N
N

N

HAL

open science

Explaining ontogenetic shifts in root-shoot scaling with
transient dynamics
T. Lohier, F. Jabot, D. Meziane, B. Shipley, P.B. Reich, G. Deffuant

» To cite this version:

T. Lohier, F. Jabot, D. Meziane, B. Shipley, P.B. Reich, et al..
shifts in root-shoot scaling with transient dynamics.

10.1093/aob/mcul28 . hal-01308279

HAL Id: hal-01308279
https://hal.science/hal-01308279
Submitted on 27 Apr 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Explaining ontogenetic
Annals of Botany, 2014, 114, pp.513-524.


https://hal.science/hal-01308279
https://hal.archives-ouvertes.fr

Author-produced version of the paper published in Annals of Botany, 2014, 114, (3), 513-524
doi:10.1093/aob/mcu128, Original available from http://aob.oxfordjournals.org

Explaining ontogenetic shifts in root-shoot scaling with transient dynamics

Théophile Lohiet, Franck Jabot, Driss Meziang Bill Shipley?, Peter B. Reich® and

Guillaume Deffuant

YLISC - Laboratoire d'Ingénierie pour les Systémes complexes, IRSTEA, 9 avenue Blaise
Pascal, CS 20085, 63178 Aubiere, France.

Université Sidi Mohamed Ben Abdellah, Faculté des sciences Dhrar El Mehraz, Département
debiologie, BP 1796, Fes, Atlas, Maroc.

3Département de biologie, Université de Sherbrooke, Sherbrooke (Qc), Canada J1K 2R1.
“Department of Forest Resources, University of Minnesota, St. Paul MN 55108, USA.
*Hawkesbury Institute for the Environment, University of Western Sidroelted Bag 1797,

Penrith NSW Australia 2751

Running title: Explaining ontogenetic root-shoot scaling with transient dynamics

"For correspondence. E-mail: franck.jabot@irstea.fr




ABSTRACT

» Backgrounds and Aims Simple models of herbaceous plant growth basegptimal
partitioning theory predict, at steady state, amistric relationship between shoot and root
biomass during plant ontogeny: i.e. a constantsbobt ratio. This prediction has received
mixed empirical support, suggesting either thainogk partitioning is too coarse an
assumption to model plant biomass allocation, at #alditional processes need to be
modelled to account for empirical findings withlretoptimal partitioning framework. Here
simulations are used to compare quantitatively patential explanations for observed non-
isometric relationships, namely nutrient limitatidaring the experiments and initial
developmental constraints.

» Methods A simple plant growth model was built, based otirogl partitioning theory
combined with empirically measured plant functiomaits. We assessed its ability to
reproduce plant relative growth rate and final neetght ratio. Predicted root-shoot ratios
during plant ontogeny were compared to experimentiakrvations. The effects of nutrient
limitation and initial developmental constraints rot-shoot ratios were then tested.

» Key Results The model was found to accurately reproduce olvplaht growth patterns,
but failed, in its simplest form, at explaining Amemetric growth trajectories. Both nutrient
limitation and ontogenetic developmental consteumere further shown to cause transient
dynamics resulting in a deviation from isometrytrbigen limitation alone was not sufficient
to explain observed trajectories of most plant ggsed he inclusion of initial developmental
constraints (fixed non-optimal initial root-shoatips) enabled the reproduction of the
observed trajectories and were consistent withrebsganitial root-shot ratios.

» Conclusions This study highlights that considering transientawyics enabled us to
reconcile theoretical predictions based on optipaatitioning with empirically measured
ontogenetic root-shoot allometries. The transigntachics cannot be solely explained by
nutrient limitation during the experiments, poimito a likely role of initial developmental

constraints in the observed non-isometric growdfettories.

Key words: allometry, functional trait, grassland, model séte, optimal partitioning

theory, transient dynamics.



INTRODUCTION

Plants both fix atmospheric carbon in their leawgphotosynthesis and capture soil water
and nutrients by their roots. The way these basiources are allocated among different plant
organs during plant growth is of utmost importatecenderstanding such basic ecological
phenomena as competition between plants (Tilma88;1Grime, 2001), the global carbon
cycle and the consequences of rising atmospherooalioxide (Hungatet al., 1997,
Mokanyet al., 2006; Bonan, 2008). Allocation of biomass betwemots and shoots in plants
has received much attention (Pooskal., 2012). This allocation strongly depends on
environmental conditions (Chapin, 1980; Pooetal., 2012), so that it constitutes a major
difficulty for plant growth modelling (Thornley, 8%; Le Rouxet al., 2001).

Many approaches have been used to model allodatiplants (Génaret al., 2008; Franklin

et al., 2012). Allometric relationships (Niklas, 1994g¥%¥et al., 1999) can be used to
constrain the growth of different plant parts satthlometric equations are always satisfied
during plant ontogeny (Taubeattal., 2012). Although this approach is conceptuallgt an
technically simple, it requires empirical measurata®f allometric coefficients in multiple
environmental conditions. As a result, this apphoeannot predict how allometric
relationships are likely to vary depending on thei®nmental conditions encountered by the
plant (Bloomet al., 1985). A second approach is to represent thieei@pf basic resources by
the plant and their transport across different tptmgans (Thornley, 1998). This approach
aims at being mechanistic, but it requires the gfieation of mechanistic properties such as
the resistance to nutrient flow in the plant, all a® processes of internal regulation. A third
type of approach relies on various optimizatiom@ples. Studies of this type generally
consider that allocation in the plant aims at maziing some criterion, used as a proxy for
plant fitness, such as plant relative growth r&tieafles-Edwardet al., 1972; Reynolds and
Chen, 1996). They sometimes also make use of gaewedtic or adaptive dynamics methods
to take into account the ecological and evolutigmaapacts of competition between plants
(Franklinet al., 2012; McNickle and Dybzinski, 2013).

The idea that plants may allocate their assimilateeng organs so as to balance their root
activity of water and nutrient uptake and their@hactivity of photosynthesis dates back at
least to the work of Brouwer (1962). Since thers tiypothesis has been variously called



“optimal partitioning”, “functional equilibrium” othe “balanced growth hypothesis” (Poorter
et al., 2012). This simple idea has proven powerfuluatitatively explaining how
environmental conditions and perturbations affedtgsns of root-shoot allocation (lwasa and
Roughgarden, 1984; Bloost al., 1985; Poorteet al., 2012). Optimal partitioning is thus
used in a large number of plant growth models (8kipnd Meziane, 2002; Franklaal.,
2012).

Some simple models of plant growth that assumengbtpartitioning predict an isometric
relationship between shoot and root biomass duhegxponential phase of growth in non-
limiting conditions; i.e. root and shoot biomassan proportional (Charles-Edwards, 1976;
Robinson, 1986; Shipley and Meziane, 2002). Thesliotion has received mixed empirical
support. According to the meta-analysis of Poagteal. (2012), ontogenetic shifts in root-
shoot ratios are variable across experiments peddrso far. For instance, McConnaughay
and Coleman (1999) explored the impact of resogradients on three annual species and
found that the root-shoot ratio decreases duriagtpdevelopment. Miller et al. (2000)
studied allocation patterns of 27 herbaceous @peties and also found a decreasing root-
shoot ratio for 14 species. In contrast, Shipley kieziane, (2002) studied 22 herbaceous
plant species during 35 days and found a prefaleaitocation to roots during plant ontogeny
in general, although deviations from isometry w&sak in most cases. Arredonelaal.

(1998) also found an increase in root-shoot rationg plant ontogeny. The variable root-
shoot ratios evidenced in these studies questmrdhdity of the optimal partitioning

hypothesis.

However, rather than a fundamental flaw in the exggion of optimal partitioning, the
discrepancies between data and model predictiansl edso be due to the requirement for
additional model assumptions beyond optimal partitig. For instance, Reynolds and
Thornley (1982), Johnson (1985) and Johnson andildy(1987) made the point that
optimal partitioning implied that plants shoulddwzpually limited by shoot and root activities,
which do not need to be constant over time, bieraiepend on dynamical environmental
conditions and potential disturbances. In this y8impley and Meziane (2002) argued that
non-isometric relationships may be explained byoggessive nitrogen limitation of plant
growth during their experiments or by a decreasatafsic root uptake capacity with their



age. These two features are susceptible to camarsaent phase of preferential allocation to
roots (Ingestad and Agren 1991). An alternativelanation for non-isometric trajectories
might be that root-shoot partitioning is ontogecedty constrained, especially during the
early stages of growth (Gedroc et al., 1996).l4ction is ontogenetically constrained, the
shoot-root ratio is likely to differ from the ratpredicted by optimal partitioning. Importantly,
even if developmental constraints cease early dypiant ontogeny, they are likely to have
persistent effects on plant growth trajectoriesrdpa transient phase of root-shoot ratio
adjustment by the plant. This will be tested hgrednsidering that the initial shoot-root ratio
may differ from the one predicted by optimal pawtiing, but that subsequent dynamics is
controlled by optimal partitioning equations. Treemé dynamics, either due to nutrient
limitation or to some initial developmental consgtia, could potentially explain the
discrepancy between steady-state predictions basegtimal partitioning theory and

experimental findings. This study aims at quantitdy testing these potential explanations.

The study is structured in three main parts. Fasimple plant growth model is built, which

is based on the optimal partitioning hypothesis @mglant functional traits that can be
empirically measured in practise. This model repnésthe basic processes of photosynthesis,
nutrient uptake, and root-shoot carbon and nitragkcation. Second, we investigate the
ability of such a simple model to reproduce patearhrelative growth rate (RGR) and final
root weight ratio (RWR) experimentally measureddbrspecies by Reiatt al. (2003). This
particular study was chosen because most platd traed in the model were measured during
the experiments. The other model parameters, wilke not experimentally measured, are
estimated so as to maximize the model fit to the gwowth indicators (RGR and RWR).
Model goodness of fit is then assessed, as wéleasealism of fitted parameter values. This
part of the study served to determine if the sirmptalel considered is a realistic
approximation of plant growth dynamics. Third, adwath this simple but realistic plant
growth model, the experiments of Shipley and Mezig#002) are re-analyzed. In these
experiments, root and shoot biomass trajectori@? gflant species were measured
experimentally in varying environmental conditiombe simple model is shown not to be

able to explain the observed non-isometric roobshamass relationships when model
parameters are constrained so that the model debtufiés overall plant growth data. We then
test whether adding nitrogen limitation and a daseeof root uptake capacity with root age



may lead to the observed non-isometric relatiorsshie finally explore whether considering
ontogenetic constraints through variations in ahihoot-root ratio may improve the model fit
to data. Fitted initial shoot-root ratios were flpaompared to observed ones by re-analyzing
the data of Shipley and Meziane (2002).

MODEL DESCRIPTION
The model simulates the growth of herbaceous spéatieon-limiting conditions of water
supply. In this model, a plant is described byatsal biomass B(t) at time t. This biomass is
divided into above-Bs) and below-B; ) ground biomass, so that:

B (t) =Bs(t) + B () (1)
Four growth processes are modelled: i) shoot plgathssis, ii) nitrogen uptake by roots, iii)
nitrogen allocation among roots and shoots, andavon allocation among roots and shoots.
Leaves and stems are not distinguished in the slwmponent for two reasons. First, since
both leaves and stems contribute to photosyntliesisrbaceous plants (Nilsen, 1995),
pooling these two plant components makes senséidnady. Second, distinguishing these
two plant components would increase model comptdxyritadding leaf- and stem-specific
activity rates (photosynthesis and respiration) avaladditional leaf-stem allocation rules for
carbon and nitrogen, while these processes ardypdmrumented. Certainly, increasing the
complexity of the model with both stem and leav@®ponents could be easily achieved for

cases in which additional information is available.

Plant Devel opment
A simple difference equation is used with one tstep representing one hour. The plant
biomass at t+1 is given by:

B(t+ 1) =B (t) +AB (t) =B (t) + Pne (1) (2)
whereP¢ (1) is the net primary production at time t.

The increases of shoot and root biomass betweeastirand t+1 are described by equations
(3) and (4) respectively:

ABs (t) =a(t) * Pret () (3)

ABr (t) = (1 -a(t) ) * Pret(t) (4)



wherea (1) is the portion of net primary production alided to shoot. The computations of

Pret (t) anda (t) are detailed below.

Photosynthesis

Grasses perform photosynthesis both in their leardsstems (Aschan and Pfanz 2003).
Although stem photosynthetic rate may differ fraaflphotosynthetic rate, as well as mass-
surface ratios, it will be assumed here for simglithat these quantities are equal among
stems and leaves and thus that net primary pramueti: (t) can be modelled by:

Pret () =C X Au (1) * SLA<Bs(f) - R« By )
whereAy (t) is the leaf net photosynthetic rate expregmrdunit leaf aregfLA is the specific
leaf areaB;s (t) is the shoot biomasR; is the root respiration ratB; is the root biomass and
C is a constant accounting for the conversion ahatsted CQ into dry matter contenC is
calculated from the stochiometry of photosyntheggctions: to synthesize one mole of
glucose (GH1206) weighting 1809, six moles of carbon dioxide (f@re needed, hen€e=
180/6 = 30 (Kikuzawa and Lechowicz, 2006). Equat®nhas been abundantly used in plant
growth modelling (see for instance Foley (2007 té\that this approach is still valid if less
strong assumptions are used, namely that the stafmdtio is constant during plant ontogeny
and that the stem photosynthetic rate respondsasiynio light conditions and plant nitrogen
status as leaf photosynthetic rate. In this cAgét) should be understood as an effective

shoot net photosynthetic rate.

Net photosynthetic rat&y (t) has been shown to be linearly related to thregen content of
shoot (Lamberst al., 1998). Following Koningst al. (1989), the following relationship is
used:

A (t) = (Amax (1) / LNCrmax) * (Ns () / Bs (1) ) (6)
whereLNCyax is the leaf nitrogen that maximises photosynth@&igt) is the nitrogen content
of shoot andAnax (t) is the net maximal leaf photosynthetic ratgiwven light conditions:

Amax (1) =Asat* T (I () - Rs (")
whereAsatis the light saturated gross photosynthetic RRies the shoot respiration rate(t)
is the incoming irradiance at time t aind,) is a function varying between zero wHeris null
and one when it is optimal. This function accodatghe impact of ambient light on
photosynthesis. In the following the irradiancassumed to be constant during the



photoperiod and therefofg,ax (t) is also constant. Overnight the irradiaids null, sof is
null andAmax (t) equals Ry. As we are interested in the first stages of pigawth the
decrease of net photosynthetic rate caused bykatfing and the resulting variations in root-

shoot scaling is likely to be negligible and sd-sblading will be ignored in the following.

Nitrogen uptake
When nutrient supply is non-limiting, nitrogen ugeas only limited by plant physiology and
root biomass. So at time t, a plant is able to dbabmost:

Np= Upmax * B (t) (8)
whereUnax IS the mass-based root effective uptake capacity.

Roots are assumed to be able to adjust nitrogeakesio as to match the nitrogen demand of
the plantNg (Schippers and Kropff, 2001). The latter corregjsoto the amount of nitrogen
required for the leaf content of new leaf biomasbé equal t&. NCrax Ny is thus given by:

Ng = (LNCrmax ® ABs (t) ) /an (1) 9)
whereAB:s (1) is the shoot biomass produced between t an@dméay (t) is the fraction of
nitrogen captured between t and t+1 which is atkxdt#o shoot. Thereafter, assimilated
nitrogenN, equals the minimum dfi, andNg:

Ny (t) = min (N, (t) , Nq (t) ) (10)

Nitrogen allocation

Following Dybzinskiet al. (2011), it is assumed that a fixed fraction cfiaslated nitrogen is
allocated to the shoaddy (t) = an. An alternative way for modelling nitrogen pawditing

would be to use optimal partitioning theory (Maketi@l., 2008). But to apply this theory, it
would be necessary to know the relationship betweenuptake efficiency and root nitrogen
content or to make some assumptions on the resdtipietween shoot and root nitrogen
content (Méakelét al., 2008; Valentine and Makela, 2012).

Carbon allocation

An optimal allocation model is used for carbon edition (Dewagt al., 2009), in which
plants are assumed to allocate assimilates soraaxonize their relative growth rate.
Assuming that biomass and leaf nitrogen contetitrag t are known, we look for an



allocation to shoaa (t) such thaRGR (t+1) is maximalRGR (t+1) is given by:
RGR (t+1) =AB (t+1) /B (t+1) = Rie(t+1) /B (t+1) (11)

From equations (5) and ((GR (t+1) maximization is equivalent to maximize:
C X (Amax (t+1) /LNCiax) * ( Ns (t+1) /Bs (t+1) ) «SLA « Bs (t+1) - R, * B, (12)
Given that:
Ns (t+1) =Ns (t) + Ny (t) (13)
RGR (t+1) is maximal whei, (t) is maximal. In other wordRGR (t+1) is maximal when the

nitrogen demand at t+1 is equal to the potentitkgN, (t):

LNCiax* @ (t)  Pret (1) =N, (1) (14)
Hence the shoot allocation factor a(t) is given by:
a (t) =Np (t) / (LNCrax* Pret (1) ) (15)

In summary, the model takes as input seven paras@ig.x, Rs, R, LNCrhax SLA, Unaxand
an). Most of the parameters are commonly measuretd plactional traits (Kattget al.,
2011).Amax, Rs, R, LNChaxandSLA were measured in the experiments of Retadd. (2003),
andLNCnaxandSLA in the experiments of Meziane and Shipley (198@}e that plant
senescence was neglected, since we are interestdhlthe first stages of plant

development.

PARAMETER ESTIMATION AND MODEL SELECTION

In this section, the data set used to test the hatliety to reproduce real plant growth
dynamics is first presented. The fitting procedofréhe remaining unmeasured model
parameters is then detailed. The results of thidelhdata comparison procedure are

presented in the last subsection.

Plant growth data

An experiment performed by Reiehal. (2003) is used, in which 34 herbaceous and woody
plant species were grown in monoculture under oflett environmental glasshouse
conditions, for nine weeks after germination. Henge use 25 of these species (just the

herbaceous nonleguminous ones), growing undeliZediconditions (ignoring ambient



grown plant) to minimize N limitations. Beginnifgo weeks after sowing, pots received 30
ml of half strength Hoagland's solution three tirpesweek. Pots were watered as needed
between treatment applications to maintain soits field capacity. Supplemental lighting
provided an additional 130 - 170 umot.&t above ambient light levels during a 14 h.
photoperiod. Each three weeks, plants were haryeste the biomass of the different plant
components (leaves, stem and roots) were meadtn@u. these measurements, several
guantities were computed: the root weight ratio Ré¢fRal to the root biomass divided by the
total plant biomass; and the relative growth R®BR computed as in Evans (1972):

RGR=[In(B (tz)) -InB (t)) ]/ (t2- 1) (16)
where { and ¢ are harvesting dates.

Several plant functional traits were also measuttegllight saturated photosynthetic ratg;
the shoot and root respiration r&&eandR,, the leaf nitrogen contebNC, the root nitrogen
contentRNC and the specific leaf ar&A. RNC is not a model parameter, but it enables to
compute the nitrogen allocation coefficientwith the following equation:

an = (Ns (tend / Bs (tend ) / [ (Ns (tend) / Bs (tend) + RNC ¢ (B (tend) / Bs (tend) | 17)
This data set enables us to assess the modey abikkplain observed plant growth patterns,

when it is strongly constrained by empirically ma&asl plant traits.

Fitting the model on experimental data

Following Goudriaan and Van Laar (1994), the ih&iaoot-root ratio was set to one. Initial
root and shoot biomass values do not affect thepctea growth indicator, so they are
arbitrarily set to 0.5mg. The maximal nutrient laafficiencyUmax was not measured in the
experiments of Reic al. (2003) and thus had to be estimated. Besidesnéxémal
photosynthetic efficiencfmaxwas measured for an irradiance of 1000 pmosmwhile

plants were not grown under constant light condgidl he effectivé\naxduring the
experiments, resulting from the variable ligbnditions, was therefore estimated. These two
parameters were estimated by fitting the plant gnawodel to the growth data of the
experiments of Reica al. (2003). A distance between model predictions and experimental
data was defined. It was based on two experimgntadlasured growth indicators: the plant

relative growth rate RGR, and the final root weigitto RWR.€ was defined as:
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2 .
L Z(xiobs_xism)z
£=1/=x1L — (18)
2 (X_OS)

where X™ = ( RGRsim, RWRsim) and X = (RGRubs RWRyp9 are the growth indicators of the
simulations and of the experimental data respdgtive

This distance was computed on a 50x190 grid of parameter valessribed in

Table 1 and the parameter set that minimized fiktsugce was retained. The parameter space
was chosen so as to include the reported paramedtezs found in the literature (Table 1).
Note that the interval chosen fAx.x does not include the largest values measured [ohiee

al. (2003). In this experiment, the photosynthetficieincy was measured in optimal light
conditions { (I;) = 1). But plants were not grown in optimal ligitinditions, so that the
effective photosynthetic efficiency is necessasityaller than light saturated photosynthetic
efficiency.

Empirical growth indicators have been measured wlitbervation errors of 5 to 10% (Reich
et al. 2003). Therefore all sets of parametersimggit ¢ values smaller than 0.05 are retained.
They form an interval of likely values fé.x andUnax Which were relatively narrow

(Table 2).

Results

The coefficients of variation of the two model pastersAmaxandUnax were smaller than 5
and 10% respectively (Table 2), which means thagtiowth data used were sufficiently
informative to obtain accurate parameter estimatéise minimal version of the model.
Model parameter estimates are realistic compar#aetoange of values reported in the
literature (Table 1). Importantly, the remainingkeof-fit of the model to data, leading to a
residual errok min (Table 2), was negligible compared to the obsemertspecific variations
of growth indicators (Figure 1, average NRMSE=3.4.7%his means that this simple trait-
based model was sufficient to capture interspedifferences in growth rates as well as in

root-shoot carbon and nitrogen partitioning.

The growth dynamics predicted by the fitted minimaision of the model consists of a short

11



transient phase during which carbon allocatdt) varies, followed by a steady-state regime
of exponential growth during which carbon allocatis constant (Figure 2A) and root and
shoot growth rates scale proportionally (Figure,283ding to an allometric coefficiefit

equal to one (Figure 2C). The predicted duratiotheftransient phase depends on the species
identity, but never exceeds 15 days (Figure 2Chhén35-day experiments of Shipley and
Meziane (2002), the first measurements occurredals after germination (shown by the
dashed lines in Figure 2B-C). So the durationafsrent dynamics in the minimal version of
the model is insufficient to explain the observedidtions from isometry observed in the 35-
day experiments of Shipley and Meziane (2002). élzeghors suggested that the observed
deviation from isometry could come from a progressippearance of nitrogen limitation in
the experimental setting in which nitrogen was adddixed amounts. They also discussed
that a decrease of intrinsic root uptake capacitly voot age could contribute to non-
isometric growth trajectories. These two additigmaicesses were included in the model to
assess their ability to explain observed pattdtieas been further assessed whether a
modification of the initial (ontogenetically corasitned) shoot-root ratio could significantly

contribute to observed non-isometric trajectories.

ALLOMETRIC PREDICTIONS

In this section, the data set used to test the hprddictions on root-shoot allometry is first
presented. Two additional model ingredients ara theoduced: (i) the consideration of
nitrogen consumption during the experiment potégt@using some nitrogen limitation for
plants, especially at the end of the experimerd;(@phthe inclusion of a decrease in root
uptake capacity as they age. The impact of inti@lot-root ratio on allometric patterns was
also investigated. Third, the model-data fittingg@dure was detailed, as well as the
associated test of whether the different modelistuare able to reproduce the empirical
root-shoot allometries. Fourth, the results of thimdel-data comparison procedure are

presented.
Plant growth data

Given that Reich et al. (2003) did not perform detameasures of allometric relationships

(they only performed three sequential harvestsgcand data set collected by Meziane and
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Shipley (1999) and Shipley and Meziane (2002) edu#n this experiment, a total of 1150
plants from 22 different herbaceous plant specie®wrown in hydroponic sand
monoculture in factorial combinations of high (110@ol.nf.s* PAR) and low (200
umol.nf.s* PAR) irradiance crossed with a full strength arfdédilution of Hoagland's
hydroponic solution. Each plant grew in a sepatadedm® container in a growth chamber
with 15/9 h light:dark cycles. Each plant grew meaf four resource environments: high (L,
1100 pmol.r.s%) and low (I, 200 pmol.As?) irradiance combined with high (N, full-
strength Hoagland's nutrient solution) and lowl{®, dilution) external nutrient
concentrations. These four experimental treatmamtsermed LN, Ln, IN and In treatments
respectively. Each container was filled to fielgh@aity with the nutrient solution three times a
day. Plants were harvested and biomass of leax#sssand roots measured at 15, 20, 25, 30
and 35 days post-germination. Two plant functidreits were measuredNC andS_A.

RWR was computed, as well as average RGR, compustéte slope of a regression of the
natural logarithm of plant dry mass on harvest .dalemetric relationships between shoot
and root biomass along plant ontogeny was furtreasured, using an equation of the form:

Bs=ae*B, ° (19)
which can be re-written as:
IN(Bs) =In(a) +B *In(B;) (20)

The allometric coefficienp was thus computed as the slope of a regressitire afatural
logarithm of shoot dry mass on the natural logaritsf root dry mass. This second data set
was not used for model checking, since fewer diamttional traits were measured
empirically, and thus it would have been a lesseomative test of the model with a larger
number of unmeasured model parameters and a smatidver of growth indicators to
match. Rather, it was used to confront the modadiptions with empirically-measured

allometric data.

Adding nitrogen consumption by plants in the containers
Following Engelst al. (2000), Hane's relationship was used to modetiépendency of
uptake ratéJ(t) to substrate concentration:

U(t) = Umax* [N]si (t) / (Km + [N]soi (t) ) (21)
whereK, is the substrate affinity and [Nj (t) is the nitrogen concentration in soil at time

13



Initially soil nitrogen content equals:

Nsoit ( to) = [N] Hoagland® V * C soil (22)
where [N]noagiandgiS the nitrogen concentration in the hydroponicson used in the
experiment (0.210 g:t.for full strength solution, 1/6 of this value imetlow nitrogen
treatment)V is the container volume (1.3 L) afid,; is the volumetric soil moisture content
remaining at field capacity (about 5% accordingucker 1999). Then soil nitrogen content
is computed at each time step as:

Nisoil (t) = Nsoir (t - 1) -Ny (t - 1) (23)
whereN, (t) is the amount of nitrogen absorbed by thetpdéitime t (eq. 12). Every 8 hours
each container is filled to field capacity with theatrient solution, so this dynamics of
nitrogen concentration decrease in the containessisirted.

Adding a decrease of root uptake capacity with root age

The model of decrease in root uptake efficiencthag age is based on the observations of
Volderet al. (2005). Root biomass is divided in several layBesh layer has its own
biomass, age and nitrogen uptake capacity. At éggnning of each time stépa root layer is
added with a biomass corresponding to the newlgiymed root biomassB; (t - 1). A root
layeri will have a varying with time nitrogen uptake ceipaU; (t) given by:

Unax, (t) = Umax * (L +2 &) /3 (24)
wherep is the decay rate of root nitrogen uptake efficigmndt; is the time of appearance of
the root layer. Following Volderet al. (2005), it is assumed that after some days rotatkep
efficiency stabilizes around one third of maximdilceency.

Adding variation ininitial root-shoot ratio

Since the first measurements in the experimentgdl& and Meziane (2002) occurred 15
days after germination, no information is availatabegrowth trajectories during the very first
days of the experiment. Two hypotheses were cordpagarding allocation patterns during
these first 15 daysHg) Biomass is optimally allocated, so that the shioot ratio at first
measurement, called initial shoot-root ra®pin the following, is the ratio required for
optimal partitioningRopt. (H1) Because of ontogenetic developmental constraimsinitial

shoot-root ratid=,n; differs from the optimal one:
(Ho) : Bs(to) = Ropt * Br (to) (H1) : Bs(to) = Ront* Br (t) (25)

14



These additional model ingredients are used tallihiee models. The first one does not
include nitrogen limitation and assumes that ih&l@oot-root ratio corresponds to the ratio
predicted by optimal partitioningvp). The second one additionally includes nitrogen
consumption and decrease in root uptake capacityage ;). The third one additionally
authorizes initial shoot-root ratios differing fraime optimal oneNl,). Each model was fitted
to the same data of Shipley and Meziane (2002) whave been obtained in four resource
environments: high and low irradiance combined witih and low external nitrogen
concentration. Importantly, all modelled dynamios laased on optimal partitioning theory: in
model M, developmental constraints cease after the fystalys and only affect the initial

conditions.

Fitting models to experimental data

Five parameters, the photosynthetic efficieAgy the shoot and root respiration ragsand
R, the nitrogen allocatioay and the maximal nutrient uptake efficieridy.x were not
measured in the experiments of Meziane and Sh{jil@§9). Average shoot and root
respirationdRy"**"andR,"*®" were computed from the data of Redétfal. (2003), and the
average valueB""= R™*" = 40 nmol.g".s* was used for all the species studied in
Meziane and Shipley (1999). It thus remains thi@@mmeters to estimate in the minimal
version of the modeBnax, an andUnax Up to three additional parametessK, andRy,

need to be estimated in the additional versiorte®fmodel described above.

A 25x26x5x7x9x19 grid of parameter values was y3atlle 3). The parameter space has
been chosen so as to include the reported paramstes found in the literature (Table 3). In
Mo, parameterp andK,, were set to zero. In modeé\& andMy, initial shoot-root ratid?y was

equal to the ratio predicted by optimal partitianin

The same distaneebetween model predictions and experimental dataesl. This time,

between four and six model parameters have totraaed with only two growth indicators.
Consequently, a large array of parameter setsezghtb model predictions matching the two
growth indicators. Therefore, rather than tryingsdimate the model parameters, the model
simulations are filtered so that they fit the aablé growth indicators (Jabot and Bascompte
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2012). As previously, model parameter sets leattirgralues smaller than 0.05 are retained.
These retained realistic simulations are then tsedplore the range of allometric
relationships between root and shoot biomass lieathiree models are able to predict. To this
end, for each model simulation, the same proceasiie Shipley and Meziane (2002) was
used to compute the allometric coeffici@nplant biomass was simulated at 15, 20, 25, 30
and 35 days post-germination ghd/as computed as the slope of a regression ofgheal
logarithm of shoot dry mass on root dry mass. Tangjéy the predictive ability of the models,
the relative distance between simulated and engpivilues of allometric coefficienfsis

computed for every retained parameters sets angetsavhich lead to the smallest distance,

4. =min J((ﬁom —ﬁim)ZJ 26)
(Bae)

whereBons andPsim are empirical and simulated values of the allomewefficients.

calleddn,, are kept:

Results

Model My was found (as in the first section) to prodfoglues equal to one (Figure 3A).
Adding a decrease in root uptake efficiency wite agd nitrogen consumption (modéy)
caused plants to become progressively limitedtiogen and to allocate an increasing
amount of biomass to roots as they grow. Thisddgtivtalues smaller than one (Figure 3B).
When initial shoot-root ratio was large, plantoadiocated more biomass to roots until an
optimal ratio was reached (modé}). This also led t@ values smaller than one (Figure 3C),
although it affected the beginning of the growtimaiyics rather than the end as observed
with nutrient limitation (Figure 3B). These two passes were found to reinforce each other,
since they acted at different growth stages (Figrg

The three models were fitted to the data of Shipley Meziane (2002). Some models failed
at reproducing some of the growth indicators withaserage relative errersmaller than

0.05. ModelMg did not succeed in reproducing RGR and RWR o#818 and 21 out of the
22 species in the LN, IN, Ln and In treatments eetipely (Figure 4). When the effects of
nitrogen limitation were included in the model (nebil;), the number of accurately
reproduced growth patterns strongly increasedgtbwth indicators of 18, 20, 20 and 22 out
of the 22 species could be reproduced in the IN, liNand In treatments respectively. The
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full model (M) was able to accurately reproduce the growth atdrs of all species, except

in the LN treatment (20 of the 22 species).

When models succeeded in reproducing the planttgrowlictors, the allometric coefficients
B that they predicted were compared to observed. dhedel M, failed at reproducing such
allometric coefficients, irrespective of the envinbental treatments. Adding nitrogen
limitation weakly increased the predictive abilifythe model: the relative distandg,
between empirical and simulated allometric coediits was equal to zero for only seven
species across all treatments, i.e in 8% of thescds contrast, model Msucceeded in
reproducing observed allometric coefficients witt, values almost always equal to zero,
except forRumex acetosa (f = 0.748) in the LN treatmerDeschampsia cespitosa (p = 1.261)
in the Ln treatment andl@ne cucubalus (B = 0.804),Polygonum lapathifolium (B = 0.906),
Plantago major (B = 0.948) and &icum capillare (B = 1.000) in the IN treatment (Figure 4).

Even if a model fails at accurately predicting émepirical allometric coefficients, it may still
make close predictiong.values simulated with model Mvere closer to empirical values of
Shipley and Meziane (2002) than those simulated mibdel M for all species witl values
smaller than one (Figure 4). The relative distathgebetween empirical and simulatpd
values was larger than 0.10 in 83% of the casesitwtel My, while for model M, dnin was
smaller than 0.025 in 26% of the cases and sntalder 0.10 in 50% of the cases. The full
model (M) had relative errordnin onp values smaller than 0.10 for all species in all

treatments, except f&umex acetosa in the LN treatment.

Model validation

The modelling results make an additional predictinrcases in which allometric coefficients
B are significantly different from one, this sholle due to the difference between the initially
constrained shoot-root ratio and the ratio requioedptimal partitioning. I3 is smaller than
one, the initial shoot-root ratio should be lartfen the optimal ratio and vice versa
([Supplementary information], Figure S2) This final prediction was tested byanalyzing

the data of Shipley and Meziane (2002). The aveiragal shoot-root ratio and the standard
deviation were computed from available biomass,datd a weighted least square regression

was used to assess the accuracy of model predidfrogure 5).
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For the LN and In treatments, the initial shoottnadio predicted by the full model (M2) fits
the biomass raw data with a good accuracy (r = faB8the LN treatment and r = 0.53 for the
In treatment). For the Ln and IN treatments, mqutetictions are not so good (r = 0.12 for
the IN treatment and r = 0.33 for the Ln treatmelntthese treatments only 5 (respectively 6)
species out of 21 hadpavalue significantly different from 1 (Shipley aMeziane 2002).
When the regression was performed solely on speagthsan allometric coefficient
significantly smaller than one, the regression ficieht sharply increased to 0.80 for the IN
treatment and to 0.63 for the Ln treatment. Thiamsehat model predictions regarding initial
root-shoot ratios were close to observations ies&s which this ontogenetic constraint was
necessary to explain root-shoot trajectories. sesan which a simpler model was sufficient
to account for observations, the uncertainty ofititgal root-shoot ratio estimation obscured

the predictions (Figure 5).

DISCUSSION

This study aimed at testing whether observed rbotsallometries during plant development
could be explained by the hypothesis of optimatipaning. The approach was thus twofold.
First, a simple model of plant growth was built&@®n commonly measured plant functional
traits, and it has been tested whether this modslawsufficiently detailed account of plant
growth to reproduce various growth indicators gberxmental studies. The model succeeded
in reproducing these indicators with a very goocluaacy (Figure 1). Two plant traits were
not empirically measured during the experimentsvaace estimated to reproduce the two
plant growth indicators. Fitted trait values werngwn the ranges reported in the literature,
and were thus realistic. This first study part wasential to discard the possibility that the
discrepancy between theoretical predictions andresapallometries would be due to a poor
modelled representation of plant growth.

The second part of the study aimed at using thiple model to predict root-shoot allometry
during plant development. The results of previaogpter models were recovered: the optimal
partitioning hypothesis led to an isometric growthroots and shoot (Charles-Edwastisl .,
1972), in contrast with the empirical findings dfifley and Meziane (2002). This steady-
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state isometry was further found to be preceded &lyort transient period of non-isometric
growth, during which plants were dynamically adjgttheir allocation coefficient if initial
root-shoot ratio were not optimal (Figure 2). Itanthen tested whether adding
complementary model ingredients could lengtherdtiration of this transient phase and
change the shape of the root-shoot allometry. Renéscence was added in the model, as
well as the nitrogen consumption by plants in tkgeeimental containers. These first two
ingredients improved the ability of the modelsé¢pnoduce growth indicators when light and
nitrogen were limiting. However they were insuféiot to explain the results of Shipley and
Meziane (2002) on allometric trajectories. Theiahishoot-root ratio was then varied to
represent initial developmental constraints. Whtis third ingredient, most empirical findings
of Shipley and Meziane (2002) could be reproduéeguie 4).

These simulation results show that to be a reasemgproximation of plant allocation
scheme, the optimal partitioning framework needseé@omplemented by a number of
complementary processes which lead to transierggshaf allocation adjustment by the plant.
A combination of these processes was found to bessary to recover the empirical findings
of Shipley and Meziane (2002). More precisely,ahishoot-root ratio had to be different
from the ratio predicted by optimal partitioningrexover most allometric coefficients which
were significantly different from one. Gedretcal. (1996) provided evidence that ontogenetic
constraints were likely to play a role in allometiiajectories by statistically analyzing plant
growth trajectories. The modelling approach propdsere enabled us to mechanistically
incorporate various processes that have been seggeghe literature to cause shifts in root-
shoot scaling during plant ontogeny, and to tesit tiespective influences quantitatively.
Furthermore, this approach demonstrated that ajthadding some initial developmental
constraints may be needed to recover experimantiihfjs, such developmental constraints
were no longer needed during the subsequent ptantly dynamics phase, which was
controlled by optimal partitioning mechanisms.

The hypothesis that initial shoot-root ratios méed from the ratio required for optimal
partitioning is supported by the re-analysis ofelperiments of Shipley and Meziane (2002)
(Figure6). Moreover the finding that initial shawoist ratio should be larger than 1 during the
very first days of plant growth after germinatienconsistent with observations (Jurado and
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Westoby 1992; Leishman and Westoby, 1994). The ttngsis that this initial shoot-root ratio
should be at least partially developmentally caséd is also consistent with observations
(Evans, 1977; Kitajima, 2002) and the biologicait fdnat initial plant growth is ensured by
the consumption of seed reserves. The explanataehed here for non-isometric root-shoot
trajectories is hence uniquely based on a trandiamamics controlled by optimal partitioning
equations. The model proved powerful in the nonstamt nutrient conditions of Shipley and
Meziane (2002)'s experiments (when looked at amiyoesolution). This model could hence
similarly be used to quantitatively predict roobshdynamics in response to disturbances
(Méakela 1999).

The model proposed here does not take into acasalirshading, shoot senescence nor water
use by the plant. It is thus not able in its pré$emm to assess potential explanations for
observed ontogenetic shifts in root-shoot scalwigenced in longer term experiments (e.g.,
Mueller et al. 2000) for which these three effexdald play an additional role. Similarly, it
cannot be used in its present form to assess tieatl role of temperature increase or water
shortage in biomass allocation. Since these lasetwironmental pressures are likely to be
important according to current climate change seesafurther model refinements to add
temperature and water effects constitute very @stang perspectives. Such future model
developments will be eased by the general approbptogressive model building through

guantitative assessment that has been developku istudy.

In this study, optimal allocation equations wersdzhon the idea that relative growth rate
should be a good proxy for plant fitness and thinmikl be optimized by evolution. However,
plants have evolved in competitive environmentshst for a plant, maximizing its growth in
isolation is not necessarily the best strategy asimize its growth in competitive conditions
(McNickle and Dybzinski, 2013). Future work addregghis issue would be valuable. They
would require the consideration of below-ground petition for soil resources and of above-
ground competition for light (Tilman, 1988; Schiegiand Poorter, 1999; Gersahal.,

2001; O'Brien and Brown, 2008). Such work wouldi#eane to understand whether the use
of new plant fitness proxies in optimal partitiogimodelling could also produce the long-

lasting transient dynamics that have been heresacet.
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SUPPLEMENTARY INFORMATION

TABLE S1. List of abbreviations used for the spsa@tudied by Shipley and Meziane (2002).

Abbreviation Species

Acc Acorus calamus

Agr Agropyron repens

Bri Bromusinermis

Cac Carex crinita

Chl Chrysanthemum leucanthemumu
Cii Cichorium intybus

Dec Deschampsia cespitosa
Erc Erysimum cheirantoides
Eum Eupatorium maculatum
Hia Hieracium aurantiacum
Hoj Hordeum jubatum

Lea Leontodon autumnalis
Onb Oenothera biennis

Pac Panicum capillare

Php Phleum pratense

Pll Plantago lanceolata

Plm Plantago major

Pop Poa pratensis

Pol Polygonum lapathifolium
Prv Prunella vulgaris

Rua Rumex acetosa

Sic Silene cucubalus

21



FIG. S2. Shoot-root ratio required for optimal garhing (+) and shoot-root ratio minimizing
the distance between empirical and simulated alloeneoefficients ¢) in (A) the LN
treatment,. (B) the Ln treatment., (C) the IN tneant and. (D) the In treatment. Species are
sorted by increasing values. The abbreviations for species names ust ix-axis are
detailed in Table S1.
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TABLES

TABLE 1. Parameter ranges reported in the literature and those used for model calibration
with the experiments of Reich et al. (2003).

Amax Unmax
nmol.g*.s* mg.g-.h*
Range reported in the literature 150 - 900 0.22 -0.92
Range used for model calibration 100 - 600 0.1000 2
Grid step used for model calibration 10 0.01

Y(Reich et al., 2003) ; ?(Maire et al., 2009)

TABLE 2. Average estimates of model parameters and associated minimal distance between
model predictions and empirical data. Sandard deviations of parameter estimates which lead

to an ¢ smaller than 5% are indicated inside the parentheses.

SpeC| es Amax Umax Emin
nmnl 71! mn Lkl 0/
Achillea millefolium (AcM) 262 (9.85) 0.87 (0.064) 0.6
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Anemone cylindrica (AnC)
Asclepias tuberosa (AsT)
Aster azureus (AsA)
Coreopsis palmata (CoP)
Liatrisaspera (LiA)

Monarda fistulosa (MoF)
Rudbeckia hirta (RuH)
Solidago nemoralis (SoN)
Agropyron repens (AgR)
Agropyron smithii (Ag9)
Bromusinermis (Brl)
Calamagrostis canadensis (CaC)
Elymus canadensis (EIC)
Koeleria cristata (KoC)
Leersia oryzoides (LeO)

Sipa comata (SC)
Andropogon gerardii (AnG)
Bouteloua curtipendula (BoC)
Bouteloua gracilis (BoG)
Buchloe dactyloides (BuD)
Panicum vigatum (PaV)
Schyzarchyrium scoparium (ScC)
Sorghastrums nutans (SoNb)
Sporobolus cryptandrus (SpC)

184 (5.06)
200 (7.62)
282 (9.37)
269 (7.93)
154 (4.99)
259 (7.93)
261 (9.85)
183 (4.83)
170 (0.00)
228 (11.38)
217 (7.35)
191 (7.03)
259 (7.73)
291 (7.72)
153(4.89)

215 (5.11)

229(7.55)

180 (0.00)
240 (7.84)
194 (5.08)
184(5.06)

224 (5.03)
213 (4.71)

0.75 (0.048)
0.55 (0.039)
1.64 (0.104)
0.90 (0.058)
1.29 (0.063)
0.85 (0.062)
0.73 (0.056)
0.55 (0.038)
0.59 (0.045)
0.31 (0.031)
0.77 (0.051)
0.55 (0.039)
1.06 (0.068)
0.64 (0.040)
0.49 (0.035)
0.49 (0.037)
0.80 (0.050)
1.17 (0.079)
0.44 (0.034)
0.68 (0.043)
0.76 (0.046)
0.50 (0.033)
1.17 (0.066)

1.4
0.2
0.8
0.0
3.0
0.3
0.3
11.2
0.8
0.6
0.8
0.8
0.7
0.2
1.0
1.4
1.7
0.6
0.0
0.3
2.1
2.3
1.0
0.8

TABLE 3. Parameter ranges reported in the literature and those used for model calibration
with the experiments of Shipley and Meziane (2002).

Amax Unmax an p Km Ry
nmol.g.s*  mg.gth? % mg.g-.h* mg.L* -
Range reported in the
ge rep 150-900 0.22-0.92 50-74 0.028  0.06 - 0.56 1.0

literature
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Range used for model
100 - 700 0.10-250 50-90 0.0-0.030 0.0-2.005-5.0

calibration

Grid step used for model
25 0.10 10 0.005 0.25 0.25

calibration

Y(Reichet al., 2003) AMaireet al., 2009) (Volderet al., 2005) ;"(Morris 1980) ;*(Goudriaan and Van Laar,
1994).
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FIGURES

FIG. 1. (A) Computed relative growth rates agamstisured relative growth rates.

(B) Computed root weight ratios against measuretiwight ratios. (C) Computed root
nitrogen contents against measured root nitrogateats. (D) Computed shoot nitrogen
contents against measured shoot nitrogen confEmessolid line represents y = x. Each circle
represents a plant species. NRMSE: normalizedmeain square error.

FIG. 2. (A) Simulated dynamics of the carbon fractallocated to above-ground biomass. (B)
Bivariate plots of shoot and root simulated dynan{€) Simulated dynamics of the
allometric coefficienp. Each symbol stands for a particular spediesillea millefolium (o),
Bromusinermis (o), Calamagrostis canadensis (¢0) andBuchloe dactyloides (A). Best-fit parameters
were used in the simulations of the minimal moda&k first harvest in the experiment of
Shipley and Meziane (2002) is shown by a vertieaslhed line.

FIG. 3. Root-shoot trajectories Blipatorium maculatum simulated with (A) the reference
modelMy, (B) a model including nitrogen limitation resualgi from root senescence and the
decrease of soil nitrogen concentration, (C) a rhimdéuding a small nitrogen limitation and
a large initial shoot-root ratio, (D) a model inding a large nitrogen limitation and a large
initial shoot-root ratio. The dashed line represgn= x. Crosses on the different trajectories
represent root and shoot biomass at the harvesatesg, which are used to compute the
allometric coefficienp. These various trajectories do not fit overalihplgrowth patterns, but
are used here to illustrate the effects of theousrimodel ingredients on root-shoot

trajectories.

FIG. 4. Minimal relative distanag, between empirical and simulated allometric coedfits

B for each species studied in Shipley and Mezia@84® (A) LN treatment. (B) IN treatment.
(C) Ln treatment. (D) In treatment. Species aréesblby increasing values. Each symbol
corresponds to a model. When a model did not sdaceeeproducing growth indicators with
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a good accuracy, its corresponding point was noiveh The solid line represents a threshold

dmin Of 2.5%.The abbreviations for species names us#tkix-axis are detailed in Table S1.

FIG. 5. Fitted initial shoot-root ratios againstied shoot-root ratios computed from the
biomass raw data of Shipley and Meziane (2002Q)rtt{e LN treatment, (B) the IN
treatment, (C) the Ln treatment and (D) the Inttresant. Each circle represents a species with
B significantly @) or not significantly ¢) different from one. Standard deviations are drawn
in dotted lines. Weighted least square regressefficients were computed from all data (r)

and from data witlfp significantly different from one dx.
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