Root length
Total root length decreased for most soils and phenotypes
under all types of root loss for all three species, with axial and
general root loss associated with larger declines (Figure 1). In
bean and maize, root loss led to an increase in root length
for certain combinations of soil and phenotype. For barley,
there was a positive relationship between tiller number and
lateral branching density and total root length in most condi-
tions. For bean and maize this was true, in many cases plants
with low axial root number or low lateral branching density
had greater root length than those with high axial root num-
ber or high lateral branching density. For plants subjected to
lateral root loss, the amount of root length lost increased
with increasing root loss intensity (Figure 2). When plants
were subjected to axial or general (axial + lateral) root loss,
we saw a similar pattern, but in several cases the amount of
root length lost peaked at the medium root loss intensity.
The phenotypes that had the greatest root length generally
also had the greatest amount of lost root length.

Shoot dry weight
The effect of root loss on shoot dry weight depended on
species, soil nitrogen and phosphorus availability, root loss
type and, to a lesser extent, phenotype (Figure 3). Axial and
general root loss led to larger reductions in simulated shoot
dry weight than lateral root loss. On average, plants that
lost 1% of their lateral roots every day, had their shoot dry
weight reduced by 3%. Under the highest level of lateral
root loss considered (5% loss per day), shoot dry weight was
reduced by 16% (barley), 17% (bean), and 13% (maize) on
average and the change in simulated shoot dry weight var-
ied from a 17% increase to a 36% decrease (barley), 0% to
34% decrease (bean), and a 13% increase to a 39% decrease
(maize). Under the highest level of axial and general root
loss considered shoot dry weight was reduced by 58% (bar-
ley), 42% (bean), and 50% (maize) on average and the re-
duction in shoot dry weight varied from 19% to 86%
(barley), 17% to 66% (bean), and 15% to 77% (maize) as
compared to an environment without root loss. Root loss
was more detrimental for plants of all three species in low
phosphorus soils than in low nitrogen soils. For barley and
maize, phenotypes with high lateral branching densities
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appeared more resistant to lateral root loss and saw an in-
crease in shoot dry weight due to root loss in several soils.

For most combinations of species and soil there was a posi-
tive association between root dry weight and shoot dry
weight (Figure 4). For barley and maize plants grown in a low
nitrogen, high phosphorus soil and subjected to lateral root
loss there was a slightly negative association between root dry
weight and shoot dry weight. Maize plants grown in the high
nitrogen, low phosphorus soil and subjected to lateral root

loss also showed a negative association and for maize plants
grown in the high nitrogen, high phosphorus soil subjected to
lateral root loss the relationship between root and shoot dry
weight was not clear. Bean plants showed a very clear positive
association between root and shoot dry weight in all condi-
tions. Relative shoot dry weight is negatively associated with
the fraction of root length lost (Figure 5). Especially for axial
and general root loss larger root loss fractions were associated
with a larger decrease in shoot dry weight. Root loss was

Figure 1 Mean root lengths at 80, 40, and 40 days, respectively, for barley, bean, and maize phenotypes. The bars indicate minimum and maxi-
mum values. Each panel is divided into four sections, one for each of the four different soils we considered. For every soil, we show the results for
the three different types of root loss at four different intensities (which includes the case without any root loss). The legend in the top left shows
which color corresponds to which phenotype. LRBD, lateral root branching density; N, nitrogen; P, phosphorus.
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associated with greater shoot dry weight in several scenarios,
especially in maize and barley plants subjected to lateral root
loss.

Applying root loss to maize root systems led to distinct vi-
sual differences in their root systems at 40 days (Figure 6).
Aggregate measures such as total root dry weight and shoot
dry weight also showed large differences. The variance in
root dry weight increased strongly due to root loss but at

low levels of root loss, mean root dry weight at day 40 de-
creased only by a small amount. For the greatest intensity of
root loss, mean root dry weight initially kept pace until de-
clining around day 34. Shoot dry weight was reduced by
root loss to 8.8 g, as compared to the plants grown without
root loss, which had an average shoot dry weight of 23.8 g.
Again, we observed an increase in variance with greater root
loss, as with root dry weight.

Figure 2 Mean root length lost at 80, 40, and 40 days, respectively, for barley, bean, and maize phenotypes. The bars indicate minimum and maxi-
mum values. Each panel is divided into four sections, one for each of the four different soils we considered. For every soil, we show the results for
the three different types of root loss at four different intensities (which includes the case without any root loss). The legend in the top left shows
which color corresponds to which phenotype. LRBD, lateral root branching density; N, nitrogen; P, phosphorus.
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Nutrient uptake
The greatest intensity of lateral root loss considered, on aver-
age reduced nitrogen uptake by 3% (barley), 4% (bean), and
increased nitrogen uptake by 7% for maize, across all nutrient
scenarios (Figure 7). In barley and maize, high branching phe-
notypes saw an increase in nitrogen uptake in soils with high
nitrogen concentrations. At the highest intensity of root loss,
axial and general root loss reduced nitrogen uptake by

25%–40% on average, though there are some cases where ni-
trogen uptake increased. For barley and bean, the reduction
was as high as 60% in some cases, for maize this increased to
70%. In bean and maize, the greatest mean nitrogen uptake
was attained in the high nitrogen, low phosphorus soil by
plants affected by root loss.

Phosphorus uptake was reduced much more strongly by
root loss than nitrogen uptake was, with average reductions

Figure 3 Mean shoot dry weights at 80, 40, and 40 days, respectively, for barley, bean, and maize phenotypes. The bars indicate minimum and
maximum values. Each panel is divided into four sections, one for each of the four different soils we considered. For every soil, we show the results
for the three different types of root loss at four different intensities (which includes the case without any root loss). The legend in the top left
shows which color corresponds to which phenotype. LRBD, lateral root branching density; N, nitrogen; P, phosphorus.
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Figure 4 Root dry weight versus shoot dry weight of plants simulated using OpenSimRoot. Each row displays results for a different species, from
top to bottom these are barley, bean, and maize. Each column displays results of plants subjected to a different kind of root loss, from left to right
these are lateral, axial, and general root loss. Colors indicate soil nutrient concentrations. N, nitrogen; P, phosphorus.

Figure 5 Root loss fraction, the root length lost as a fraction of total root length, versus relative shoot dry weight, the shoot dry weight as com-
pared to the reference case without root loss. Each row displays results for a different species, from top to bottom these are barley, bean, and
maize. Each column displays results of plants subjected to a different kind of root loss, from left to right these are lateral, axial, and general root
loss. Colors indicate soil nutrient concentrations. N, nitrogen; P, phosphorus.
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of 30% (barley), 31% (bean), and 20% (maize) when sub-
jected to the greatest intensity of lateral root loss (Figure 8).
Axial and general root loss led to reductions in phosphorus
uptake of up to 70%.

We define nutrient uptake efficiency as micromole nutri-
ent taken up from the soil per square centimeter of root
surface per day. Nitrogen uptake efficiency increased for all
phenotypes of all three species in every soil under every
type of root loss compared with no root loss (Figure 9). In
barley, nitrogen uptake efficiency increased much more un-
der axial or general root loss than under lateral root loss,
while in bean and maize the increases were similar for each
type of root loss. The effect of root loss on phosphorus up-
take efficiency depended on species, phenotype, and soil
phosphorus content (Figure 10). In barley and maize, phos-
phorus uptake efficiency increased under axial and general
root loss, while the picture was more mixed in bean, with
many phenotypes showing no improvement. In barley, the
phosphorus uptake efficiencies of many phenotypes were
not affected by lateral root loss. In bean, lateral root loss re-
duced phosphorus uptake efficiency for all phenotypes and
soil conditions. In maize, the high branching phenotypes in-
creased uptake efficiency under lateral root loss in many
conditions while the other phenotypes showed small
decreases or no effect.

Discussion
We have cast a wide net with this simulation study, cover-
ing both a mobile (nitrogen) and immobile (phosphorus)
nutrient, monocot (barley and maize) and dicot (bean) spe-
cies, tillering (barley) and non-tillering (bean and maize) spe-
cies, different types of root loss and root system traits we
deemed relevant. Our simulations showed that the effect of
root loss on plant development depends on environment,
root loss type, and the root system architecture. Root loss
was much more detrimental for plants that were subjected
to phosphorus stress than plants that were subjected to ni-
trogen stress. Axial root loss was much more detrimental to
plant development than lateral root loss. Root phenotypes
with many lateral roots were somewhat buffered against
root loss but were generally not the optimal phenotypes for
shoot dry weight. There was a clear relationship between
the fraction of total root length that was lost and the associ-
ated reduction in shoot dry weight and the final root and
shoot dry weights were strongly associated. Somewhat sur-
prisingly, in many scenarios, root loss led to an increase in
shoot dry weight.

Root loss and stochasticity
OpenSimRoot simulations contain stochasticity. The angles
at which laterals emerge, variations in root growth direction

Figure 6 The effect of different levels of root loss on maize root systems with the same axial root number and lateral root branching density. A, A
maize root system after 40 days in the high nitrogen, low phosphorus soil, without any root loss. (B–D) show similar root systems but grown un-
der general root loss at low, medium, and high intensity, respectively. The different colors indicate different root classes and red roots have been
lost. E, The mean root dry weights over time of five repetitions of the maize simulations displayed in (A–D) with the shaded areas indicating cor-
rected sample standard deviation. F, The mean shoot dry weights over time of five repetitions of the maize simulations displayed in (A–D) with
the shaded areas indicating corrected sample standard deviation.

8 | PLANT PHYSIOLOGY 2022: Page 8 of 19 Schäfer et al.
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and root elongation rate are all pseudorandom processes.
One can see the effects of these sources of random variation
on output variables by looking at the cases without root
loss in Figures 1–3 and 8–10. With the introduction of ran-
domized root loss we have introduced another source of
random variation. As can be observed from the same figures,

the randomized root loss increases the variation in output
variables in most cases, especially when it involves the loss
of axial roots. One reason for the greater variation under ax-
ial root loss is that while on average, a constant percentage
of roots is lost per day, this can vary at different times. The
variation in the daily rate of root loss will be smaller if the

Figure 7 Mean nitrogen uptake at 80, 40, and 40 days, respectively, for barley, bean, and maize phenotypes. The bars indicate minimum and maxi-
mum values. Each panel is divided into four sections, one for each of the four different soils we considered. For every soil, we show the results for
the three different types of root loss at four different intensities (which includes the case without any root loss). The legend in the top left shows
which color corresponds to which phenotype. LRBD, lateral root branching density; N, nitrogen; P, phosphorus.
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number of roots affected by the relevant type of root loss is
larger (just as how you are more likely to get 4 tails in 10
coinflips than 400 tails in 1,000 coinflips). This means that
axial root loss will lead to larger variations in root length
than lateral root loss.

Another reason why axial root loss leads to larger variance
then lateral root loss is the following. A root which is lost
very soon after emergence will lead to a small loss of

invested resources, this is larger if the root is lost at later
stages of growth. The total carbon cost of root maintenance
increases with root lifespan, while root construction costs
are frontloaded. Furthermore, while total nutrient uptake of
a root increases over time, the uptake rate will decrease as
surrounding soil gets depleted of nutrients. For a root in a
given environment, this means there is some optimal life-
span where nutrient uptake per amount of carbon invested

Figure 8 Mean phosphorus uptake at 80, 40, and 40 days, respectively, for barley, bean, and maize phenotypes. The bars indicate minimum and
maximum values. Each panel is divided into four sections, one for each of the four different soils we considered. For every soil, we show the results
for the three different types of root loss at four different intensities (which includes the case without any root loss). The legend in the top left
shows which color corresponds to which phenotype. LRBD, lateral root branching density; N, nitrogen; P, phosphorus.
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is maximized (Eissenstat and Yanai, 1997). This means that
the time at which a given root is lost determines the effect
it has on the plant overall. Since axial roots have more root
mass subtending from them than lateral roots, one expects
any variation due to root loss timing to be correspondingly
greater.

While for some of the simulated scenarios in our data-
set the variation due to random effects is larger than the

variation due to root loss, phenotype or environment,
the fact that we see broadly similar trends across species
and phenotypes makes it unlikely that the trends we ob-
serve are the product of random chance. For example,
we see a consistent effect of axial root loss reducing
shoot dry weight in all species and environments and
root loss is more detrimental in low P soils than in low
N soils.

Figure 9 Mean nitrogen uptake efficiency, defined as uptake per root surface area per day, at 80, 40, and 40 days, respectively, for barley, bean,
and maize phenotypes. The bars indicate minimum and maximum values. Each panel is divided into four sections, one for each of the four differ-
ent soils we considered. For every soil, we show the results for the three different types of root loss at four different intensities (which includes the
case without any root loss). The legend in the top left shows which color corresponds to which phenotype. LRBD, lateral root branching density;
N, nitrogen; P, phosphorus.
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Agreement of simulation results with empirical data
Although OpenSimRoot captures many key processes related
to soil resource capture by roots, it inevitably simplifies and
omits processes that have not been prioritized in its design.
In this context, we note that OpenSimRoot results reported
here match reasonably well with empirical results in the lit-
erature. For example, root loss caused by root rot in barley
reported 80.8%, 69.2%, and 46.2% reductions in root dry

weight coupled to 37.6%, 25.7%, and 16.5% reductions in
shoot dry weight, respectively (Al-Abdalall, 2010). These per-
centages match up with our barley results, despite the sim-
plifications we have made in our modeling assumptions and
the many differences between the simulated and real plants
and their environments.

Other studies have quantified the effects of root loss on
yield. One study found that root loss due to root rot

Figure 10 Mean phosphorus uptake efficiency, defined as uptake per root surface area per day, at 80, 40, and 40 days, respectively, for barley,
bean, and maize phenotypes. The bars indicate minimum and maximum values. Each panel is divided into four sections, one for each of the four
different soils we considered. For every soil, we show the results for the three different types of root loss at four different intensities (which
includes the case without any root loss). The legend in the top left shows which color corresponds to which phenotype. LRBD, lateral root branch-
ing density; N, nitrogen; P, phosphorus.
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reduced yield by up to 50% in peas (Pisum sativum)
(Oyarzun, 1993) and several found these reductions could
go as high as 90% in bean (Gorfu, 1993; Naseri, 2008). Root
loss due to corn rootworm (Diabrotica virgifera) reduced
maize yield between 13.5% and 50% (Chiang et al., 1980;
Kahler et al., 1985; Ur�ıas-López and Meinke, 2001). While we
have not simulated yield directly, we saw reductions in
shoot dry weight due to root loss that were of similar mag-
nitude as those in the studies mentioned above. Assuming
that shoot dry weight and yield show similar trends in re-
sponse to root loss, our results suggest that root loss is
more detrimental to yield when phosphorus, rather than ni-
trogen, is the primary limitation on plant growth. Likewise,
assuming root loss can be contained to just the lateral roots,
based on our results, yield reduction should be minimal.
One study found that quantifications of root damage as a
consequence of corn rootworm were not a good predictor
of maize yields, while root dry weight was a much better
predictor (Spike and Tollefson, 1989). This is in line with our
observations that shoot dry weight associates with surviving
root dry weight in most of the scenarios we considered
(Figure 4).

Some studies found that the susceptibility of barley plants
to root rot decreased as the number of tillers increased and
plants exposed to root rot had higher yield if they had more
tillers (Duczek and Jones-Flory, 1993). Our data do not show
this, in fact for barley specifically the number of tillers
appeared to have a very small impact on the shoot dry
weight response to root loss (Figure 3). One possible expla-
nation for this mismatch is that we applied root loss as a
certain probability for each root to be lost, which means the
amount of roots lost scales with the size of the root system
while in the real world this is not necessarily the case.

Plants can sustain high lateral root loss fractions
with only small reductions in shoot dry weight
Many of the plants we simulated had little reduction in
shoot dry weight even with root loss fractions of 40% or
greater (Figure 5). This happened most often with loss of
lateral roots. When subjected to axial root loss, however, a
small amount of root loss could have a substantial effect on
shoot dry weight. Of course, lateral roots are easier to re-
place than axial roots and each axial root that is lost also
means loss of any subtending laterals. Thus, the loss of an
axial root often entails the accompanying loss of a substan-
tial fraction of the root system, from which our simulated
plants had more difficulty recovering. Should one or more
axial roots be lost early during development, this means nu-
trient uptake and root growth rates are reduced, which
results in fewer new roots. This positive feedback has a com-
pounding effect that effectively set the plant’s development
back some days.

The relatively small effect on shoot dry weight of sus-
tained lateral root loss at rates as high as 5% per day suggest
that plants have evolved to deal with root loss. High lateral
branching density could be an adaptation to environments

where root loss rates are high, in addition to improving up-
take of immobile nutrients. Fields used for high intensity
modern agriculture are highly controlled environments com-
pared to the conditions in which plants evolved. Especially
when fertilizers and pesticides are used, one would expect
crops to lose substantially fewer roots per day than they
would in the wild. Assuming that increasing root growth is
an adaptive response to root loss, this implies that crops
produce too many roots for high input agricultural systems,
wasting resources to hedge against environmental stresses
which are absent. Similar to how dwarf crop varieties pro-
vide higher yield by not having to expend resources on
competing for sunlight by growing tall, perhaps yield can be
increased by reducing root growth where possible. In fertil-
ized and irrigated fields, smaller root systems should still be
able to acquire the resources needed for crop development,
while reducing the amount of carbon and nutrients spent
underground.

On differences between species
One question that might arise when comparing the effect of
root loss on barley, bean, and maize is whether we can draw
any conclusions about the effects of root loss on monocots
as compared to dicots, or tillering versus nontillering species.
We should first note that because the barley plants were
simulated for 80 days, while the bean and maize plants were
simulated for 40 days, the simulated plants did not suffer
the same total levels of root loss. This is because losing a
certain fraction of the root system every day for 80 days
results in a far greater total root loss fraction than if this
only happened for 40 days. While there were soil-dependent
differences in shoot dry weight reductions when we com-
pare barley at 40 days to barley at 80 days, the shoot dry
weight reductions averaged over all soils and phenotypes are
very similar (Table 1).

On average, bean is slightly more resistant to axial root
loss than barley and maize (Table 1). One possible explana-
tion for this is that for the bean plants, all of the axial roots
emerge in the first 10 days after germination, while for bar-
ley and maize only a small fraction of all axial roots has
emerged in the same timeframe. More precisely, for the phe-
notype with medium axial root number, 24 out of 24 axial
bean roots have emerged by day 10, versus 6 out of 29 for
barley, and 9 out of 58 for maize. This means that losing a
few axial roots early on represents a much larger root loss
fraction for barley and maize than for bean, and we have
seen that root loss fraction is associated with shoot dry
weight reduction (Figure 5). On the other hand, it seems
reasonable to assume that continuous production of new
axial roots is a good strategy to deal with axial root loss
(Rubio and Lynch, 2007). However, growing new roots
requires investing nutrients and carbon so nutrient-stressed
plants (which can be a consequence of losing roots) will
have less ability to grow new roots. Since total nutrient up-
take is a function of how long the root has existed, i.e. root
length duration (Nord and Lynch, 2008), growing roots
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earlier rather than later generally leads to higher nutrient
uptake.

Lateral root loss has little effect on nitrogen uptake
but axial root loss does
Nitrogen uptake efficiencies increased under root loss, which
is consistent with previous findings that parsimonious root
systems are better adapted for nitrogen uptake (Postma
et al., 2014; Zhan and Lynch, 2015; Rangarajan et al., 2018,
Guo and York, 2019). For plants of all three species which
were not subjected to phosphorus stress, shoot dry weight
associated strongly with total nitrogen uptake, indicating
that nitrogen availability was the primary limit for growth
(Figures 3 and 7). Total nitrogen uptake is also an important
factor in plant development and when main axes were lost,
total nitrogen uptake declined substantially, to the point
where plants were not able to develop any substantial shoot
dry weight. While plants that lose a lot of roots might be
able to take up more nitrogen per day per root surface area,
they are not able to explore enough soil volume to gather
all the nutrients they need for development. In our simula-
tions, root loss was also associated with more shallow root
systems, which are not able to access nitrogen that has
leached into deeper soil domains. Since lateral root loss had
little effect on the shoot dry weight of nitrogen-stressed
plants (Figure 3), the costs and benefits of root loss balanced
out. The resources invested in these laterals, nutrients, and
carbon, were lost but the carbon spent on root system
maintenance decreased and the nitrogen uptake efficiency
increased. This was true for all phenotypes we considered.

Phosphorus stress is compounded by root loss
Root loss increased phosphorus uptake efficiency for most
combinations of species, phenotype, and soil, even though it
declined for some bean and maize phenotypes. Since phos-
phorus uptake depends strongly on root surface area, soil
phosphorus availability, soil exploration volume, and root
length duration (Silberbush and Barber, 1983; Nord and
Lynch, 2008; Jia et al., 2018; De Bauw et al., 2019), and com-
petition between roots is small, it is not surprising that root
loss decreases phosphorus uptake efficiency. The increases in
phosphorus uptake efficiency were greatest in barley plants
subjected to axial or general root loss, and these plants also
saw the biggest decrease in average rooting depth, which

means that a bigger proportion of the root systems of these
plants was situated in the topsoil, where phosphorus is
more plentiful (Lynch and Brown, 2001).

Previous modeling studies found that root turnover was
beneficial for phosphorus uptake in P deficient soils because
loss of roots followed by regrowth lead to better exploita-
tion of undepleted soil areas by roots (Steingrobe, 2001,
2005; Steingrobe et al., 2001). However, the model used in
these studies did not consider carbon and nutrient costs as-
sociated with growing and maintaining roots, nor did it take
into account loss of nutrients associated with root loss. In
contrast, our results show a reduction in net phosphorus
uptake for almost every combination of soil, species, pheno-
type, and type and intensity of root loss and reductions in
shoot dry weight in every environment where phosphorus is
limiting, suggesting that the tradeoff between giving up
existing root length and exploring new soil is usually not fa-
vorable when resource costs are taken into account. In
OpenSimRoot, root regrowth is limited by available resources
so a plant suffering from phosphorus deficiency will not be
able to regrow a large amount of root length. Additionally,
while root loss does reduce the carbon costs of root mainte-
nance, it takes at least 20 days for this to equal the carbon
cost of growing a new root (Eissenstat and Yanai, 1997). So,
root loss frees up only a small amount of carbon available
for new root growth. Also, in our model the nutrients
invested in a root segment are lost upon root loss so if a
root does not take up more than the nutrients invested in
it before being lost, it is a net loss to the plant. Finally, if the
buffer power of a soil is high, the soil might not be mean-
ingfully depleted of phosphorus during the simulated time-
frame and the benefits of exploring new soil may thus be
small. More detailed studies are needed to determine under
what conditions the tradeoffs of root turnover are beneficial
for nutrient uptake.

Implications for crop management and breeding
In low-phosphorus soils, root loss should be prevented if
possible, considering the substantial decline in predicted
shoot dry weight we observed. Axial root loss is detrimental,
regardless of the environment, especially for bean and maize.
For barley grown in a low-nitrogen, high-phosphorus soil,
the shoot dry weight reduction due to axial root loss is less
pronounced. This reflects the larger number of axial roots

Table 1 The average shoot dry weight, relative to the shoot dry weight without root loss, for each type of root loss for barley at 40 days, barley at
80 days, and bean and maize at 40 days

Root loss Barley at 40 days Barley at 80 days Bean at 40 days Maize at 40 days

Low lateral 0.98 0.97 0.96 0.97
Medium lateral 0.93 0.92 0.90 0.94
High lateral 0.85 0.84 0.83 0.87
Low axial 0.89 0.88 0.92 0.90
Medium axial 0.71 0.71 0.77 0.75
High axial 0.39 0.47 0.63 0.54
Low general 0.87 0.86 0.89 0.86
Medium general 0.63 0.62 0.72 0.69
High general 0.34 0.37 0.53 0.47
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D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac405/6680196 by guest on 23 Septem

ber 2022



produced by tillering grasses in comparison with dicot and
nontillering grass species. The effect of lateral root loss
depends on species and phenotype as well as environment.
For high branching barley and maize plants grown without
phosphorus limitations, lateral root loss increases shoot dry
weight, so preventing lateral root loss is not beneficial. That
this is not true for bean could be due to symbiotic nitrogen
fixation in bean, which increases the utility of lateral roots.

Given the large number of environmental factors influenc-
ing root loss, it is rarely possible to prevent it entirely. A rel-
evant question then is which root phenotypes should be
selected in order to maximize shoot dry weight. Phenotypes
with higher lateral branching densities are more resilient to
lateral root loss, however this does not mean they are also
the phenotypes with the greatest shoot dry weight in all
environments (Figure 3). In most environments the top per-
formers are very similar across the different root loss intensi-
ties. Even when different phenotypes respond differently to
an increase in lateral root loss intensity, as is true for the
high-branching maize phenotypes, this is generally not
enough to make them a top performer, since the difference
in shoot dry weight without any root loss was very large to
begin with.

Further research
While the use of OpenSimRoot enabled us to explore a large
range of scenarios, its limitations should be acknowledged.
The barley OpenSimRoot model has been parameterized for
80 days, while bean and maize have been parameterized for
�40 days. Additionally, OpenSimRoot is not yet capable of
simulating the processes relevant for flowering and seed set-
ting, meaning we could not directly predict yields and had
to rely on shoot dry weight as a proxy for fitness.
OpenSimRoot has recently been coupled with the
ORYZA_v3 crop model to simulate the effect of root phe-
notypes on rice yields in past and future climates (Ajmera
et al., 2022); this approach may be useful in the present con-
text as well. It would be interesting to study the interactions
between root loss and a wider selection of traits and envi-
ronments. In order to focus on the influence of root loss on
plant nutrient uptake and growth, we assumed that root
loss was equally likely for every root of the affected root
classes. It would also be useful to simulate the effects of
root loss from contrasting stress agents. Root loss caused by
hypoxia, soil drying, fungal disease, and insect herbivores
have contrasting spatiotemporal patterns and often have
more severe effects on specific root classes. For example, soil
drying and many diseases and herbivores damage roots in
surface soil layers rather than the subsoil. Loss of shallow
roots may severely reduce phosphorus capture but may
have less effect, or may even benefit, the capture of subsoil
resources. In contrast, root loss cause by hypoxia is more
common in deep soil domains, which may affect water and
nitrate capture more than phosphorus capture.

Scenarios where root loss depends on local soil conditions,
such as oxygen or water availability, are also possible fruitful
future avenues of research. There was also no assumption of

physiological mitigation strategies by the plant. Older,
thicker and more suberized roots are less vulnerable to a
range of stresses that might lead to root loss. Modeling dif-
ferent root loss rates based on root diameter would intro-
duce an interesting tradeoff, where thinner roots are more
efficient at taking up nutrients, due to their increased
surface-to-volume ratio, but also more susceptible to root
loss. However, with just three types of root loss at three in-
tensities, three plant taxa, four different soils, and two traits
that were varied, this study represents results from 5,400
simulations, each requiring between 1 and 48 h of process-
ing time to complete, and each using up to 20 GB of com-
puter memory. Considerable computing resources are
needed for more extensive simulation studies.

Conclusions
We used the functional structural plant/soil model
OpenSimRoot to simulate the effects of root loss on the de-
velopment of barley, common bean, and maize. Our simula-
tions showed that the effect of root loss on plant
development depends on environment, root loss type, and
the root system architecture. This complex picture suggests
that management and breeding strategies aimed at minimiz-
ing root loss-related yield reduction requires an approach
tailored to the soil conditions and the type and severity of
root loss. Crops grown in a controlled, high-input agricul-
tural context will not benefit from growing extra roots to
hedge against root loss while this is an essential strategy in
low-nutrient environments where pests or disease lead to
substantial root loss. Studies which link causes of root loss,
such as root pests, diseases, and abiotic stresses, to the root
system architecture and soil conditions may help us improve
crop productivity in a wide variety of environments.

Materials and methods

OpenSimRoot
OpenSimRoot is an open-source version of SimRoot that is
under continuous development (Postma et al., 2017). The
source code can be downloaded from https://gitlab.com/
rootmodels/OpenSimRoot.

In OpenSimRoot each root is simulated as a number of
vertices connected by edges. Root tips are simulated by ver-
tices with time-dependent coordinates, called growthpoints.
The speed of a growthpoint is defined by the base growth
rate specified in the XML input file and correction factors
such as nutrient stresses, carbon supply, and local nutrient
availability. The direction in which a growth point moves is
determined according to rules relating to gravitropism, the
emergence angle of roots and a stochastic contribution.
Other vertices have static locations and are placed in the
paths of growthpoints as they move. The length of a root is
equal to the distance the growthpoint traveled, not the sum
of distances between vertices.

New roots are created according to branching rules which
specify the distance or time between subsequent branchings.
Branches emerge from what are called xylem poles and the
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specified number of xylem poles as well as the twisting of
the root determine the radial angles at which new branches
can emerge. The XML input file specifies both the axial
branching angle as well as the types of roots that can
branch from a certain root class. Each root class has their
own parameters, such as growth rates, branching rates, etc.

OpenSimRoot contains a simple, abstract shoot model in
which the shoot is represented by state variables rather
than an explicit geometric model. A simple photosynthesis
model determines the rate of carbon production based on
the leaf area and the carbon fixation rate. The carbon
requirements are based on the growth and respiration rates
of the roots, costs associated to root exudates, and nitrogen
uptake and the requirements of the shoot. If the amount of
produced carbon is greater than the amount required, left-
over carbon is stored in a labile pool for later use. If the
amount of produced carbon is smaller than the amount re-
quired, root growth rates are reduced, with the growth rates
of higher order roots being reduced first.

The hydrology module in OpenSimRoot consists of three
models that are linked together. One is a simplified imple-
mentation of the SWMS model in C + + which simulates
water transport through the soil by numerically solving the
Richards’ equation (Simunek et al., 1995). The Richards’
equation is:

dh
dt
¼ r KðhÞr

�
hðhÞ þ z

�� �
� S

Here, h is the volumetric water content, t is time, K(h) is
the hydraulic conductivity tensor, h(h) is the matrix head, z
is the elevation above some reference point, and S is a sink
term that represents the water uptake by roots.
Evapotranspiration, which is a term that includes the evapo-
ration of water from the soil and transpiration by the plants,
is simulated by the Penman–Monteith equation (Penman,
1948; Monteith, 1965, 1981; Allen et al., 1998). The water
uptake rates of root segments are simulated assuming
steady-state flow through the roots in order to calculate the
water potentials for every root segment (Doussan, 1998).

Root loss module
Root loss is simulated by deactivation of root segments. The
time of root loss can be determined in a number of differ-
ent ways, see below, and once this time has passed, the root
segments in question are considered lost. These root seg-
ments do not take up any more nutrients or water, do not
count toward total root length, root mass, etc., do not re-
spire, or need any other resources. Any root subtending
from a deactivated root will be deactivated as well. If a root
segment is lost, the deactivation is propagated downwards
towards the apex. Of course, deactivated root tips stop
growing.

The root-loss module keeps track of the root length that
has been lost during the simulation and the amount of car-
bon that has been lost. It also simulates the loss of nutrients
in the tissues of the lost roots by subtracting this from the

nutrient pool. The amount of nutrients lost is calculated by
assuming that nutrients are distributed homogeneously in
the plant tissue, weighted by the minimal and optimal nutri-
ent contents in each tissue, depending on nutrient stress
levels. The stress factor is calculated as follows:

SðUÞ ¼

0

U� Pm

Po � Pm

1

if U � Pm

if Pm � U � Po

if U � Po

8>>><
>>>:

Here, S(U) is the stress factor for the nutrient under con-
sideration, U the amount of that nutrient currently in the
plant (initial seed content plus uptake up to now minus
nutrients lost up to now), Pm the minimal nutrient content
of the plant, and Po the optimal nutrient content of the
plant. The amount of nutrients lost by the plant, Lr, when a
segment r is lost is equal to:

LrðSÞ ¼
ð1� SÞrm þ Sro

Uro

if S � 1

Po if S ¼ 1

8><
>:

Here, Lr(S) is the amount of nutrients lost when segment
r is lost, S is the stress factor as defined above, rm is the
minimal nutrient content of segment r, and ro is the opti-
mal nutrient content of segment r. Partial nutrient remobi-
lization can be simulated by adding a parameter set to the
appropriate remobilization value R. Then the amount of
nutrients lost per segment, Kr(S) will be calculated accord-
ing to the expression:

KrðSÞ ¼
�

LrðSÞ � rm

�
ð1� RÞ þ rm

Here, Lr(S) is defined as above. With maximum remobili-
zation (R = 1), the plant will lose rm per segment, the mini-
mal nutrient content needed for the tissue to function.

The time of root loss can be determined for each segment
individually or for entire roots at once, and each root class
can be assigned different root loss probabilities or lifetimes.
Root loss time can be determined based on a distribution of
root lifetimes, such as a uniform or normal distribution, or a
daily probability of root loss. If a daily probability is chosen,
the probability can be modified based on depth in the soil.
Because of the modular structure of OpenSimRoot, it is
straightforward for anyone familiar with C + + to add addi-
tional plugins that define the probability of root loss based
on local soil conditions, the water or nutrient status of the
plant or root characteristics such as root diameter or age.

Simulated scenarios
Three crop species, barley (Hordeum vulgare), bean
(Phaseolus vulgaris), and maize (Zea mays), were simulated
in a variety of scenarios. The parameters used in our simula-
tions either come from previous (Open)SimRoot publications
or were estimated from the literature. Parameters used in
previous publications mostly come from field or greenhouse
experiments and results from many of these publications
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have been verified in experiments. As summarized in
Table 2, for each species, the following two traits were
varied:

• Lateral root branching density.

• Axial root number. For barley, tiller number is varied; for bean, basal and

hypocotyl root numbers are varied and for maize nodal and brace root

numbers are varied.

All of these phenotypes, nine for each species, were simu-
lated in a variety of environments. They were simulated in
four different nutrient environments, high and low availabil-
ity for both nitrogen and phosphorus. Each phenotype was
subjected to three different types of root loss: lateral root
loss, axial root loss, and a combination of both types of root
loss. Root loss was simulated by assigning to each root of
the relevant root type a daily probability of that root being
lost. All three of these types of root loss were simulated at
three different levels of severity, with roots having a 1%,
2.5%, or 5% daily probability of being lost. A control simula-
tion without any root loss was also done. Each simulation
was repeated five times with different seeds of the random
number generator. This is because root loss, root branching,
and root growth direction all include a stochastic
component.

An introduction to running simulations with OpenSimRoot
can be found in Schäfer et al. (2022). Instructions on how to
recreate the XML input files and the OpenSimRoot executable
used to generate the data for this article can be found at:
https://gitlab.com/rootmodels/OpenSimRootPapers/-/tree/mas
ter/ErnstDSchafer-2022-RootLossAndNutrientUptake. The
code used for the simulations in this article has git commit
hash 1d82c5b5de2148c6b95df7b99b54c1eaf03212c1 in the
OpenSimRoot repository. It can be downloaded from https://
gitlab.com/rootmodels/OpenSimRoot/-/tree/1d82c5b5de2148c
6b95df7b99b54c1eaf03212c1.

OpenSimRoot is currently only able to simulate vegetative
growth and species are only parameterized for a certain
number of days. Because of this, we cannot simulate flower-
ing and grain filling and hence yield. Even though the empir-
ical relationship between shoot dry weight and yield, called
harvest index, varies depending on a number of factors in-
cluding environment, field management, and plant water
status (Unkovich et al., 2010), shoot dry weight is the best
proxy we have available.
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Javaux M, Schröder T, Vanderborght J, Vereecken H (2008) Use of
a three-dimensional detailed modeling approach for predicting
root water uptake. Vadose Zone J 7: 1079–1088

Jia X, Liu P, Lynch JP (2018) Greater lateral root branching density
in maize improves phosphorus acquisition from low phosphorus
soil. J Exp Bot 69: 4961–4970

Kahler AL, Olness AE, Sutter GR, Dybing CD, Devine OJ (1985)
Root damage by western corn rootworm and nutrient content in
maize 1. Agron J 77: 769–774

King JS, Pregitzer KS, Zak DR (1999) Clonal variation in above-and
below-ground growth responses of Populus tremuloides Michaux:
influence of soil warming and nutrient availability. Plant Soil 217:
119–130

Leitner D, Klepsch S, Knieß A, Schnepf A (2010) The algorithmic
beauty of plant roots–an L-system model for dynamic root growth
simulation. Math Comput Model Dyn Syst 16: 575–587

Levy PE, Hale SE, Nicoll BC (2004) Biomass expansion factors and
root: shoot ratios for coniferous tree species in Great Britain.
Forestry 77: 421–430

Lynch JP (2005) Root architecture and nutrient acquisition. In
Nutrient Acquisition by Plants. Springer, Berlin, Heidelberg, pp
147–183.

Lynch JP (2013) Steep, cheap and deep: an ideotype to optimize water
and N acquisition by maize root systems. Ann Bot 112: 347–357

Lynch JP (2019) Root phenotypes for improved nutrient capture: an
underexploited opportunity for global agriculture. New Phytol 223:
548–564

Lynch JP, Brown KM (2001) Topsoil foraging–an architectural adap-
tation of plants to low phosphorus availability. Plant Soil 237:
225–237

Lynch JP, Ho MD (2005) Rhizoeconomics: carbon costs of phospho-
rus acquisition. Plant Soil 269: 45–56

Lynch JP, Nielsen KL, Davis RD, Jablokow AG (1997) SimRoot:
modelling and visualization of root systems. Plant Soil 188:
139–151

Lynch JP, Postma J (2009) Invited Talk: structural-functional model
SimRoot and its applications. In 2009 Third International
Symposium on Plant Growth Modeling, Simulation, Visualization
and Applications. IEEE, p 125

Majdi H, Kangas P (1997) Demography of fine roots in response to
nutrient applications in a Norway spruce stand in southwestern
Sweden. Ecoscience 4: 199–205

Monteith JL (1965) Evaporation and environment. In Symposia of
the Society for Experimental Biology, Vol 19. Cambridge University
Press, Cambridge, pp 205–234

Monteith JL (1981) Evaporation and surface temperature. Q J R
Meteorol Soc 107: 1–27

Naseri B (2008) Root rot of common bean in Zanjan, Iran: major
pathogens and yield loss estimates. Aust Plant Pathol 37: 546–551

Newsham KK, Fitter AH, Watkinson AR (1995) Arbuscular mycor-
rhiza protect an annual grass from root pathogenic fungi in the
field. J Ecol 83: 991–1000

Nielsen KL, Eshel A, Lynch JP (2001) The effect of phosphorus avail-
ability on the carbon economy of contrasting common bean
(Phaseolus vulgaris L.) genotypes. J Exp Bot 52: 329–339

Nord EA, Lynch JP (2008) Delayed reproduction in Arabidopsis thali-
ana improves fitness in soil with suboptimal phosphorus availabil-
ity. Plant Cell Environ 31: 1432–1441

Oyarzun PJ (1993) Bioassay to assess root rot in pea and effect of
root rot on yield. Netherlands J Plant Pathol 99: 61–75

Pagès L, Vercambre G, Drouet JL, Lecompte F, Collet C, Le Bot J
(2004) Root Typ: a generic model to depict and analyse the root
system architecture. Plant Soil 258: 103–119

Penman HL (1948) Natural evaporation from open water, bare soil
and grass. Proc R Soc Lond A 193: 120–145

Poorter H, Remkes C, Lambers H (1990) Carbon and nitrogen econ-
omy of 24 wild species differing in relative growth rate. Plant
Physiol 94: 621–627

Postma JA, Dathe A, Lynch JP (2014) The optimal lateral root
branching density for maize depends on nitrogen and phosphorus
availability. Plant Physiol 166: 590–602

Postma JA, Kuppe C, Owen MR, Mellor N, Griffiths M, Bennett
MJ, Lynch JP, Watt M (2017) OpenSimRoot: widening the scope
and application of root architectural models. New Phytol 215:
1274–1286

Postma JA, Lynch JP (2011) Root cortical aerenchyma enhances the
growth of maize on soils with suboptimal availability of nitrogen,
phosphorus, and potassium. Plant Physiol 156: 1190–1201

Postma JA, Lynch JP (2012) Complementarity in root architecture
for nutrient uptake in ancient maize/bean and maize/bean/squash
polycultures. Ann Bot 110: 521–534

Pregitzer KS, Hendrick RL, Fogel R (1993) The demography of fine roots
in response to patches of water and nitrogen. New Phytol 125: 575–580

18 | PLANT PHYSIOLOGY 2022: Page 18 of 19 Schäfer et al.
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