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» Abstract

4 Plant species differ in many functional traits that drive differences in rates of pho-
15 tosynthesis, biomass allocation, and tissue turnover. Yet, it remains unclear how
i« — and even if — such traits influence whole-plant growth, with the simple linear
1; relationships predicted by existing theory often lacking empirical support. Here
s we present a new theoretical framework for understanding the effect of diverse
1 functional traits on plant growth and shade-tolerance, extending a widely-used
20 theoretical model that links growth rate in seedlings with a single leaf trait to
2 explicitly include influences of size, light environment, and five other prominent
= traits: seed mass, height at maturation, leaf mass per unit leaf area, leaf nitrogen
23 per unit leaf area, and wood density. Based on biomass production and allocation,
24 this framework explains why the influence of prominent traits on growth rate and
s shade tolerance often varies with plant size and why the impact of size on growth
s varies among traits. Considering growth rate in height, we find the influence of:
» 1) leaf mass per unit leaf area is strong in small plants but weakens with size, ii)
s leaf nitrogen per unit leaf area does not change with size, iii) wood density is
20 present across sizes but is strongest at intermediate sizes, iv) height at matura-

5 tion strengthens with size, and v) seed mass decreases with size. Moreover, we
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5 show how traits moderate plant responses to light environment and also deter-
»= mine shade tolerance, supporting diverse empirical results. By disentangling the
5 effects of plant size, light environment and traits on growth rates, our results pro-
s+ vide a solid theoretical foundation for trait ecology and thus provide a platform

s for understanding growth across diverse species around the world.

» Introduction

»»  Functional traits capture core differences in the strategies plants use to generate
s and invest resources (Westoby et al., 2002; Wright et al., 2004; Chave et al., 2009).
50 Although most woody plants have the same basic physiological function and key
4 Tresource requirements (carbon, nutrients and water), species differ considerably
s in the rates at which resources are acquired and invested into different tissues.
42 During the last two decades, trade-offs related to some prominent traits have been
5 quantified, with values for traits such as leaf mass per unit leaf area, wood den-
u sity, and seed size now available for up to 10% of the world’s 250000 plant species
55 (Cornwell et al.,, 2014). As data has accumulated, researchers are increasingly
4 looking to traits to predict patterns in plant growth, demography, life history and
w performance (Poorter et al., 2008; Wright et al., 2010; Van Kleunen et al., 2010; Adler
4 etal, 2014). In this article we outline how the growth of individual plants is influ-
4 enced by various functional traits, as well as plant size and the light environment.

50 While the influence of traits on elements of plant physiological function has
s been increasingly quantified and understood, attempts at using traits to predict
= demographic rates have met with mixed success (Poorter & Bongers, 2006; Poorter
53 et al., 2008; Wright et al., 2010; Hérault et al., 2011; Paine et al., 2015). In seedlings,
54 the leaf mass per unit leaf area (LMA) — the central element of the leaf eco-
55 nomics spectrum (Wright et al., 2004) — was found to be tightly correlated with
s relative growth rate in plant mass (Lambers & Poorter, 1992; Cornelissen et al.,
57 1996; Wright & Westoby, 2000), as predicted from a simple mathematical model of
s growth rate (see below). LMA and leaf lifespan, itself closely correlated with LMA,
s were also linked to height growth rate for small seedlings and saplings (Reich
o etal., 1992; Poorter & Bongers, 2006). These early successes prompted researchers
er to search for similar relationships in large plants. However, the results showed
6= thatin saplings and trees, LMA was not correlated with growth rate (Poorter et al.,
63 2008; Wright et al., 2010; Hérault et al., 2011; Paine et al., 2015). Meanwhile, other
64 traits such as wood density showed strong relationships to growth in large plants
s (Wright et al., 2010; Hérault et al., 2011), but less so in small plants (Castro-Diez

e etal., 1998). Clearly, traits do not correlate simply and consistently to growth rate.
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6 Recently, it has become clear that the effect of traits on plant growth can be
s modified by plant size (Falster et al., 2011; Riiger et al., 2012; lida et al., 2014; Visser
6o et al., 2016; Gibert et al., 2016). A recent meta-analysis of 103 studies reporting
7 >500 correlations by Gibert et al. (2016) provides the most compelling evidence.
n  Gibert et al. (2016) showed that the strength of the correlation between some traits
2 (including LMA and maximum height) and growth rate was modified by size,
7 while for other traits (including wood density and assimilation rate per leaf area)
7+ the sign of the correlation remained the same, irrespective of size. Importantly,
7 the direction of the correlations and their shifts with size supported predictions

76 generated via a framework describing how traits influence growth.

7 Interpreting diverse empirical results seeking to link traits to growth rate is
» challenging because, until the paper by Gibert et al. (2016), we lacked any clear
7 expectations on why the effect of traits may be moderated by size. Generating
so appropriate expectations is one of the primary roles for theory (Kokko, 2007). A
s widely-used equation for seedlings suggests that, all else being equal, a seedling’s
= relative growth rate in mass is linearly and negatively related to LMA (Lambers &
83 Poorter, 1992; Cornelissen et al., 1996; Wright & Westoby, 2000). An extension of
s4 the model suggests a similar relationship should hold at larger plant sizes (Enquist
ss et al., 2007). But as noted above, the prediction for large plants is not supported by
ss empirical results. Meanwhile, theoretical predictions on how other traits should
s; influence growth are largely absent. Without further guidance, many researchers
ss expected traits to linearly map onto growth rates, i.e. there is a “fast” and “slow”
so growth end for each trait (e.g. Grime, 1977; Poorter et al., 2008; Chave et al., 2009;

o Paine et al., 2015).

o1 One possible reason that theoretical predictions have either been lacking or not
= been supported is that the effects of traits in existing theory are realised mainly
o3 via influences on primary productivity (photosynthesis - respiration) (Wright &
os  Westoby, 2000; Enquist et al., 2007). By contrast, the physiology of traits such as
s LMA and wood density suggests they have influence by altering the allocation of
o biomass among different tissues, rather than changing mass production (Falster
o7 et al., 2011; Duursma & Falster, 2016; Gibert et al., 2016). A second concern for
¢ theory focussed on mass production is that measuring mass production is really
o0 only practical for small plants that can be easily harvested. For larger plants,
o growth is more often measured as increment in either diameter or height. For
w1 example, stem diameter growth has been measured for many decades across many
2 thousands of plots across the globe (Purves & Pacala, 2008; Anderson-Teixeira
w3 et al., 2015; Kunstler et al., 2016). Theory considering only primary production
s therefore offers limited insight.


https://doi.org/10.1101/083451

bioRxiv preprint doi: https://doi.org/10.1101/083451; this version posted October 26, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

105 Here we show how a new mechanistic growth model — called plant (Fal-
w6 ster et al., 2016) — can explain diverse empirical phenomena, including a size-
w; dependent effect of traits on growth and an effect of traits on shade tolerance
18 (Table 1), and thereby offer new insights into the way traits influence plant demog-
g raphy across the life-cycle. Broadly, the plant model builds on several approaches
1o to modelling production and allocation of biomass (e.g. Givnish, 1988; Yokozawa
« & Hara, 1995; Mdkeld, 1997; Moorcroft ef al., 2001; Sitch et al., 2008; Falster et al.,
1z 2011; King, 2011). Our primary focus in this article is to explain the pattern that
13 has been gradually emerging — that the effect of traits on plant growth is modified
1y by plant size (Riiger et al., 2012; lida et al., 2014, Gibert et al., 2016). Based on the
15 same decomposition of growth rates as is implemented in the plant model and
16 used below (from Falster et al., 2011), Gibert et al. (2016) argued conceptually why
7 the effect of traits on growth should change with size. Here we extend the results
us  of Gibert et al. (2016) to provide a full, functioning model and use this to show,
g from the point of view of primary production and allocation, how and why the
o effect of some traits on growth rates changes with size. We also show how our ap-
21 proach can account for other phenomena, including changes in growth and shade
=2 tolerance with traits, individual size, and light environment. Our view is that
123 trait-based approaches — which aim to explain differences among species — should
= be integrated within a general model of plant growth, and thus should also be
125 able to capture patterns of growth through ontogeny. Growth rates tend to show
=6 hump-shaped relationship with size, when expressed as either height (Sillett ef al.,
127 2010; King, 2011) or diameter growth (Canham et al., 2004, 2006; Hérault et al.,
28 2011) or biomass production (Givnish, 1988; Koch et al., 2004). In contrast, the
19 growth rate of standing plant mass continues to increase with size (Sillett et al.,
130 2010; Stephenson et al., 2014). All growth measures decrease sharply with size
11 when expressed as relative growth rates (Rees et al., 2010; lida et al., 2014). Shade
152 tolerance also varies among species, correlates with traits (Messier et al., 1999; Lusk
13 et al.,, 2008; Poorter & Bongers, 2006), and tends to decrease with increasing size
14 (Givnish, 1988; Kneeshaw et al., 2006; Lusk et al., 2008). These diverse phenom-
15 ena — summarised in Table 1 — are deserving of a comprehensive and integrated

156 explanation.

» Framework for understanding the effects of traits on growth

18 The plant model builds on the widespread approach used in many vegetation
13 models of explicitly modelling the amounts of biomass in different tissues within
1o a plant (e.g. Givnish, 1988; Mdkeld, 1997; Moorcroft et al., 2001; Sitch et al., 2008;
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1w Falster et al., 2011; King, 2011; De Kauwe et al., 2014) (Fig. 1a). We consider the
1= masses M;, areas A;, and diameters D; of tissues, where the subscripts indicates
u; tissue type: 1=leaf, b=bark and phloem, s=sapwood, h=heartwood, r=root, a=alive
s (I4+b+s+r), t=total (I+b+s+h+r), and st=stem total (s+b+h). The total mass of living
us tissue is then M, = M; + My + Ms + M,, and the standing mass of the plant is
u6 My = M, + My. A summary of all variables, units and definitions is given in Table

u;  2-3, with further details on the parameter values applied given in Tables S1-52.

148 We assume growth is fundamentally driven by biomass production and its
4o subsequent distribution throughout the plant. Applying a standard approach, the
10 amount of biomass available for growth, % is given by the difference between
151 income (photosynthesis) and losses (respiration and turnover) within the plant

12 (Mékeld, 1997; Thornley & Cannell, 2000):

dB _
a Moty ( AP(E) — M;r;) — Mik;.
~—~— AV Vg S—— i=lLb,s,r i=lb,s,r

net biomass production ~ Mass per C yield photosynthesis

respiration turnover

(1)
153 Photosynthesis is the product of the average photosynthetic rate per unit leaf area
s (P(E)) and total leaf area (A}). We assume that p increases with canopy openness
155 E, as per a standard light-response curve (Fig. 2; for details, see Supplementary
156 Materials), and respiration and turnover rates of different tissues are constants that
17 might differ with traits (see below). The constants &y and ay,, account for growth
158 respiration and the conversion of CO; into units of biomass, respectively. While
159 the plant model can easily accommodate competitive shading via influences on
wo E, in this analysis we grow individual plants under a fixed light environment,
S0 that we can better understand the intrinsic trait- and size-related effects. We
2 also do not yet consider any traits influencing levels of self-shading. Also, many
163 vegetation models use a more-detailed physiological model for calculating p and
s 1j, €.g. as functions of temperature. Such detail is not needed here because it
s Will not change general model behaviour, even it would alter he absolute values
w6 Of predicted growth rates. Even with detailed models, % always comes down to

6; simple subtraction of income and losses.

s Classic model for mass-based relative growth rate

19 Earlier studies focussing on seedlings used a mathematical model to relate the trait
170 leaf mass per area (¢) to relative growth rate in mass (Blackman, 1919; Lambers &
1 Poorter, 1992; Cornelissen et al., 1996; Wright & Westoby, 2000). To aid comparison
172 with this literature, we will first show how that model is derived from eqn 1. In
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3 fact, the seedling model is a special case of the more-extended approach described
1 in the following sections and can be derived from eqn 1 as follows. For seedlings,
175 which are young and mostly consist of leaf biomass, we can as a first approxima-
6 tion ignore all turnover terms as well as the respiration terms for non-leaf tissues
177 in eqn 1. Net production (from eqn 1) then becomes a linear function of leaf area,
s making relative growth rate in mass a linear function of ¢:

dB 1

M
-— -1 71
dt Ma Pnet X (P X 7 (2)

M,

179 Where Pret = apip tty (F(E) — 11). Although eqn 2 captures patterns of growth in
o seedlings in relation to ¢ (Wright & Westoby, 2000), this approximation does not
s easily extend to the variables that are routinely collected for large trees: namely
. plant height (H), stem-basal area (Ag;) or stem diameter D. The derivations below
3  makes these links clear.

s Decomposition of growth rates into components

55 To model growth in either plant height (H), leaf area (A;), basal stem area (Agy),
6 standing mass (M) or stem diameter (D) requires that we account not just for
15; net mass production, but also for the costs of building new tissues, allocation to
s reproduction, and architectural layout. Mathematically, these growth rates can be
1y decomposed into a product of physiologically relevant terms (Falster et al., 2011;
wo Gibert et al., 2016). Relevant equations are given in Fig. 1b, (eqns 4-9). As is evident
1 in eqn Fig. 1b, the growth rate in plant weight (% ; eqn 4), leaf area (% ; eqn 6),

w2 height (%—ﬁl ; eqn 7), stem basal area (déﬁ“ ; eqn 8), and stem diameter (‘il—lt) ;eqn o) all

103 share some terms in common. Many of the terms in Fig. 1 also vary intrinsically
s With size. The insets in Fig. 1b show the size-related patterns in different variables
15 for a typical plant, obtained from applying the specific allocation model in the next

196 section.

107 The growth rate of all size metrics in eqns 4-9 depends on the product of
108 biomass production % (from eqn 1) and the fraction of biomass allocated to

19 growth of the plant, %, which varies from o-1. The remaining 1 — dé\ga fraction

20 Of mass produced is allocated to reproduction. In plants, % starts high, 1.0 for

21 seedlings, and then decreases through ontogeny, potentially to zero in fully ma-

202 ture plants (Wenk & Falster, 2015). Note also that dé\ga is the allocation of biomass

203 dfter replacing parts lost due to turnover. So a plant with dé\gi‘ = 0 will continue to

204 produce some new leaves and increase in stem diameter, even if the net amount

205 Of live mass M, is not increasing.

206 The growth rate in the total standing mass of the plant (eqn 4) is then the sum
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207 0of heartwood formation (=sapwood turnover) and any increment in live mass.

208 The remaining growth rates (eqns 6-9) all depend on another variable, 3—]\‘2,

209 that accounts for the marginal cost of deploying an additional unit of leaf area,
20 including construction of the leaf itself and supporting bark, sapwood and roots

au (eqn 5). The inverse of this term, ‘2&1{"‘ , is the whole plant construction cost per unit

2z leaf area, which can be further decomposed as a sum of tissue-level construction
a3 costs per unit of leaf area, with one of these being ¢ = %ﬁ: the trait leaf mass per

214 Area.

215 The rate of height growth (eqn 7) depends on an additional term, g—z: the
26 growth in plant height per unit growth in leaf area. This variable accounts for the
x7 - architectural strategy of the plant. Some species tend to leaf out more than grow

s tall, while other species emphasise vertical extension (Poorter & Bongers, 2006).

219 The rate of stem-basal-area growth (eqn 8) can be expressed as the sum of in-
20 Ccrements in sapwood, bark and heartwood areas (As, Ay, Ay, respectively): % =
21 % + dcﬁs %. These in turn are related to ratios of sapwood and bark area per
== leaf area, and sapwood turnover (see eqn 8).

223 Finally, the rate of stem-diameter growth (eqn 9) is given by a geometric rela-

24 tionship between stem diameter (D) and stem area (Agst). Note that we make no
=5 assumptions about the relationship of stem diameter to height or leaf area: these

=6 arise as emergent properties, via integration of stem turnover (eqns 13- 22).

. Shade tolerance

=8 Eqn 1 can also be used to estimate a measure of shade tolerance: the light level at
29 which a plant’s photosynthetic gains just balance the costs of tissue turnover and
20 respiration (Givnish, 1988; Baltzer & Thomas, 2007; Lusk & Jorgensen, 2013) (the
=1 “whole-plant-light-compensation point”, wrLcp). In general, average assimilation
=2 rate per leaf area p increases with light level or canopy openness, E. The wrLcr
;3 can be estimated by solving for the the value of canopy openness E = E* giving
24 9P(E) = 0 (Fig. 2). From eqn 1, this occurs when

o Zi:l,b,s,r Mi (% + ri)
p(E") = A : (10)

35 The WPLCP occurs at the points where the photosynthetic production (per unit leaf
236 area) line intersects with the sum of maintenance and respiration costs (per unit
2y leaf area) for each tissue (Fig. 2). Traits can influence the wrrce if they effect

8 either carbon uptake or costs (respiration, turnover). Also, since the amount of
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29 stem support increases with plant height, the wrLcr also naturally increases with
20 height (Givnish, 1988) (Fig. 2).

. A functional-balance model for plant construction

22 It worth noting that because eqns 4-10 are derived using standard rules of addi-
25 tion, multiplication and differentiation, they hold for any potential growth model
4  Where biomass allocation is important. To make explicit predictions via this frame-
25 work, then requires an explicit model of plant construction and function; i.e. we

26 must put quantify all the terms in Fig. 1b.

247 The plant package adopts a model of plant construction and function that can
3 be considered a first-order functional-balance or function-equilibrium model, sim-
249 ilar to those implemented by Mikeld (1997) and Moorcroft et al. (2001). We could
250 also call it “isometric”, because the assumptions see area-based metrics scaling to
= the first-power of other area-based metrics, and to the square-power of length-
= based metrics, such as height (Huxley, 1932). Table 4 provides key equations of
53 the model (see Falster et al. 2016 for full derivation). In particular, we assume that

254 as a plant grows:

;5 Assumption 1: Its height scales to the 0.5 power of its leaf area (eqn 13).

=6 Assumptions 2: The cross-sectional area of sapwood in the stem is proportional

257 to its leaf area (eqn 14).

8 Assumptions 3: The cross-sectional area of bark and phloem in the stem is pro-
259 portional to its leaf area (eqn 15).

260 Assumptions 4: The cross-sectional area of root surface area and therefore mass

261 is proportional to its leaf area (eqn 16).

2 Assumption 5: The vertical distribution of leaf within the plant’s canopy, relative
263 to the plant’s height, remains constant.

x4 Assumption 1 accounts for the architectural layout of the plant. Assumptions
265 2-4 are realisations of the pipe model (Shinozaki et al., 1964), whereby the cross-
x6  sectional area of conducting tissues are proportional to leaf area. To describe
7 the vertical distribution of leaf area within the canopy of an individual plant (as-
»8  sumption 5), we use the model of Yokozawa & Hara (1995), which can account for
260 a variety of canopy profiles through a single parameter 7., varying from o-1 (for

20 details, see Supplementary Materials).
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271 Combined, the functional-balance assumptions from Table 4a lead directly to
2 equations describing the mass of sapwood and bark in relation to leaf, and the
;3 amount of leaf in relation to height (Table 4b). Substituting from Table 4 into eqns
237, 8, 9 then gives all the necessary terms needed to implement the growth model

25 described in Fig. 1.

.6 Trait-based trade-offs

27 We now consider how trait-based trade-offs enter into the above growth model. It
»s is essential that any trait includes both a benefit and cost in terms of plant func-
29 tion and/or life history; otherwise we would expect ever-increasing trait values
80 towards more beneficial values. For present purposes, we consider five promi-
= nent traits for which we can posit specific costs and benefits, outlined in Table
2 3. In postulating potential benefits and costs, we consider only those thought to
283 arise as direct biophysical consequences of varying a trait. The trade-offs are then

8, implemented as follows.

s Seed mass, w: There is a direct energetic trade-off between a plant’s fecundity

286 and the size of its seeds. Moreover, we assume larger seeds result in larger
287 seedlings; this seed-size number tradeoff translates into a demographic trade-
288 off between the number of seedlings produced by a parent and their initial
289 size.

20 Height at maturation, Hy.: This trait moderates an inevitable energetic trade-off

201 between growth and reproduction, that operates at all times through the
292 lifestyle. Mass invested in growth cannot be invested in reproduction. To
203 describe how the fraction of mass allocated to reproduction, 1 — dé\ga, changes
204 through ontogeny, we assume a function r(H, Hmat) = o +exp(rr2r(r11_ A7)
205 where Hp,: is height at maturation, . is the maximum possible allocation
206 (0-1) and r,p determines the sharpness of the transition. The exact shape
297 of this function is non-critical, what is important is that plants shift from a
208 period of investing mainly in growth to investing mainly in reproduction.
200 The trait Hpy,t then describes the size at which this shift occurs, with direct
300 biophysical consequences for growth.

;o Nitrogen per unit leaf area, v: We allow for the maximum photosynthetic capac-

. . . . :BlfS
302 ity of the leaf to vary with leaf nitrogen per unit area, as Amax = Pif1 <V10) ,
303 where Bjf1, o and Pygs are constants. Respiration rates per unit leaf area are
304 also assumed to vary linearly with leaf nitrogen per unit area, as By v.


https://doi.org/10.1101/083451

bioRxiv preprint doi: https://doi.org/10.1101/083451; this version posted October 26, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

s Leaf mass per unit area, ¢: This trait directly influences growth by changing c‘f—z\‘z
306 (Table 4). In addition, we link ¢ to the rate of leaf turnover (k;), based
307 on a widely observed scaling relationship from Wright et al. (2004): ki =
308 B (% e where By1, ¢o and Py, are empirical constants. Following
309 Wright et al. (2004), the rate of leaf respiration per unit area is assumed inde-
310 pendent of ¢, as such the mass-based rate is adjusted accordingly whenever
511 ¢ is varied.

;= Wood density, p: This trait directly influences growth by changing 3—]\‘2 (Table 4).

313 In addition, we link p to the rate of sapwood and bark turnover, mirroring
314 the relationship assumed for leaf turnover: k;, = ks = Pyq1 ( p% ) ez where
315 Bis1, po and pysy are empirical constants. The rate of sapwood and bark res-
316 piration per unit stem volume is assumed to be independent of p, as such the
517 mass-based rate is adjusted accordingly whenever p is varied. There is very
518 little data on rates of sapwood turnover and respiration in relation to wood
319 density, so this latter assumption is more speculative than the equivalent
520 assumption for leaves, which is well supported empirically.

= Methods

52 The growth model described above has been implemented as the FF16 physiologi-
523 cal model within the plant package (Falster et al., 2016) for r (R Core Team, 2015).
»s The plant package also makes use of supporting packages Rcpp (Eddelbuettel,
s 2013) and the Boost Library for C++(Schiling, 2014), via the package BH (Eddel-
56 buettel et al., 2015). To encode the trait-based trade-offs described above, we use
s the capacity to in plant to provide a “hyper-parameterisation” function, which en-
»s ables various parameters to covary with traits (for full details see Supplementary
39 Materials — A).

330 For the most part, parameters used in the current analysis were sourced from
sn Falster et al. (2016) (see Tables S1-S2 for values). The only exceptions are: i) param-
;2 eters affecting the relationships outlined in Table 4a, which were estimated from
533 data described below, and ii) parameters describing the function for reproductive
34 allocation. By default, we set 7,1 = 0.8 and r» = 10, implying a relatively rapid

»35  transition to reproduction at H = Hpat (see panel for dé\ga in Fig. 1).

336 The functional-balance assumptions listed in Table 4a were evaluated using
s data from the Biomass and Allometry Database (BaaD) (Falster et al., 2015), which
;8 includes records for various size metrics from 21084 individual plants across 656

;0 species. We fit standardised major axis (sMa) lines (Warton et al., 2006) to char-

10
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;0 acterise bivariate relationships. We implemented a hierarchical model structure,
sn - where the distribution of slopes and intercepts among groups is assumed to come
32 from normal distributions. The means and variances of these distributions are

s then fit as part of the model-fitting procedure.

344 The analyses presented employ best practises in scientific computing, as de-
s fined by Wilson et al. (2014), and are fully reproducible, via code available at

s github.com/traitecoevo/growth_trajectories.

.+ Results

;s Model assumptions

9 1o verify model assumptions we compared the assumptions outlined in Table 4a
;0 to data sourced from the BaaD (Falster et al., 2015). Additionally, we evaluated
5 an important prediction arising from the eqns in Table 4a, that the amount of live
;= stem tissue supporting each unit of leaf area increases linearly with height, as per

553 the equation
Mb + Ms
A

s+ Note that ay,1, 6, p, 77 are all traits, i.e. properties that are assumed approximately

= (1+ap1)0pnH. (11)

;55 constant through ontogeny for any given species. Fig. 3 shows that the three
56 functional-balance assumptions outlined in Table 4a and the relationship in eqn
;7 11 are all well-supported by the available data. The solid lines indicate sma lines
;8 fit to each species in the dataset. Dashed lines indicate the slope of predictions
;50 under functional-balance assumptions in Table 4a and eqn 11. As expected, species
s0 differed in elevation, but less so in the slope of the fitted lines; with slopes aligning
s with those predicted by the functional-balance assumptions.

;= Changes in growth rate with size

55 Our growth model suggests an intrinsically size-dependent pattern of biomass-
564 production and growth, which aligns with well-known empirical patterns (Table
565 1). The panels in Fig. 1 show the expected patterns for a typical woody plant,
56 obtained by applying the functional-balance model encoded in plant. Biomass
57 production shows a hump-shaped pattern with size, decreasing at larger sizes as
;s  the turnover and respiration of sapwood and bark increase. Height growth also
50 shows a hump-shaped pattern with size, first increasing then decreasing. This
50 Ppattern results from systematic changes in the four components of eqn 7 with

s size, including a strong decline in the fraction of plant that is leaf declines with
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;2 increasing size (Fig. 1), increasing reproductive allocation (Fig. 1), and declining
53 mass production. In contrast, basal-area growth continues to increase with size,
374 due to an increasing influence of stem turnover. Diameter growth shows a weakly
;s hump shaped curve, tapering off slightly at larger sizes, in part because of the
w6 allometric conversion from basal area to diameter (eqn 9, and in part because
s of increased reproductive allocation in older trees (Fig 1). All growth measures
ss  decrease sharply with size when expressed as relative growth rates (results not

3% shown).

s Changes in height growth rate with traits

;s We analysed the response of growth rate to five different traits under the assumed
;= trade-offs (Table 3). We considered changes in absolute and relative growth rates
;3 for mass, height, stem area and stem diameter. The first two traits considered
;85 modify behaviour primarily at the start and end of an individual’s growth trajec-
;85 tory, and are therefore termed “ontogenetic traits”. The remaining three traits are
s termed “development traits” because they moderate the rate of movement along
s, an individual’s growth trajectory. Across the five different traits, we observed four
s relatively distinct types of response. These responses are summarised in Table 5
;9 and described in more detail below.

;0 Ontogenetic traits

;0 Seed size, w. Increasing w in our model causes seedlings to be larger and fe-
52 cundity to decrease. As such, the only effect of seed size on growth comes from
53 changing the plant’s initial size. The plots in Fig. 1, which show changes in growth
s+ rate with plant size, also express the expected changes in the growth of seedlings
s due to changes in seed size. Under similar light conditions, larger seedlings are
6 predicted to have faster absolute growth rates in all metrics because of their greater
7 total leaf area. At the same time, relative growth rate is predicted to decrease with
58 size, because the ratio of leaf area to support mass decreases with plant size. As
»9 plants grow, differences in initial mass will decrease in importance, relative to
w0 other factors influencing growth through the life-cycle. As a result, the correla-
4 tions between seed size and growth rate observed for seedlings disappear among
w2 larger plants.

w3 Height at maturation, Hy,t. Hmat moderates growth by adjusting the amount of

w4 energy invested in growth, i.e. the term dé\ga in eqns 7 and 8. Greater Hpm,t can

w5 thus lead to a growth advantage by increasing dé\ga (Fig. 4). At smaller sizes,

w6 there is no differentiation among species, because most individuals are focusing
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w7 on growth. At larger sizes, individuals of some species are allocating a larger
w8 fraction of biomass to reproduction, which reduces their growth rate relative to

w0 those species with greater Hpat (Fig. 4).

40 Development traits

s The remaining three traits (v, ¢, & p) moderate growth rates at a point along an
42 individual’s growth trajectory (Fig. 4).

45 Leaf nitrogen content per leaf area, v. The response of growth rate to changes in v
s is relatively straightforward: there is an optimum value of v that maximises height
x5 growth rate in a given light environment E and does not vary with height (Fig.
s6  4). As E increases from low to high, the optimal v also increases. The invariance
s7 of the growth-trait relationship with respect to size arises as follows. The direct
«s physiological effect of v is to increase the maximum potential photosynthetic rate
s9 of leaves, with a cost of higher respiration rate. Both the cost and benefits of v
0 appear within 98, implying the direction of correlation between trait and growth
4a1 regte )depends crucially on the change in mass production per v. From eqn 1,
UG 9p(E)

o = A (T — Ban%)' Since both and p(E) and r| are expressed per unit area

43 and independent of height, the optimal value is also independent of plant height.
14 Leaf mass per unit leaf area, ¢. Unlike v, the response of growth rate to changes
45 in ¢ varies strongly with plant height, with the relationship moving like a wave
w6 across the trait spectrum (Fig. 4). As a result, the value of ¢ that optimises plant
w7 growth increases with plant size, and the direction of correlation between height
.8 growth rate and ¢ shifts from negative to positive, as plants increase in height.
129 Decreasing ¢ has two impacts on height growth rate. First, lower ¢ increases the
s leaf deployment per mass invested (3—1\‘2) by economising on construction costs.
s Second, lower ¢ decreases net production (Ccll—lf), due to increased leaf turnover.
12 Whether lower ¢ increases growth thus depends on the relative magnitude of these
s two effects. When plants are small the effect on leaf deployment rate is larger and
1+ 50 decreasing ¢ increases growth rate. When plants are large, the influence of ¢ on
55 leaf deployment rate is diminished, because the cost of building other supportive
;6 tissues (other terms in eqn 5) is larger (Fig. 1). The net result is that at larger sizes,

47 low ¢ is no longer advantageous for growth (Fig. 4).

18 Wood density, p. As for leaves, lower cost of stem construction (lower p) decreases
19 the cost of deploying a unit of leaf area, and may thereby increase growth rates
wo (Fig. 4). In contrast to ¢, the benefits of cheaper stem construction become more
4 pronounced at larger sizes, as an increasingly large fraction of the plant is wood
w2 (Fig. 1a). Thus, p has only a weak effect on growth rates for small plants, but a
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w strong effect for intermediate to large plants. As the plant becomes very tall (H
ws >15m), the benefits of low p finally begin to diminish.

s Changes in other growth rates with trait

ue  The results reported above and shown in Fig. 4 focus on height growth rate (eqn
w7 7). Corresponding results for growth rates in stem diameter (eqn 9), stem basal
wus area (eqn 8), and above-ground mass (eqn 4) are provided in Figs. S2-Fig. S4
uo of the Supplementary Materials. In each figure, plants were grown to a suitable
40 diameter, area, or mass. As such, changes in relative growth rates with traits show

41 a similar patterns as absolute growth rates.

452 We find that for seed mass, leaf nitrogen, leaf mass per area and height at mat-
43 uration, the patterns of growth rate in stem diameter, stem area, or above-ground
554 Mass with respect to traits mirror those observed with respect to heigh growth
555 (Table 5). The only trait where a slightly different response was observed was for
56 wood density. Whereas the effect of wood density on height growth tended to
557 diminish slightly at larger sizes (Fig. 4), the effect became even stronger when
48 measuring growth rate in stem diameter, stem area or above-ground mass. Re-
450 call that sapwood lost via turnover is turns into heartwood. Whereas the loss of
w0 sapwood diverts energy away from height growth rate, the faster accumulation of
s heartwood actually accelerates the growth of stem diameter and area.

« Responsiveness of growth rate to light

45 The predictions in Figs. 4 and S52-54 illustrate how traits impact on growth rate
44 under different light environments and at different sizes. An additional outcome
45 that arises directly from these analyses is that traits moderate the responsiveness of
w6 growth to changes in light environment. This response arises because individuals
w7 with higher potential growth rate naturally have greater potential plasticity in
w8 growth. Our results therefore support findings that species with low p increase
w0 growth more substantially with increases in light (Table 1). Variation in ¢ also
o moderates the response of growth to changes in light, with species having the
s lowest ¢ being most responsive. However, unlike for p, the effect appears only for

4= the smallest size classes.
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w»  Shade tolerance

s Combining eqn 10 with the function-balance model in Table 4 leads to the a more

475 specific expression for calculating wrrLcr, as the value of E* that gives

pP(E")=¢ (kl +rl> + (8pncH) <b <kb +rb> + <ks +rs>> + an <kr +rr> .
Yy Yy y y

(12)
w6 Eqn 12 indicates wrLcr will increase approximately linearly with H and poten-
w7 tially vary with traits v, ¢, and p. With some further manipulations, it is possible
w8 to show that wpLcp will decrease with ¢ if By, > 1. Likewise wrLcp will decrease
wo with p if By > 1. The parameters By and Bis; give the slope relating tissue
s turnover rate to ¢ and p, respectively. Since in this analysis, we have assumed
s these criteria to hold, species with low ¢ and low p are predicted to be less shade
s tolerant because of disproportionate increases in turnover costs (Fig. 5). At low ¢
s (p), leaf (sapwood) turnover is higher and thus a greater light income is needed to
4 Offset these costs. wrLCP also decreases with height because as size increases, the
45 total amount of carbon needed to offset respiratory and turnover costs in the stem
w6 also increases (Givnish, 1988). In addition, wpLcP varies with v. At small sizes,
47 WPLCP increases with v across the band of values typically observed in real plants,
s 1.e. high leaf nitrogen makes seedlings shade intolerant. At larger sizes, as net
40 production declines to zero, wrLcP begins to increase again for very low values of

w0 V. All of these patterns match empirically observed patterns (Table 1).

« Discussion

w2 Using a model relating plant physiological function and carbon allocation to five
45 Pprominent traits, we have shown how traits impact on plant growth across the life
w4 cycle. This approach extends a widely-used theoretical model for seedlings, which
w5 links mass-based growth rate to the trait leaf mass per unit leaf area (Lambers &
w6 Poorter, 1992; Wright & Westoby, 2000), to explicitly include influences of size,
w7 light environment, and other prominent traits. During the last two decades, func-
w8 tional traits have captured the attention of ecologists, in large part because of the
w0 ability to organise the world’s plant species along standard dimensions (Westoby
s0 et al., 2002). However, it has remained unclear how or whether prominent traits in-
sa  fluence growth outcomes (Poorter et al., 2008; Wright et al., 2010; Paine et al., 2015).
s Matching a growing amount of empirical evidence (Table 1), this study outlines
53 when and why the direction or strength of correlation between traits and growth
504 Tate shifts with plant size. Moreover, we show that different traits and trade-offs
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s generate different types of response. Combined with the available empirical ev-
s6 idence, these results demand a fundamental shift in our understanding of plant
s ecological strategies, away from one in which species are thought to have a fixed
58 growth strategy throughout their life (from slow to fast growth) (e.g. Grime, 1977;
so Adler et al., 2014; Paine et al., 2015) to one in which traits define a size-dependent
s growth trajectory (Gibert et al., 2016). Moreover, we find that growth trajectories
su and the ranking of traits across them are also moderated by the light environment;
s while traits that minimise costs of tissue respiration and / or turnover also make
53, plants more shade tolerant (i.e. lower wrLcP), as is empirically observed (Messier
sy etal., 1999; Craine & Reich, 2005; Poorter & Bongers, 2006; Baltzer & Thomas, 2007;
si5  Lusk ef al., 2008). The plant model, used here, builds on and extends several re-
s lated approaches, wherein emergent outcomes such as height, diameter and mass
si; - growth arise from the interaction of different tissues and traits (e.g. Givnish, 1988;
s Mékeld, 1997; Moorcroft et al., 2001). This approach is quite different to models
519 derived from metabolic scaling theory (MsT), which derive everything from a sin-
50 gle master “scaling” equation for mass growth and have thus far been unable to
5= account for size-dependent changes in the correlation between traits and growth
s rate (Enquist et al., 1999, 2007). Our approach is also fundamentally different from
s statistically-fitted growth models (e.g. Hérault et al., 2011; Riiger et al., 2012; lida
24 et al., 2014) in that it predicts rather than statistically tests for trait-based effects. In
s this sense, our model is designed to both explained observed phenomena (Table
6 1) and also generate new hypotheses.

s Generalising to other traits and trade-offs

8 The model presented here extends a widely-used theoretical model for seedlings,
50 which links mass-based growth rate to the trait ¢ (Lambers & Poorter, 1992; Wright
s0 & Westoby, 2000), to larger plants and other traits. Importantly, the seedling model
sn can be derived as a special case of our extended approach. Unlike the original
52 model for seedlings (eqn 2), the new model also predicts a relationship between ¢
55 and growth rate that changes with size. In particular, the correlation shifts from
54 being strongly negative in seedlings to being absent, or even possibly positive in
55 larger plants (Fig. 4), irrespective of whether growth rate is estimate via height,
56 stem diameter, stem area or total mass. This shift, which matches empirical evi-
sz dence (Poorter ef al., 2008; Wright et al., 2010; Hérault et al., 2011; Paine et al., 2015;
s Gibert et al., 2016), occurs because the benefits of cheap leaf deployment diminish
50 with plant size. As seedlings, leaves comprise a large part of the plant (Fig. 1a).
s Decreasing ¢ then has an overwhelmingly positive effect on height and diameter

su growth rate because the effect of increasing g—ﬂ is large compared to the other
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s terms in eqn 5. As plants increase in size, however, the amount of supporting
s tissue increases (Fig 3d), decreasing the benefit of cheaper leaf construction in eqn
s 5. Consequently, the effect of ¢ on leaf turnover comes to dominate at larger sizes,
ss and as such, the effect of ¢ on height, diameter and, mass growth shifts from

s negative to either flat or mildly positive (Table 5).

547 The list of functional traits that are known to differ among plant species is long
s and ever-increasing (Pérez-Harguindeguy et al., 2013). While we have focussed on
s understanding the effects of five specific traits on growth rate, the framework
50 presented can be extended to generate hypotheses about other traits and trade-
ssn Offs. The main criteria for including new traits is that a clear trade-off has been
5= established, with benefits and/or costs that ultimately translate into biomass or
55 carbon, and can therefore be embedded within the eqns in Fig. 1b. While the
s+ list of plant traits that have been measured is extensive, clear trade-offs have been
55 established for only a few of these. A well-developed trade-off must include two
556 opposing forces, that operate at some point in the organisms life cycle. It is not
57 necessary that benefit and cost both enter into Fig. 1; for example wood density
58 is sometimes viewed as a trade-off between the costs of tissue construction and
59 the rate of stem mortality. In that case, the costs of lower wood density would not
s0 appear within the eqns in Fig. 1b, so lower wood density would always increase

s growth rate.

562 Our framework also highlights what is needed for traits to impact on growth
s rate and shade tolerance. While traits can influence many aspects of plant func-
s tion, these influences must operate via the pathways outlined in Fig. 1 if the trait
s6s 1S going to impact on growth. For example, many studies have focused on traits
s6 related to plant hydraulics, such as vessel size and increased sapwood area per
s leaf area (Zanne et al., 2010). These traits will inevitably influence the rate of pho-
ss tosynthesis per leaf area (p in eqn 1) by altering conductance of water to the leaf.
so The potential costs of larger vessel size might be higher rates of stem turnover,
s which would appear in the term ks in eqn 1. The costs of increased sapwood area
s» per leaf area is increased allocation to stem, a factor which is already included in
sz our framework via the parameter 6 (Table 4). The effect of both these traits on
s growth rate should be expected to vary with plant size.

s» Implications for trait-based approaches

s There are some broad implications of our work for our understanding of plant

s ecological strategies and plant growth.

577 First, our results highlight the importance of allocation decisions and turnover
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58 costs in determining growth dynamics. Much of current ecosystem research fo-
s cusses on factors effecting primary production — photosynthesis, respiration, and
s0 resultant fluxes of carbon — with less attention devoted to allocation and turnover
s (Friend et al., 2014; for comparisons of models see Sitch et al., 2008; De Kauwe et al.,
ss2 2014). Yet, for four of the five traits considered here, trait values do not influence
53 net primary production. In fact, the analysis with ¢ shows that increased growth
ss4 Trate can occur even at a distinct cost to the plant’s carbon budget. Low ¢ results
ss in high leaf turnover, such that individuals with a ¢ have lower mass production.
ss6 It is this property that makes them shade intolerant. And yet they can still achieve
s, a growth advantage (when small), because the benefits of cheap leaf construction

sss  outweigh the costs of high leaf turnover.

58 Second, our results demand a shift in the way plant species are sometimes
s0 described as, being of fast or slow growth. To the extent the ranking of growth
sn  rates among individuals differing in traits shifts with either plant size or light
52 environment, it is not possible to describe a species via a single point along a
s spectrum from slow to fast growth. Such a spectrum is implied by many of theo-
s retical models used in community ecology, including Grime’s csr triangle, the r-K
505 spectrum, and coexistence models base on the Lotka-Volterra system of equations
s6 (e.g. Grime, 1977, Chesson, 2000). Researchers using functional traits have also
s tended to describe species as fast or slow growing (e.g. Adler et al., 2014; Diaz
s8 et al., 2016). Our results suggest a more-nuanced approach. Plants that are fast
59 growing as seedlings may not be fast growing as saplings or adults, or under low
oo light. Plants that are fast growing as adults may not be fast growing as seedlings.
s This more-nuanced perspective tends to mirror observed demographic patterns,
02 Where juvenile and adult growth rates are sometimes only loosely correlated (Rees
63 et al., 2001).

604 Third, our results suggest that even if traits define a potential growth trajectory,
eo5 researchers seeking to link traits to growth rate must probe deeper into the data
s than simply looking for a linear relationship between traits and average growth,
67 to recover the expected relationships. None of the predicted relationships between
s traits and growth is linear across the range of sizes and light environments tested.
09 As such, we should not be surprised if the mean growth rate across individuals
s spanning a range of sizes or light environments is only weakly or not correlated
eu  with traits (e.g. Poorter et al., 2008; Paine et al., 2015). Controlling for size, site and
s light environment will be essential for detecting significant patterns (e.g. Gibert
63 et al., 2016), as will having a clear expectation for the hypothesised relationship.

614 While our theory has succeeded in explaining some observed phenomena (Ta-

s ble 1), the test for good theory is that it also makes new predictions that enable the
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e theory to be further refined and tested. To that end, we can make a further pre-
6y diction arising from our results, which is that the trait ¢ should increase through
e ontogeny for all individuals, across all species. Such shifts have been observed
619 across a variety of species King (1999); Thomas & Bazzaz (1999); Koch et al. (2004).
620 Since the value of cheap leaf construction diminishes with size, it pays for plants
¢ — and especially those with low ¢ — to increase their ¢ as they grow larger. King
2 (1999) made a similar prediction for a single species of Eucalyptus, but here we
63 can extend the idea across species. While trait-based research largely focusses on
24 differences among species, it has long been recognised that traits also vary among
625 individuals within a species and within individuals (Westoby et al., 2002). This
6 hypothesis attempts to give meaning to some of that variation, and shows how
627 variation across and within species might be understood within a single frame-

68 Work.

s Comparison with other frameworks

60 As noted above, the plant model is closely related to models used in several
¢n other studies, including those by Givnish (1988); Yokozawa & Hara (1995); Mdkeld
2= (1997); King (1999, 2005); Moorcroft et al. (2001); Li et al. (2014), and in particu-
63 lar those by Mikeld (1997) and Moorcroft et al. (2001). These models have sev-
634 eral properties in common, including that they all have growth being driven by
65 the gross amount of photosynthetic income; have photosynthesis increasing non-
e3¢ linearly with light and leaf nitrogen content; and that they consider the costs of
67 respiration and turnover in different tissues. Many models also make functional-
63 balance assumptions, for example linking the cross-section of sapwood to leaf area
630 (Givnish, 1988; Yokozawa & Hara, 1995; Mdkeld, 1997; King, 2005, Moorcroft et al.,
0 2001). We note that an assumption of exact functional balance is not critical for
s our results, what matters is that the amount of live biomass (i.e. excluding heart-
62 wood) needed to support an extra unit of leaf area increases with height (as Fig.
ss  3d). Some models also differ from in that they directly link a plant’s stem diameter
ess to its height, e.g. Yokozawa & Hara (1995); King (1999); Moorcroft et al. (2001); Li
645 et al. (2014), whereas we let this scaling arise as an emergent outcome of growth
a6 and sapwood turnover. Again, we expect this difference will not affect the main

647 results.

648 A feature distinguishing our model from most of those mentioned above is the
sso explicit linking to trait-based trade-offs. While such a linkage was also made by
5o Moorcroft et al. (2001) in the ED model; analyses using Ep have mainly focussed
61 on ecosystem-level outcomes rather than the growth of individual plants. Because
6= of its underlying similarities, we expect the dynamics reported here to be also
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63 present within the Ep model. King (1999) also connected his model of growth
s+ for a single species to the trait ¢, and like the current study, predicted a gradual
655 flattening out of the relationship between ¢ and growth rate with size (as in Fig.
6 4), because the influence of cheap leaf construction decreased with size. In our
7 study however, there was additional cost of increased leaf turnover, that further

68 penalised low ¢ strategies when plants were large.

659 Perhaps the two most controversial elements of our approach concerns the as-
60 sumptions about tissue replacement and reproductive allocation. Many vegetation
s models determine allocation based on net primary production (photosynthesis -
2 respiration), whereas we also subtracted tissues lost via turnover before distribut-
663 ing surplus biomass. This is because we assume tissues lost via turnover are re-
s6s Pplaced before carbon is allocated to either new growth (i.e. growth that leads to a
s netincrease in Mj, My, M or M;) or reproduction (Thornley & Cannell, 2000). This
s assumption is likely to hold true for most woody plants and perennials, but may
7 not hold for some herbs or annuals, where the switch to reproduction may entail
68 a run-down in the vegetative part of the plant. The second assumption we make
6o is that when mature, plants allocate a substantial fraction of their surplus carbon
6 to reproduction. While it remains unclear just how much adult plants might al-
sn  locate to reproduction, recent reviews suggest the fraction may be high (Thomas,
62 2011; Wenk & Falster, 2015). Moreover, a long line of theoretical models indicate
63 that allocation should increase as plants age (reviewed by Wenk & Falster, 2015).
&+ Reproductive allocation is given little attention in models of ecosystem flux (e.g.
65 Sitch et al., 2008; De Kauwe et al., 2014). For example in the Ep model, a fixed 30%
676 of net primary production is allocated to reproduction, irrespective of plant size.
> In the case of growth, differences in reproductive allocation offer a clear pathway
s for explaining patterns linking a plants maximum size to the growth rate of large
6o individuals (e.g. Wright et al., 2010).

680 Another class of model dealing explicitly with size-related effects includes
e those derived from the metabolic scaling theory (mst) of ecology (Enquist et al.,
2 1999, 2007). Several points suggest our new framework provides a better expla-
3 nation to the growth phenomena in Table 1 than the MsT framework. First, the
s8; MsT-derived model suggests diameter growth continues to increase as plants grow,
s Whereas empirical data suggests growth rate declines for larger plants (Canham
o6 et al., 2004, 2006; Hérault et al., 2011). Second, the MsT model does not allow for the
es; effects of traits to vary with plant size. Predicted effects are for a linear increase
s in growth with decreases in either ¢ and lower p, that apply irrespective of size.
e However, at least for ¢ such effects in large trees have not been observed.
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s Closing remarks

s Overall we have shown how diverse phenomena related to plant growth can be
s understood with a model accounting for processes generating photosynthetic in-
63 come and allocating this among different tissues. The need to consider effects
s Of plant size, alongside trait-based differences among species, has has long been
s recognised in trait-based research (e.g. Givnish, 1988; Thomas & Bazzaz, 1999;
s Moorcroft et al., 2001; Westoby et al., 2002; Enquist et al., 2007). Here we have pro-
7 vided a framework for achieving this. By disentangling the effects of plant size,
o8 light environment and traits on growth rates, our results provide a solid theoret-
so ical foundation for trait ecology and thus provide a platform for understanding
70 growth across diverse species around the world.
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Table 1: Key empirical phenomena explained via the framework presented in
this paper. Select references are provided for each phenomena, with preference for
meta-analyses, where available. The traits considered are: seed mass (w), height at
maturation (Hmat), leaf nitrogen content per unit leaf area (v)!, leaf mass per area
(¢)%, and wood density (o). See Tables 2 and 3 for further details. Abbreviations:
RGR=relative growth ratel LAI = leaf area index.

Phenomena References

Change in growth rate with increasing size (Fig. 1)

Net biomass production: Hump-shaped
Plant mass: Increasing

Height: Hump-shaped

Stem-diameter: Hump-shaped
Stem-area: unknown

RGR (all variables): decreasing

Effect of traits on growth rate (Fig. 4)

w: low values produce smaller seedlings, resulting in
lower absolute growth but higher rRGR.

Hp: low values slow growth, but only at larger sizes
v: low values increase growth irrespective of size, but
only in high light

¢: low values increase growth when small, not at
mid-large sizes

p: low values increase growth, except at largest sizes

v: high values respond more to E, changes ranking of
growth rate across species

¢: low values respond more to E, does not change
ranking of growth rate across species

p: low values respond more to E, does not change
ranking of growth rate across species

Shade tolerance, wplcp (Fig. 5)

Decreasing with size

v: low values more shade tolerant

¢: low values less shade tolerant
— stands have higher LAI

o: low values less shade tolerant

Givnish (1988); Koch ef al. (2004)

Sillett et al. (2010); Stephenson et al. (2014)

Ryan et al. (2006); Sillett et al. (2010); King (2011)
Canham et al. (2004, 2006); Hérault et al. (2011)

Rees et al. (2010); lida et al. (2014)

Meta-analysis by Gibert et al. (2016)

Meta-analysis by Gibert et al. (2016)
Meta-analysis by Gibert et al. (2016)

Meta-analysis by Gibert et al. (2016)

Meta-analysis by Gibert et al. (2016)

Responsiveness of growth rate to changes in light, E (Fig. 4)

Riiger et al. (2012)

Givnish (1988); Kneeshaw et al. (2006); Lusk et al.
(2008)

Messier et al. (1999); Craine & Reich (2005); Baltzer
& Thomas (2007)

Messier et al. (1999); Poorter & Bongers (2006);
Baltzer & Thomas (2007); Lusk et al. (2008)3

Reich et al. (1992); Gower et al. (1993); Niinemets
(2010)

Osunkoya (1996)

1 Gimilar responses are predicted for maximum photosynthetic rate per leaf area, or dark respiration
rate per leaf area. Here these terms are directly related to v.

2 Similar responses are predicted for leaf lifespan. In our analysis this terms is directly related to ¢.
3 Note also that the article by Baltzer & Thomas (2007) reports a very strong relationship between
wrLCP and respiration rate measured on either area or mass basis.
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Table 2: Key variables of the FF16 physiological model from plant, and used in

this analysis.. For mass (M), respiration (r), and turnover (k) variables, subscripts

refer to any of the following tissues: 1 = leaves, b = bark, s = sapwood, r = roots,

a = all living tissue. For area A variables, subscripts refer to any of the following:

1 = leaves, st = total stem cross-section, s = sapwood cross-section, b = bark cross-

section, h = heartwood cross-section.

Description

Canopy openness

Height of a plant

Biomass originating from parent plant

Stem diameter

Mass of tissue type i retained on plant

Surface area or area of cross-section of tissue type i
Photosynthetic rate per unit area

Respiration rate per unit mass of tissue type i
Turnover rate for tissue type i

Seed mass

Height at maturation

Leaf nitrogen per unit leaf area
Leaf mass per area

Wood density

Yield - fraction of carbon fixed converted into mass
Biomass per mol carbon

Crown-shape parameter

Sapwood area per unit leaf area

Height of plant with leaf area of 1m?

Root mass per unit leaf area

Symbol Unit
Environmental variables
E
State variables (may vary through ontogeny)
H m
B kg
D m
Ml' kg
Ai l’I‘l2
v, mol yr—' m~
T mol yr_1 kg_l
k; yr—!
Traits (constant through ontogeny)
w kg
Hmat m
v kgm ™2
¢ kgm—2
Y kgm™3
Other parameters (constant through ontogeny)
Xy
Xpio kgmol™ !
e
0
X1 m
i kg m—2
Xb1

Ratio of bark area to sapwood area
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Table 3: Key trade-offs for the five traits considered here. For each trait we list

the benefit and cost of increased trait values, as encoded into the plant model.

Name

Benefit

Cost

References

Seed mass, w

Height at matura-
tion, Hmat
Leaf nitrogen per

unit leaf area, v

Leaf mass per unit
leaf area, ¢

Wood density, p

1 size seedlings

T growth

T photosynthesis in
high light

J leaf turnover

1 sapwood turnover

| maternal fecundity

| fecundity

T respiration rate

T cost building leaf

T cost building stem

Moles & Westoby (2006)
Thomas (2011); Wenk & Fal-
ster (2015)

Wright et al. (2004)

Wright et al. (2004)

Chave et al. (2009)
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Table 4: Equations for a “functional-balance” model of plant construction. The
first column of part a provides cores assumptions between various size metrics
and leaf area. Eqns in the middle and right columns of b, and in b can then be
derived from the assumptions in the left column of a. The column “Eqn” indicates

equation numbers referred to in the main text. See Table 2 for a list of variable
names and definitions.

Variable Function Marginal cost Growth rate Eqn
a) Functional-balance assumptions
Height H = ay AP® $L = 05apA"? di —gi 4o (13)
Sapwood area As =0 A 3’2? =0 % = %‘li d(ﬁ‘ (14)
Bark area Ap, =bO A ‘3{2‘1’ =b0 dcﬁb = 3—‘2‘1’ % (15)
Root mass M; = a1 A flﬂflf =0 dgfr Ccilj\flr d£1 (16)
Heartwood area dcﬁh = ksAp (17)
b) Derived quantities
Leaf mass M =¢A ‘21%1‘ =¢ % = ‘é—l\fl‘ % (18)
Sapwood mass Ms=0pn.AlH (31%15 =0pn. (H+ A g—z) dgfs = ‘31%15 % (19)
Bark mass My, =b0py. AlH i%}’=b9m7c(H+A1§7’;ﬁ) dg/t[b %—Aﬂ’% (20)
Heartwood area ~ Ap = Ot %(t/) ar ‘fth = ks Ag (21)
Heartwood mass My, = Ot %(t’ )dt’ dg/t[“ = ks Ms (22)
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Table 5: Predicted effects of traits on key elements of plant function determining
growth rate. Arrows indicate the effect an increase in trait value would have on
each element of the equations, with dashes indicating no effect. Traits are: seed
mass (w), height at maturation (Hmat), nitrogen content per leaf area (v), leaf mass
per unit leaf area (¢), and wood density (o) (see Table 3 for more details). Adapted
and expanded from Gibert et al. (2016).

Ontogenetic Development
Symbol w  Hpat v ¢ P
a) Effect on elements of eqns 1 —9
Net biomass production dB/dt
e Photosynthesis - - 0 - -
e Respiration - - 0 - -
e Turnover - - - T T
Allocation to growth dM,/dB - 0 - - -
Leaf deployment per mass dA;/dM,
o Leaf - - - 4 -
e Sapwood - - - - {
e Root - - - - -
Architecture dH/dA; - - - - -

b) Predicted effect of trait on growths rate for a small and large plant

Height

e Absolute dH/dt - -1 1 $- Il

e Relative dH/(dt.H) 3= -1 ™ 3= i
Stem area

e Absolute dAgt/dt - -1 1 3= I

e Relative dAgt/ (dt.Agt) 3= -1 ™~ 3= 1l
Stem diameter

e Absolute dD/dt T— -1 1 3= i

e Relative dD/(dt.D) 3= -1 ™~ 3= Il
Mass

e Absolute dM;/dt T- -1 Tt = I

e Relative dM,/ (dt.My) I- -1 +4 I- i
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a) Standing mass

1
heartwood

0.5

sapwood

Fraction of mass

0 10 20

_EMiki/

b) Biomass production

%3 /\ =CrhioCy X Alp/ -X My

Mass growth

Ay _ M, dB M,
dt/ dBXth/\—i_dt

Leaf deployment per mass invested

d4 _[dm dMy

M,
i, =\ + 14

1
M,
+ 14 /

Leaf-area growth

dA, _ d4
T i, X

dM,
dB

NI NN

Height growth
ad = 47 a4,
dt d4; || dt
Stem-area growth
dAs — (44 4 dds
dt d4; d4,

Stem-diameter growth

dD — dD % dAgt
dit dAgt | dt

[ 10 20 0 10 20 0 10 20

Plant height (m)

0 10 20 0 10 20

N HHET

Figure 1: Conceptual framework linking growth rate to plant size and traits.
a) Shows how the distribution of mass in a typical plant varies with size. b)
Equations describing the rates of biomass production and growth in various di-
mensions of the plant. In the first line the symbol ) means “sum”, across tissues,
where i = 1,b,sr. The grey numbers indicate equation numbers referred to in the
main text. The insets show how the different metrics change intrinsically with
plant height, when applying the “functional-balance” model in Table 4. Colours
highlight where the same metric appears repeatedly in different equations. For a
full list of variable names see Table 2.
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H=20m

sapwood+bark

H=10m
H=5m
H=1m

Mass production or loss (kg m 2 yr™)

0.0 0.2 0.4 0.6 0.8 1.0

Canopy openness, E (0-1)

Figure 2: Conceptual framework linking shade-tolerance to plant size and traits,
adapted from Givnish (1988). Shade tolerance is the level of canopy openness E
where photosynthetic income (dashed line) intersects with the sum of respiration
and turnover costs over tissues (solid black lines). The black circles indicate the
point of intersection for plants with different heights. All income and cost is
expressed in units of dry mass produced per unit leaf area per year. Note the
costs of sapwood and bark increases with height. Traits can impact on shade
tolerance by, in the case of leaf nitrogen content, shifting the income line up or
down, or in the case of leaf mass per unit leaf area or wood density, causing the

cost components to increase or decrease.
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a) Architectural layout

Height (m)

102 —

100 —

101_

1072 ]

; Slope =-0.5
T ] U T ] — T

¢) Roots

Mass of fine roots (kg)

107 1072 10° 10? 10*

Leaf area (m?)

10° .7

107 .

107

107° 4.7

10* 10° 102 10 10°

Leaf area (m?)

b) Pipe model

102 47
10 7

10 4

Sapwood area (m?)

108 7

— — — T
107 107? 10° 10?

Leaf area (m?)

d) Live stem mass per leaf area

101 —

10°

1072

1073 -

Mass sapwood + bark / leaf area (kg m_z)

Slope = 1
107 T T T T

10*

Height (m)

Figure 3: Key assumptions of a functional balance model for plant construction.

Each dot is a single plant from the BaaD (Falster et al., 2015). Blue lines indicate

the show standardised major axis of the bivariate cloud for each species. Dotted

lines indicate slope of predictions under functional-balance assumptions in Table

4. The dark line shows the relationship assumed in the plant model and applied

throughout the paper.
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1 1 1
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1 1 1
1 1 1
H=10m
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T T T T T T T T T T
10° 10 10 10 107 1072 1072 107 10° 10° 10°
Height at maturation (m) Nitrogen per area (kg m'z) Leaf-mass per area (kg m'z) Wood density (kg m'3)

Figure 4: Effect of four traits on height growth rate for different-sized plants.
Growth rates were simulated using the plant model, applying the trade-offs de-
scribing in Table 3. Each panel shows how growth is influenced by a different
trait for plants of a given height, and across a series of canopy openness values
from completely open (light blue, E = 1) to heavily shaded (dark line, E = 0.25).
For any given value of trait and E, plants were grown to the desired height and
their growth rate estimated. The white regions indicate trait ranges that are typ-
ically observed in real systems. Figs. S52-S4 show similar plots but with growth
measured as stem diameter, stem area, or plant mass. Changes in trait-growth

relationships are summarised in Table 5.
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a) b) c)
1.0 - 1.0 - 1.0 A — 05m
— 5m

~ 08 08 - 08 - 10m
T 20m
e
. 0.6 0.6 0.6
w
ar
O 04 0.4 - 0.4
i
a
2 024 02 - 02 -

0.0 0.0 0.0

T T T T T T T T
107 107 1072 1072 107! 10° 10° 10°
Nitrogen per area (kg m™2) Leaf-mass per area (kg m™2) Wood density (kg m™)

Figure 5: Effect of three development traits on shade tolerance. Panels show
effect of traits on level of canopy openness that causes net production (eqn 1) to
be zero. Different lines indicate relationship for plants with specified height, from
short (light blue, H = 0.5m) to tall (dark line, H = 20m). The white regions
indicate trait ranges that are typically observed in real systems.
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