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Abstract

Plants need certain proportions between elements for proper growth and functioning. These proportions vary
with growth conditions and it has generally been found that with increasing relative growth rates P:N should
increase (the growth rate hypothesis). However, the proportions between N and other elements change with
growth rates, and how this determines which element is limiting growth is not well studied, but it is possible
that limitations of other elements could restrain plant growth more than N. Using results from nine studies with
birch plants (Betula pendula) with different limiting elements (N, P, K, S, Mg, Zn, Mn, Fe and Cu) under steady-
state growth, | have investigated how the switch, defined as the ideal proportion, between which element is
limiting growth varies with relative growth rate. The ideal proportion of element:N increases with increasing
relative growth rate for K, P, Zn and Mn but a slight decline for Mg and S. The changes in element:N ratios are
strongest at low relative growth rates. The consequences of these results for plant properties under global change
are discussed.

Keywords: ecological stoichiometry, relative growth rate, Betula pendula, nitrogen, ideal nutrient proportions,
stoichiometric plasticity

HEYIN AT B S ERKERR] R &

HE . YR EEERKADREFERELFINITE | XETELHISHEEKFHMZUmMENL . £K
HEBUINS |, BEE N AE KRR | BEELEP:NBREZ M. R, ANSEMITEZ B
Blan{RT il A R R AR T 2L, DGR iR A K ZRETTE | BRI RGRI T 5
EXE, HMIT R AT RELUNGE BZ IR SN £ K . TR T B (Betula pendula) I
GER | KRG TENRRBITEN. P. K. S. Mg+ Zn. Mn. FeICuI&MHT , MYIHETREE
KRS TR R RS ; #8R58 T TRRFIEKR im0 |, AURNREITTER SNE AR L G a0 (T FE A 424
HERERDBUMAEN . FRERZI , FEEHENERERAIEM , K. Py ZnFIMn 5 N ERAR L 515 i,
TMMgFIS 5 NI ZRAR LL FITIIBE A R RE o X LETTER 5N B 2 AR A KO S BIRA J oh 3 . R
TR T BRI E R T ixX Less AR R rT RE = AE IR

Ko - AEBIFEITES N AERKER | GHEBetula pendula) , &, BREITTEWLE , (LFEFETENE

© The Author(s) 2024. Published by Oxford University Press on behalf of the Institute of Botany, Chinese Academy of Sciences and the Botanical Society of China.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

JOURNAL OF PLANT ECOLOGY | https://doi.org/10.1093/jpe/rtae095

GzZ0z Aenuer 71 uo Jasn 18)IsIaAlUNSYNIqiue| SabLBAS AQ 106228//560981/9// L/a1onue/adl/woo dno-olwapeoe//:sdyy wolj papeojumoq


https://creativecommons.org/licenses/by/4.0/
mailto:Goran.Agren@slu.se
https://doi.org/10.1093/jpe/rtae095

J Plant Ecol, 2024, 17:rtae095

INTRODUCTION

Plants require many elements in fairly restricted
proportions for proper growth. It is well established
that as a plant relative growth rate increases, the
plant phosphorus concentration increases relative
to plant nitrogen concentration; P:N increases (e.g.
Niklas 2006; Niklas et al. 2005). This is called the
growth rate hypothesis (Sterner and Elser 2002),
and can be understood from how phosphorus and
nitrogen interact during vegetative growth (Agren
2004). With increasing atmospheric carbon dioxide
concentration, concentrations of other elements
than carbon will decrease through dilution. Meta-
analyses of experiments with elevated CO, (e.g.
Deng et al. 2015; Yue et al. 2017) show that plant N
concentration decreases more than P concentrations.
Studies on the effects on other elements are
scarce and have mainly focused on the decreasing
nutritional value of food crops (e.g. Loladzle 2002,
2014). Agren and Weih (2020) showed that the
relation between N combined with P and other
elements could have scaling exponents that were
both smaller and larger than one, indicating that
other elements could be increasing both slower and
faster than N and P in plants. Here, I will use a series
of laboratory experiments with varying relative
growth rates under the limitation of one of nine
important elements, n (N, P, K, S, Mg, Zn, Mn, Fe and
Cu) to investigate potential consequences of shifts in
the relations between elements on plant growth. The
main question is to see how much stoichiometric
plasticity (e.g. Sistla and Schimel 2012) will be
required, here expressed as changes in 7:N ratios as
growth conditions change. The effects of changing
growth conditions will be expressed as changes in the
relative growth rate of the plant.

MATERIALS AND METHODS
Theory

The basis for this analysis is the concept of nutrient
productivities (Agren 1985, 1988). Here, the relative
plant growth rate, r = (1/W)(dW/dt), as a function of
the limiting plant nutrient concentration ¢, = m/W
is described by the following relations, where W is
the plant biomass and m is the whole-plant nutrient
content:

r=0 ¢y < Cumin
r= r= Pm(cm - Cm,min) Cmmin < O < Cm,opt

= Tmax Cm = Cm,opt
(1)

where ¢ .~ is the minimum plant nutrient
concentration required for growth, P is the nutrient
productivity (the rate of plant production per unit
nutrient m, (dW/d)/m) and Copt is the plant nutrient
concentration beyond which plant relative growth rate
no longer increases beyond max = P (Cm,opt — Cm,min)-
The parameters will depend on external factors such
as light intensity, CO, and temperature. I will only
investigate the middle relation, the response region,
because itis only in this region that meaningful changes
in nutrient proportions will occur. Equation (1) can
be inverted to give the plant nutrient concentration

required to achieve a given relative growth rate
Cm<r) = PL ~+ Cm,min

" (2)

From Equation (2), T calculate the ratio, I (1),

between the plant nutrient concentrations of m

and N, where the two elements simultaneously are

limiting according to Equation (2), the ideal nutrient
proportions (Agren 1988)

_au(r) /Py Cumin
IMN(r) N CN(T) B r/PN + CN,min (3)

This ratio shows at which proportion between
element m and N the growth limitation will change
from one element to the other. As the ratio depends
on the relative growth rate, the switch in limitation
can change with environmental conditions and the
rate of supply of the growth-limiting elements.

Differentiating Equation (3) with respect to r will
show how the ideal proportion of m:N will change as
the relative growth rate changes

dImN(r) _ 1 PNCN min — PmCm,min
dr Py, Py (r + PNCN,min)z

(4)
which shows that the ideal proportions are always
monotonically increasing or decreasing depending
on whether PNCNmin — PmCmmin > 0 or <0. Positive
values mean that ¢ _needs to increase faster than ¢,
when the relative growth rate increases. Note, in the
limit ¥ — 0, Lyn — Cm,min/CN,min.

Data

To test Equation (3), I have used data from a series of
steady-state experiments with silver birch seedlings
(Betula pendula L.). In these experiments, one of the
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Figure 1: Observed relations between whole-plant nutrient concentrations and relative growth rates when grown under
the limitation of one element at a time. Data sources are given in Table 1. The line is the regression line and estimated

parameters (P and ¢
n

n,min

) and r? values are given in Table 1. Units for plant nutrient concentrations are mg g (N, P, K, S

and Mg) and pg g™ (Zn, Mn, Fe and Cu). Regressions that are not significant at P = 0.05 are dotted.

elements N, P, K, S, Mg, Zn, Mn, Fe or Cu has been
limiting growth and supplied at an exponentially
increasing rate, r, and all other elements supplied
in excess; with this technique the relative growth
rate becomes equal to the exponential supply rate
of the limiting element, r. All the experiments have
been performed under otherwise similar conditions
(Ingestad and Lund 1979), where the experimental
technique also is explained in detail.

RESULTS

Graphs with the observed relations between relative
growth rate and the limiting whole-plant nutrient
concentration are given in Fig. 1 and the corresponding
parameters (P, and ¢, .) are given in Table I.

Parameters have been estimated with Sigmaplot 14.03.
P s are the slopes of the linear regression lines and ¢

is calculated as —intercept/P . Copopt has been estimated
as the ¢ value at which the regressions extrapolate
to r _ =0.26 day !, the value observed in the N
experiments (Ingestad ef al. 1994a). The linear relation
between r and ¢, fits very well with r* ranging from
0.51 (Cu) to 1.00 (Zn) and is significant (P < 0.05) for
all elements except Mn, Fe and Cu.

Some elements (P, K, Zn, Mn) show an increase
in m:N with increasing relative growth rate, while
the other investigated elements (S, Mg, Fe, Cu)
show a decline. In all cases, the changes are not
drastic and are strongest at the lowest growth rates
(Fig. 2).

DISCUSSION

There are changes in the ideal element:N ratios,
both increasing and decreasing, with relative
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Table 1: Estimated parameters Pn, Cn,min, Cn,opt aNd Py, Cp min — PNCa,min for nine elements

Element n Pn €, omin C,opt i~ Py, Cnymin — PNCymin Data source
N, mg 0.0058 3.29 48.12 0.93 — Ingestad et al. (1994a)
P<0.05
P, mg 0.18 0.42 3.48 0.96 0 Ericsson and Ingestad (1988)
P<0.001
K, mg 0.034 1.09 8.67 0.70 >0 Ericsson and Kahr (1993)
P<0.01
S, mg 0.21 0.35 1.60 0.99 >0 Ericsson T and Kahr M (Personal
P<0.01 communication, 8 December 2008)
Mg, mg 0.20 0.29 1.58 0.95 >0 Ericsson and Kahr (1995)
P<0.001
Zn, pg 0.010 2.83 28.83 1.00 >0 Goranssson (1999)
P<0.001
Mn, nug 0.012 1.25 23.10 0.64 <0 Goranssson (1994)
P<0.1
Fe, ng 2.41 0.055 0.16 0.67 >0 Goranssson (1993)
P<0.1
Cu, pg 0.056 1.02 5.70 0.26 >0 Goransson (1998)
n.s.

Units are for P, g mg-'day' or g ng-'day ' and for¢, . andc, on mg g or pg g~ depending on element. The data for N are
from the expenments with daily quantum flux of 22 mol m™. 72 refers to the fit of the linear regressions to the data in Fig. 1
Abbreviation: n.s. = not significant. P> 0.05 but P < 0.1.
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Figure 2: The ideal proportions of different elements relative to N calculated from Equation (3). K, P, Mg, Fe and S give

almost identical curves (a). Using a log scale (b) separates the curves for K and P and Zn and Mn.

growth rates for all elements, in particular at low entire range of relative growth rates, suggesting
relative growth rates. However, with the exception  that changing growth conditions might not be a
of K, changes in the ideal n:N are small over the challenge to the stoichiometric plasticity of plants.
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Only plants growing in marginal habitats (low values
of r) may be sensitive to shifts in limiting elements.
The precise magnitude of the changes is uncertain
because of difficulties in the parameter estimations.
In particular, estimates of Cpmin ATE uncertain and
should be based on more observations at very low
growth rates. The result that some ¢, . are negative
further stresses the importance of additional studies
of slow-growing plants. Additional studies on other
organisms and other elements than N as limiting
may help in understanding the mechanisms. Other
relations between plant relative growth rate and
nutrient concentrations (e.g. Moriconi and Santa-
Maria 2013) could also be substituted for Equation
(1). It should be emphasized that the analysis has
been on vegetatively growing plants, and other
stoichiometric rules and relations may apply under
reproductive growth. Changes in growth conditions,
for example, light and temperature, will change the
parameters used in this analysis but the method
should be applicable for understanding the effects of
growth conditions. With increasing light intensity,
P, increases (Ingestad ef al. 1994a, 1994b) but no
information is available for ¢, . and other elements.

In this study, the ideal N:P changes between 9 and
32 by mass over the range of relative growth rates.
This is similar to the observations by Giisewell ef al.
(2003) in a study of plant populations in wetlands
where the shift between N and P limitation is at N:P
ratios of around 20. In another study with wetland
graminoids, Gtisewell (2005) found that the shift
between P and N limitation for growth occurred in
the N:P range of 15-45. The observations for N:P, N:K
and N:Mg (means 9, 2 and 8, respectively) found by
Knecht and Goransson (2004) are comparable to the
ratios found here but indicating N limitation in their
investigated plants.

I have expressed the stoichiometric relations with
N as the basis. It is straightforward to replace N with
any other elements should that be of interest.

The relative growth rate has been used as a basis for
the analysis because it has been the driving variable
in all the experiments. Because N is a strong driver of
plant growth, the results should also be applicable to
situations where N availability is changing, resulting
in changes in growth rates. This result is important
as we live in a world with increasing N deposition
(Galloway et al. 2004). However, Mason et al. (2002)
suggest that in spite of increasing N deposition, the
N availability may actually be declining in many
ecosystems. A global meta-analysis by Mao et al.
(2020) indicates that N additions can lead to decreases

in P, K, Ca and Mg:N. A further complication is that
stoichiometric couplings are important not only
for plant growth rates but also for responses to
temperature and water availability as discussed by
Tian et al. (2019).

The increasing nitrogen deposition in combination
with an increasing atmospheric CO, concentration
can cause changes in both plant production and
plant quality with potentially negative consequences
also for human health because of decreasing content
of important micronutrients (e.g. Fe, Se) (Ebi and
Loladze 2019).
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